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ABSTRACTExperiments at the end of last 
entury proved that the neutrinos had a small but nonzeromass in 
ontrast with the Standard Model of parti
le physi
s. The light mass of the neutrinosand the experimental absen
e of right handed neutrinos 
an be explained through the See-Sawmodel, assuming the neutrino is a Majorana parti
le, with the right handed neutrino mass ofthe order of the GUT s
ale. CP violation in the heavy neutrino se
tor in the early Universeis the most natural explanation of the matter�antimatter asymmetry observed today.Leptoni
 CP violation and the neutrino mixing angles are intimately linked. Should anymixing angle be zero, CP is 
onserved. Only one of the mixing angles, θ13, is small. The
urrent best �t to all neutrino os
illation data yields a value of zero for θ13. In addition themass hierar
hy of the neutrino mass eigenstates is still unknown. The most powerful fa
ility tomeasure the small mixing angle, CP violation and the mass hierar
hy is the Neutrino Fa
tory,whi
h stores a low emittan
e muon beam in a storage ring. The muons de
ay into neutrinoswhi
h are dete
ted in two dete
tors at distan
es of 1500�4000 km and 7000 km respe
tively.Initially, the Neutrino Fa
tory muon beam o

upies a large volume in phase spa
e, whi
hmust be redu
ed before the beam 
an be a

elerated to desired energy. This will be a
-
omplished by ionization 
ooling. The experimental demonstration will be supplied by theMuon Ionization Cooling Experiment built at Rutherford Appleton Laboratory outside Ox-ford, United Kingdom. The 
ooling 
hannel 
onsists of three liquid hydrogen absorbers,interspa
ed by two lina
s of four RF 
avities ea
h. The emittan
e is measured before andafter the 
ooling 
hannel using s
intillating �ber spe
trometers and time of �ight dete
tors.A �erenkov dete
tor and a 
alorimeter are ensuring high purity of the beam.During operation of RF 
avities in high ele
tri
 and magneti
 �eld, ele
trons are emittedfrom the 
avity surfa
es and a

elerated in the beamline before they are stopped in theabsorbers. This generates a substantial number of bremsstrahlung photons in the MeV rangewhi
h exit the 
ooling 
hannel. As the photons hit the spe
trometers they form an importantba
kground to the spe
trometers and time of �ight dete
tors. This thesis presents the analysisof the data taken with an RF 
avity in a Fermilab experiment. The results are applied toMICE, 
on�rming that the problem will be serious.Another sour
e of experimental bias originates from muon de
ays. The ele
trons fromthe de
ay have a di�erent single parti
le emittan
e than that of the muons, thus 
reating asystemati
 error on the emittan
e measurements. In this thesis e�e
ts 
reating systemati
errors to the emittan
e measurements are studied in Monte Carlo simulations, the new designof 
alorimeter is 
ompared to its prede
essor and the transverse apertures of the experimentare rede�ned. It will be demonstrated that this e�e
t 
an be redu
ed to an a

eptable level.
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RÉSUMÉ EN FRANÇAISDes expérien
es à la �n du siè
le dernier ont montré que les neutrinos avaient une massefaible mais non-nulle, en 
ontradi
tion ave
 le Modèle Standard de la physique des par-ti
ules. Ces petites masses de neutrinos et l'absen
e expérimentale de neutrinos droitspeuvent être expliqués par l'intermédiaire du modèle de Grande Uni�
ation See-Saw, ensupposant que le neutrino est une parti
ule de Majorana, ave
 des masses des neutrinosdroits de l'ordre de l'é
helle de Grande Uni�
ation. La violation de CP par les désintégra-tions des neutrinos lourds dans l'univers primordial est l'expli
ation la plus naturelle del'asymétrie matière�antimatière observée aujourd'hui.Violation leptonique de CP et les angles de mélange des neutrinos sont intimement liés.Si un angle de mélange est zero, CP est 
onservée. L'un des angles de mélange, θ13, estpetit et pourrait être nul. En outre, la hiérar
hie des masses des états propres de massedes neutrinos n'est pas en
ore 
onnue. La plus puissante ma
hine permettant de mesurerà la fois 
et angle de mélange, la violation de CP et la hiérar
hie des masses est l'Usine àNeutrinos' (Neutrino Fa
tory), qui sto
ke un fais
eau de muons de faible émittan
e dansun anneau de sto
kage. Les muons se désintégrent en neutrinos qui sont déte
tés dansdeux déte
teurs à des distan
es de 1500�4000 km et 7000 km.Initialement, le fais
eau de muons de la Neutrino Fa
tory o

upe un grand volumed'espa
e des phases, qui doit être réduit avant que le fais
eau puisse être a

éléré à l'énergiesouhaitée. Ce refroidissement ne peut être atteint par des méthodes 
lassiques mais peutêtre obtenu à l'aide du refroidissement par ionisation, une te
hnique qui n'a jamais étédémontrée. La démonstration expérimentale sera fournie par la Muon Ionisation CoolingExperiment (MICE) qui est en 
ours de 
onstru
tion au Rutherford Appleton Laboratoryprès d'Oxford, Royaume-Uni. Le 
anal de refroidissement se 
ompose de trois absorbeursd'hydrogène liquide, en
adrant deux lina
s de quatre 
avités RF 
ha
un. L'émittan
eest mesurée parti
ule par parti
ule avant et après le 
anal de refroidissement à l'aidede spe
tromètres en �bres s
intillantes et de déte
teurs de temps de vol. Un déte
teurT
herenkov et un 
alorimètre assurent la pureté du fais
eau.Une des parti
ularités du 
anal de refroidissement par ionisation est la né
essité deplonger les 
avités a

élératri
es radiofréquen
e à l'intérieur du 
hamp magnétique deguidage. Pendant le fon
tionnement de 
es 
avités RF à haut 
hamp, des éle
trons sontémis par les surfa
es des 
avités et a

élérés dans la ligne de fais
eau avant d'être arrêtésdans les absorbeurs. Cela génère l'émission d'un nombre substantiel de photons de Brems-strahlung dans la gamme des MeV. Ces photons forment un bruit de fond important dansles spe
tromètres.Une autre sour
e de biais expérimentaux provient de la désintégration des muons. Les



viii Résumé en françaiséle
trons de désintégration ont des émittan
es individuelles di�érentes de 
elles des muons,
réant ainsi un biais et une erreur systématique potentielle sur les mesures d'émittan
e.A�n de réduire la 
ontamination, un 
alorimètre est pla
é à la �n de l'expérien
e. Dans
ette thèse, les e�ets 
réant des erreurs systématiques à la mesure du refroidissement sontétudiés par une simulation Monte Carlo, et nous avons montré qu'il fallait redé�nir la
on
eption du 
alorimètre par rapport à son prédé
esseur. Le nouveau 
alorimètre estdé
rit en détail. Les dimensions transverses de l'expérien
e sont elles aussi redé�nies.Finalement une analyse des données prises ave
 une 
avité RF de test à Fermilab estprésentée et les résultats appliqués au 
as de MICE, 
on�rmant que le problème serasérieux.
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PREFACE�When you are about to begin, writing a thesis seems a long, di�
ult task. That is be
auseit is a long, di�
ult task.� Those words of advi
e were the �rst I en
ountered when I wassear
hing for guidelines and rules regarding how a thesis should be written. And indeed, itis true. After a while the initial frustration over not knowing where to begin, gives way toenjoyment, be
ause it is fun to sit down and write about your favorite s
ienti�
 topi
 afterall. Eventually all the easy and interesting parts are already written and, no matter howmany times the thesis is read, grammar and spelling errors never stop showing up. At a
ertain point, just like a 
olleague of mine warned me, you no longer 
are if you get yourdegree as long as you get the beast o� your hands.Writing a thesis is a struggle everyone who aspires to a
hieve a do
toral degree mustsu�er through, and for a good reason. While assembling the work I have performed for mydegree, I was also for
ed to assemble my thoughts and knowledge on the topi
s dis
ussed.Filling in the bits and pie
es missing between 
hapters, I have learned very mu
h duringa relatively short time. I think this is the great personal bene�t of taking the time tosummarize and stru
ture the knowledge gained during the four years of graduate studies.Of equal importan
e is the bene�t for an eventual su

essor, to have a single volume whereall topi
s of interest are do
umented.One of the hardest parts of writing a thesis is to 
hoose a suitable level of detail.Topi
s whi
h for the initiated seem trivial require more elaborate explanations for the
asual reader. Sin
e the set of readers of a thesis spans from family and friends to worldleading experts, it is sometimes very hard to know for whom you are writing. A goodle
ture series, a wise man on
e told me starts with a le
ture whi
h everybody understands.The following le
tures in
rease in 
omplexity until the �nal le
ture where no one, not eventhe le
turer, fully understands what is going on. I have taken this do
trine to heart whenworking on this thesis, something should be apparent if reading the �rst two 
hapters. Therange of topi
s presented is rather wide, but always following a red thread, or sometimes
onne
ted through a mesh of relations. This work was fueled by approximately 3000 
upsof 
o�ee, thus there is a lot to present. Another reason for the vast s
ope of the thesis is,naturally, the many open questions of the �eld.Neutrino physi
s is a topi
 whi
h is very mu
h alive today. A few months ago Mini-BooNE disproved the LSND 
laims of light sterile neutrinos, several neutrinoless doublebeta de
ay experiments are either running or about to start up, and with T2K and DoubleChooz starting in 2009, a realisti
 probability of measuring a nonzero θ13 will be provided.With the high energy physi
s program running in parallel with LHC starting up in less thana year from now, it is an ex
iting time to be a parti
le physi
ist. It remains to see whether



xxiv PREFACEthe high energy lands
ape is ri
h with new parti
les or if it is void of new phenomena.As the presen
e of neutrino masses proves, however, the Standard Model is not a
omplete pi
ture of the laws of parti
les and for
es. Furthermore the indire
t observationsof dark matter and dark energy from 
osmology strongly suggests that we know very littleof the nature of matter. How are these topi
s 
onne
ted with ea
h other? Did theyin�uen
e the in�ation of Universe? Are the neutrinos Majorana parti
les, and 
an they bethe 
ause of the asymmetry observed in Universe between matter and antimatter? Is parityspontaneously broken at high energy through right handed weak bosons, and how does thatrelate to the baryon lepton symmetry? These questions are the important questions weshould ask now that we enter a new era of parti
le physi
s exploration, and these questionsare a guarantee that Nature has more surprises in store for us.I would give my sin
erest gratitude to Département d'Instru
tion Publique and FondsNational Suisse for their �nan
ial support, and to Département de Physique Nu
léaire etCorpus
ulaire for a

epting me as a Graduate Student for this proje
t. And to the Reader,whoever you may be, I thank you for interest in this thesis, and I hope I do not disappointyou too mu
h. It is with a warm hand, a genuine relief, and a good deal of pride I o�eryou this thesis.Rikard Sandström, July 2007, Geneva



1. HISTORICAL BACKGROUNDIt is sometimes said that physi
s is a verti
al s
ien
e. New results build upon old results,whi
h in turn are founded on even earlier experiments and theories.This 
hapter is a brief summary of how the understanding of the neutrinos has evolvedsin
e it was �rst proposed during the beginning of the last 
entury. A more extensivedes
ription of the phenomena mentioned in this histori
al ba
kground 
an be found inlater se
tions of this thesis.1.1 Beta de
ay and the advent of the neutrinoRadioa
tivity was a

identally dis
overed in 1896 by Antoine Henri Be
querel when inves-tigating phosphores
en
e in uranium salts. He dis
overed that the photographi
 plates heused for wrapping the radioa
tive salts were already fully exposed before the experimentrequiring bright sunlight was performed. This led to the dis
overy of spontaneous emissionof nu
lear radiation, for whi
h he shared the 1903 Nobel Prize in physi
s with Marie andPierre Curie.In 1911 it was dis
overed that the energy of the emitted ele
trons is distributed abouta 
ontinuous spe
trum. Sin
e the energy levels of the nu
leus are quantized, one wouldexpe
t the expe
ted the energy of the ele
tron to be unique if the pro
ess is a two bodyde
ay, and hen
e the spe
trum to be dis
rete. This led resear
hers to 
hallenge beliefs ofboth energy and angular momentum 
onservation. To save the show, Wolfgang Pauli in1930 proposed that an extremely light parti
le with no ele
tri
 
harge, whi
h he namedneutron, also was emitted in the de
ay pro
ess.Pauli's histori
al letter:Dear Radioa
tive Ladies and Gentlemen, As the bearer of these lines, towhom I gra
iously ask you to listen, will explain to you in more detail, howbe
ause of the "wrong" statisti
s of the N and Li6 nu
lei and the 
ontinuousbeta spe
trum, I have hit upon a desperate remedy to save the "ex
hange theo-rem" of statisti
s and the law of 
onservation of energy. Namely, the possibilitythat there 
ould exist in the nu
lei ele
tri
ally neutral parti
les, that I wish to
all neutrons, whi
h have spin 1/2 and obey the ex
lusion prin
iple and whi
hfurther di�er from light quanta in that they do not travel with the velo
ity oflight. The mass of the neutrons should be of the same order of magnitude asthe ele
tron mass and in any event not larger than 0.01 proton masses. The
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al ba
kground
ontinuous beta spe
trum would then be
ome understandable by the assump-tion that in beta de
ay a neutron is emitted in addition to the ele
tron su
hthat the sum of the energies of the neutron and the ele
tron is 
onstant. . .I agree that my remedy 
ould seem in
redible be
ause one should haveseen those neutrons very earlier if they really exist. But only the one who dare
an win and the di�
ult situation, due to the 
ontinuous stru
ture of the betaspe
trum, is lighted by a remark of my honored prede
essor, Mr. Debye, whotold me re
ently in Bruxelles: "Oh, It's well better not to think to this at all,like the new taxes". From now on, every solution to the issue must be dis
ussed.Thus, dear radioa
tive people, look and judge. Unfortunately, I 
annot appearin Tubingen personally sin
e I am indispensable here in Zuri
h be
ause of aball on the night of 6/7 De
ember.With my best regards to you, and also to Mr. Ba
k.Enri
o Fermi 
hanged the name to neutrino in 1931, sin
e another heavy neutral parti
le
alled neutron had been dis
overed shortly after Pauli's letter.1.2 Theory of intera
tionsEnri
o Fermi developed a theory of weak intera
tions, where four fermions intera
t dire
tlywith ea
h other. This is a point like approximation of the intera
tion whi
h does not useintermediary bosons to 
arry the for
es. As su
h it is not renormalizable and fails at highenergies, but works remarkably well for small momentum transfers.Later, Hikeki Yukawa proposed that the nu
lear for
es 
an be explained by the ex
hangeof a new parti
le between the nu
leons, similar to the photon. Unlike the photon thisnew parti
le must be very heavy, sin
e the range of the nu
lear for
es is very short and
on�ned to the nu
leus. The mass of this intermediary boson is often mu
h higher than theenergy ex
hanged in the pro
ess, whi
h is still permitted under the Heisenberg un
ertaintyprin
iple.Fermi re
eived the Nobel Prize in 1938, and Yukawa in 1949, for their work on radioa
-tivity and nu
lear for
es. Today their signi�
ant 
ontributions are evident in the namingof the Fermi and Yukawa 
ouplings.1.3 Dire
t observation of the neutrinoWith the advent of �ssion rea
tors, physi
ists got new means of produ
ing vast quantitiesof neutrinos in a 
ontrolled environment. Clyde L. Cowan and Frederi
k Reines publishedin 1956 the �rst eviden
e of the existen
e of neutrinos by dete
tion of inverse beta de
ay
(νe + p→ n + e+) at a nu
lear rea
tor.At �rst they used the annihilation of the positron with an ele
tron into two photons ina water tank to dete
t the neutrino indu
ed rea
tion. Although the annihilation pro
essgives a very 
lear signal, the experiment was not 
on
lusive enough. They added 
admium
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hloride to the tank, whi
h allowed them to also dete
t the neutron whi
h is released in therea
tion. When the 
admium absorbs the neutron, it produ
es another 
admium isotopein an exited state. After a few mi
rose
onds the isotope falls ba
k to its ground stateby emitting a photon with a well de�ned energy whi
h is easy to dete
t. This way they
ould 
ount about three neutrino intera
tions per hour in the dete
tor. To be absolutelysure that they were seeing neutrinos from the nu
lear rea
tor, they did the same 
ountingwith the rea
tor shut down. Their measured 
ross se
tion for the neutrino intera
tion was
6 × 10−44 cm2, a very small 
ross se
tion indeed.1.3.1 More generations of neutrinosThe �rst 
lear eviden
e for a di�eren
e between ele
tron neutrinos and muon neutrinos
ame from an experiment in Brookhaven in 1962, whi
h was also the �rst man madeneutrino beam from an a

elerator. If muon neutrinos and ele
tron neutrinos were identi
al,the inverse beta de
ay would produ
e as many muons as ele
trons in the �nal state, forin
ident muon neutrinos produ
ed in pion de
ay. But they found only muons in the sample.Hen
e there is a di�eren
e between the two generations of neutrinos, and lepton familynumber is a 
onserved quantity.The tau lepton, a third generation of leptons was indire
tly dis
overed by a series ofexperiments at SLAC, USA, between 1974 and 1977, whi
h suggested the existen
e of tauneutrinos. The presen
e of tau neutrinos 
ould later be observed as missing energy in
W → τν de
ay at LEP at CERN. In 2000 the tau neutrino was dire
tly dis
overed in theDONUT experiment, and a few years earlier LEP at CERN had 
on
luded from the Zboson width that the number of light a
tive neutrinos must be three.1.4 Violations of symmetriesPhysi
s is the study of the laws of nature in the sense that it is using 
onserved quantitiesto understand and predi
t physi
al phenomena. At its very heart is the theorem that tellsus that a symmetry in nature 
reates a 
onserved quantity. However what is 
onservedunder one for
e of nature is not ne
essarily 
onserved under another for
e of nature. Theimportan
e of symmetries and the way they are broken is ultimately the foundation ofparti
le physi
s. 1.4.1 Parity violationIt has long been assumed that parity is universally 
onserved. In 1956-1957 Chien-ShiungWu proved that not only was parity violated, but that it was maximally violated in theweak intera
tions. Cobalt-60 nu
lei were aligned magneti
ally at a temperature of 10 mKin su
h a manner that all their spins were aligned in one dire
tion. The 
obalt isotopede
ays into another nu
leus and an ele
tron and an antiele
tron neutrino. Sin
e the spin ofthe �nal state nu
leus is still in the dire
tion of the initial state spin, the ele
tron and theneutrino have opposite spin dire
tions. If parity was 
onserved, the probability of �nding
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al ba
kgroundthe ele
tron spin aligned with the nu
leus spin would be equal to �nding the ele
tron spin inthe opposite dire
tion. Experimentally this was determined by 
ounting the ele
tron ratesemitted in parallel and antiparallel dire
tions 
ompared to the magneti
 �eld. However,the experiment found that all ele
trons had spins in the opposite dire
tion of the nu
lei.The reason for this parity violation is that the bosons mediating the weak for
e only 
oupleto left handed parti
les.An experiment performed in 1957 by Goldhaber, Grodzins, and Sunyar showed thatthe neutrino is 
reated with negative heli
ity. This provided 
on
lusive eviden
e for theV-A (ve
tor minus axial) theory of weak intera
tions that is an integral part of today'sStandard Model. This led to the overthrow of parity 
onservation in the weak intera
tions.1.4.2 CP violation of quarksAfter the dis
overy of parity violation in weak intera
tions, the produ
t of 
harge by parity,
CP , was still 
onsidered to be 
onserved. It was dis
overed in 1964 that the mass eigenstate
K0

L of neutral kaons o

asionally de
ays into only two and not three pions, as would beexpe
ted if CP was 
onserved sin
e K0
L is CP odd. While the weak intera
tions whi
hmediate the de
ay pro
ess violates C and P individually, CP should still be 
onserved ifthe weak eigenstates are identi
al to the mass eigenstates.In 1955 Gell-Mann and Pais had already proposed os
illation based on mixing forneutral kaons. This indire
t CP violation was later observed in the time dependen
e of theele
tron 
harge from de
ays of the hadroni
 eigenstates K0 and K̄0. Time evolution of thequantum states depends on the Hamiltonian, whi
h in the 
ase of mixing is a matrix withmass dependen
y.The CP violation showed the world of physi
s that the intera
tion eigenstates are notthe same as the mass eigenstates of the quarks, but the sets of eigenstates are relatedthrough mixing. The mixing is ne
essarily unitary and it is therefore equally 
orre
t tosay that the baryon eigenstates are superpositions of the mass eigenstates as the other wayround. This dis
overy helped physi
ists to better understand mixing in the leptoni
 se
tor.1.4.3 Lepton number violationIn 1957 Ponte
orvo suggested that a neutrino 
an os
illate into its antiparti
le, usingthe same me
hanism as for kaons. The neutrino os
illation would hen
e violate leptonnumber 
onservation. The theory of neutrino mixing evolved to our present understandingin 1969, where neutrinos 
an os
illate if there is mixing and a mass di�eren
e betweenthe neutrino �avors. If the masses of the neutrinos are smaller than approximately 1 eV,neutrino os
illation is the most pra
ti
al way to be sensitive to the neutrino masses. Dire
tmeasurements from radioa
tive de
ays 
ould not dete
t a nonzero neutrino mass, but onlygive upper limits, and the neutrino was, in general, assumed to be massless.In the 1960's Davis and Bah
all measured a neutrino �ux from the Sun whi
h was signif-i
antly smaller than what the standard solar model was predi
ting. One possible solutionto the so 
alled Solar Neutrino Problem was lepton number violating neutrino mixing.



1.5. Neutrino physi
s today 5However, all e�orts using neutrino beams to experimentally dete
t neutrino os
illationgave null results.In the early 1980's huge underground �erenkov dete
tors were built to dis
over protonde
ay, whi
h many Grand Unifying Theories were predi
ting, but no proton de
ay was everfound. Instead a de�
it of muon neutrinos 
ompared to ele
tron neutrinos was observedfor neutrinos produ
ed by 
osmi
 ray intera
tions in Earth's atmosphere, whi
h 
ould beinterpreted as neutrino os
illations. Despite initial doubts regarding neutrino os
illation asa possible explanation for the de�
it, due to the required assumption of very large mixingangles, the idea prevailed.In 1998, Super-Kamiokande in Japan 
on
lusively showed neutrino os
illation betweenmuon neutrinos and tau neutrinos with a mass di�eren
e of about (0.05 eV)2. Further-more the experiment showed that the mixing is nearly maximal. The results of Super-Kamiokande were 
ombined with the neutrino deuterium s
attering experiment at SudburyNeutrino Observatory in 2002, whi
h �nally 
on�rmed the neutrino mixing hypothesis forthe Solar Neutrino Problem.1.5 Neutrino physi
s todayWith the dis
overy of massive neutrinos follows a ne
essary modi�
ation to the StandardModel. Sin
e the neutrinos are massive, there must be a mass term in the Lagrangian whi
hinvolves right handed neutrinos. The in
lusion of right handed neutrinos 
ontradi
ts theStandard Model assumption that all neutrinos are left handed.Another interesting question is why the neutrino masses are so small 
ompared toall other massive fermions. This 
an be explained using the See-Saw me
hanism, if theneutrinos are Majorana parti
les. For every light neutrino, there is also a very heavyneutrino with masses 
lose to the GUT s
ale. If this theory is 
orre
t, physi
ists 
ouldhave a window for examining nature at energies mu
h too high to be rea
hed with parti
lea

elerator experiments. If the neutrinos are Majorana parti
les, it should in prin
iple bepossible to observe beta de
ay with no �nal neutrinos, so 
alled neutrinoless double betade
ay. Experiments are being performed for the dis
overy of this phenomenon.Sin
e neutrino os
illation violates lepton number 
onservation, it is possible that themixing also violates 
harge parity invarian
e. De
ay of the heavy Majorana neutrinos 
ouldalso 
ause a CP violation, and thus explain the matter-antimatter asymmetry observed inthe universe.Neutrinos are of further interest for 
osmologists be
ause of their vital role in the earlyexpansion of universe, the in�ation and the freeze out, and be
ause the neutrino masssigni�
antly 
ontributes to the total mass of the universe. Sin
e neutrinos are WIMPs,Weakly Intera
ting Massive Parti
les, they are not only of interest to 
osmologists. Thela
k of ele
tri
 
harge makes neutrinos very interesting for studying the weak intera
tion.For astrophysi
ists neutrino teles
opes allow studies of opti
ally opaque obje
ts, su
has the 
ore of stars, and provide information on other neutrino ri
h phenomena su
h as
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al ba
kgroundsupernovas. It has also been found that for stars evolved beyond the helium burning stage,the 
ooling is dominated by emission of neutrinos, whi
h 
ontrols the lifetime of su
h stars.The elusive neutrinos have a history strongly linked with parti
le, nu
lear and astro-physi
s, a history full of surprises. This �eld of resear
h is open and leaves room for manytheories and experiments of potential great importan
e for general s
ien
e. Time will tellif our understanding of the neutrinos is 
orre
t, but it would be foolish to assume thatthe days of surprises are gone. If anything the history of the neutrinos has taught us thathumility is a good strategy for s
ienti�
 endeavors in the study of the 
onstituents of theworld.



2. NEUTRINO MASSThe observed violation of lepton �avor 
onservation in the neutrino se
tor has been in-terpreted as small but nonzero neutrino mass asso
iated with substantial mixing. In theStandard Model neutrinos are massless, and only left handed neutrinos exist. This 
hapteris a summary of the experimental observations and the models attempting to in
orporateneutrino masses into the Standard Model formalism.2.1 Neutrino mass observationsThe neutrinos were long thought to be massless parti
les. In this se
tion the experimentaleviden
e for small, yet nonzero, neutrino masses are presented.2.1.1 Nu
lear de
ayTraditionally the neutrino has been assumed to be massless, and the upper limit on theneutrino mass given by the kinemati
 end point of the �nal state ele
tron. The mostsensitive sour
e is tritium, whi
h de
ays into 3He, an ele
tron and an antiele
tron neutrino.Tritium has a low end point energy of 18.6 keV and a short life time; whi
h togetherwith a very simple shell stru
ture make it the preferred isotope for dire
t neutrino massmeasurements. The upper mass limit thus far obtained is 2 eV for the ele
tron neutrino[1℄. For the other lepton eigenstates the mass limits are worse, sin
e for νµ the experimentmust stop a pion and let it de
ay at rest while measuring the muon energy. And the ντmass measurement involves the de
ay produ
ts of tau leptons.In the 
ase of neutrino mixing, the result would give a dis
rete value of the end pointfor ea
h mass eigenstate i with the probability |Uli|2, where U is a unitary mixing matrix.Experimentally it is not possible to separate masses of the mass eigenstates, hen
e theexperimentally observed neutrino mass is
m2

νl
=
∑

i

|Uli|2m2
νi
. (2.1)Should the mass di�eren
es between mass eigenstates be determined, using for exampleneutrino os
illations, the dire
t measurement of the neutrino mass would hen
e set theoverall mass s
ale of the neutrinos. Some experiments are in preparation to in
rease thepre
ision; one of them is KATRIN whi
h aims to determine mν to the 0.2 eV level, hen
ethe required pre
ision on the measured m2

ν must be of the 0.04 eV2 level. This will be
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Fig. 2.1: The neutrino mass measured as the endpoint of the kinemati
 spe
trum in β de
ay.obtained with 90% 
on�den
e level after three years of data taking, and will also give adis
overy potential of 5σ for neutrino masses larger than 0.35 eV [2℄.2.1.2 Neutrino �avor transformation and interpretationIf neutrinos mix, lepton �avor numbers are not 
onserved separately within the standardele
troweak theory. This would imply mixing of 
harged leptons. However any su
h mixingwould ne
essarily involve the neutrino mass, whi
h explains why 
harged lepton mixing issuppressed. For example the 
al
ulation of the neutrinoless 
harged lepton de
ay [3℄
Γ(lα → lβγ) =

1

2
αG2

F

(

1

32π2

)2

m5
lα

∣

∣

∣

∣

∣

∑

i

U∗
αiUβi

m2
νi

M2
W

∣

∣

∣

∣

∣

2

, α 6= β (2.2)yields a bran
hing ratio
B(lα → lβγ) . 2 · 10−46 , α 6= β (2.3)when the neutrino mass is 
hosen to be 2.5 eV. The best experimental value [1℄ is for muonde
ay

B(µ → eγ) . 1.2 · 10−11 (2.4)so for all pra
ti
al appli
ations the 
harged leptons 
an safely be 
onsidered non-mixing.For intera
tions involving 
harged leptons, lepton numbers are hen
e 
onserved and theStandard Model agrees with experiments.On the other hand, observing lepton number violation would mean that the neutrinolepton eigenstates are mixed, and the neutrinos thus have nonzero mass.Mixing and neutrino os
illationIt has already been established that the intera
tion eigenstates of quarks are not identi
alto the mass eigenstates. The quarks are said to be mixed. The mixing between the lepton



2.1. Neutrino mass observations 9�avor eigenstates να and mass neutrino eigenstates νi 
an be des
ribed as a rotation usinga unitary N ×N matrix
να = Uαiν

′i. (2.5)A 
onvenient way of parameterizing this mixing matrix U for three generations is
U =





c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13
s12s23 − c12c23s13e

iδCP −c12s23 − s12c23s13e
iδCP c23c13



 (2.6)where
cij ≡ cos θij (2.7)
sij ≡ sin θij (2.8)and the non-vanishing phase has been 
hosen to be asso
iated with mixing of the �rst andthird generations.An important 
hara
teristi
 of U is that if one of its elements is zero the phase δ 
anbe rotated away by rephasing the �elds. This is of 
ourse independent of the 
hoi
e ofparameterizing U (2.6). For example setting s13 = 0 making U13 = 0 removes all terms
ontaining eiδCP .1 If any of the elements U21, U22, U31, U32 is zero the phase is alreadyexpressed in terms of the mixing angles. The phase 
an freely be multiplied to any of themixing angles without 
hanging the physi
al properties of U , but due to the smallness of

θ13 it is most 
onvenient to asso
iate δ with θ13 when examining if any element of U iszero.Using the Hamiltonian, ordinary quantum me
hani
s gives the time evolution of aquantum state as a super position of mass eigenstates
|να〉t =

∑

i

Uαie
−iEit

∣

∣ν ′i
〉 (2.9)where the ket on the right hand side 
an be substituted ba
k into the �avor eigenstatebasis

|να〉t =
∑

β

∑

i

Uαie
−iEitU∗

iβ

∣

∣νβ
〉

. (2.10)For relativisti
 neutrinos p≫ mi, the energy 
an be expanded as
Ei ≃ p+

m2
i

2E
(2.11)and in the two �avor 
ase

U =

(

cos θ sin θ
− sin θ cos θ

) (2.12)1 Often U1j is denoted Uej , U2j → Uµj and U3j → Uτj.
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h gives the os
illation probability
Pνα→να = |〈να|να〉t|2 = 1 − sin2 2θ sin2

m2
i −m2

j

4E
t (2.13)where unitarity of U and sin 2θ = 2 sin θ cos θ was exploited. The notation

∆m2
ij ≡ m2

i −m2
j (2.14)is 
ommonly used in literature. Using SI units, (2.13) 
an be written as

Pνα→να = 1 − sin2 2θ sin2
1.267∆m2

ijL

E
(2.15)where ∆mij is in eV, E in GeV and L in km.Sin
e neutrinos are highly relativisti
, t is often substituted with the base line L, andthe os
illation pattern is governed by the ratio L/E, whi
h in a

elerator experiments is
ontrolled by experimental 
onditions.Matter e�e
tsAs an ele
tron neutrino traverses matter it 
an undergo 
harged 
urrent (CC) intera
tions,where the ele
tron neutrino intera
ts with an ele
tron or nu
leon under the ex
hange ofa W− boson. If the �nal state also 
onsists of an ele
tron and an ele
tron neutrino, thepro
ess 
an be mimi
ked by the ex
hange of a Z boson. This is 
alled a neutral 
urrent(NC) event. The intera
tions νµ,τ + e− → νµ,τ + e− are limited to neutral 
urrent eventsand thus have smaller 
ross se
tion than νe + e− → νe + e−.

W−

νe

e−

e−

νe

(a) CC, ν

W−

ν̄e

e−

e−

ν̄e

(b) CC, ν̄

Z

νe

e−

νe

e−

(
) NCFig. 2.2: Feynman diagrams of 
harged 
urrent (CC) and neutral 
urrent (NC) neutrino intera
-tions with ele
trons.In the presen
e of the e�e
tive intera
tion Hamiltonian
Heff =

GF√
2
ν̄eγµ(1 − γ5)νeēγµ(1 − γ5)e (2.16)



2.1. Neutrino mass observations 11the ele
tron neutrino re
eives an extra 
ontribution √
2GFne in the S
hrödinger equation,where ne is the ele
tron number density in the media. Hen
e the angles in (2.12) aremodi�ed as [3℄

cos 2θ̃ = −2AE/∆m2+cos 2θ√
(2AE/∆m2−cos 2θ)2+sin2 2θ

(2.17)
sin 2θ̃ = sin 2θ√

(2AE/∆m2−cos 2θ)2+sin2 2θ
(2.18)where

A ≡
√

2GFne. (2.19)This 
reates a resonan
e at 2AE/∆m2 = cos 2θ where the mixing is maximal and thisresonan
e 
ondition is usually expressed as a 
riti
al ele
tron density
ne,critical ≡

∆m2

2
√

2EGF

cos 2θ. (2.20)If neutrinos are 
reated in a very dense region where ne > ne,critical, and the density dropsas the neutrino propagates though the matter, the neutrino 
an exit the region as a masseigenstate if the density gradient is su�
iently small [3℄
1

ne

dne

dr
≪ ∆m2 sin2 2θ

2E cos 2θ
(2.21)to allow the neutrino 
onversion to be an adiabati
 pro
ess [4℄. Sin
e the radial densitypro�le of the sun is 
lose to exponential and the ele
tron density in the deep regions of thesun is very high, both the 
riti
al density and the adiabati
 
ondition 
ould be ful�lled inthe sun, provided that the mass di�eren
e is small enough and the mixing angle is large.We will return to this phenomenon in se
tion 2.1.2.It is important to note that the matter e�e
t gives fake CP violating e�e
ts for νµ → νeos
illation 
ompared to ν̄µ → ν̄e os
illation as A 
hanges sign for antiparti
les. This 
anbe understood in that the 
omposition of matter in the universe is CP violated and thefake CP violation e�e
t seen in matter is a tri
kle down e�e
t of the matter�antimatterasymmetry. The two e�e
ts 
an however be separated sin
e 2AE is proportional to theenergy, but the eigenstate masses are 
onstant with respe
t to energy, hen
e by 
omparingtwo similar experiments with di�erent L/E base lines the problem 
an be untangled. Thistopi
 is dis
ussed more extensively in 
hapter 3.Atmospheri
 neutrinosHigh energy parti
les are 
reated in astrophysi
al pro
esses, and when they enter Earth'satmosphere they often 
ause hadroni
 showers with pion and muon 
ontent. Those parti
lesare unstable and will de
ay after some time, produ
ing neutrinos. Su
h neutrinos are inthe parti
le physi
s 
ommunity referred to as atmospheri
 neutrinos.The �rst atmospheri
 neutrinos were dis
overed in deep mines in 1965 in India andSouth Afri
a. The number of muons from 
osmi
 rays were of the same order of magnitude



12 2. Neutrino massas the number of muons produ
ed in atmospheri
 neutrino intera
tions, but the experi-menters noted a de�
it in the muon neutrino �ux. Reines was the �rst to suggest thatneutrino os
illations 
aused the de�
it, but the statisti
s were limited and large un
ertain-ties in the 
al
ulated �ux made the 
laims rather weak.Many years later the same de�
it was noted in other experiments, most notably theKamiokande experiment, whi
h found a zenith angle dependen
e in the νµ/νe ratio. Thiswas followed up upon by the Super-Kamiokande experiment, whi
h 
on�rmed with 
om-pelling 
ertainty that the muon neutrino �ux is suppressed for parti
les going through theearth, while the ele
tron neutrino �ux is largely un
hanged. A good �t using the neutrinoos
illation hypothesis was a
hieved assuming maximal mixing and ∆m2 ≈ 2.2 ·10−3 (eV)2,while the no os
illation hypothesis was in
onsistent with their data [3℄. This result wasinterpreted as νµ → ντ os
illation, sin
e the data gave no indi
ation of os
illation to νe.Furthermore the results favored matter e�e
ts as des
ribed in se
tion 2.1.2 where νµ and
ντ are equally a�e
ted. The sterile neutrino hypothesis was disfavored, and neutrino de
ayand neutrino de
oheren
e theories were ruled out with 5.3σ and 4.8σ respe
tively [5℄.Solar neutrinosNeutrinos are 
ontinuously produ
ed in the Sun in fusion pro
esses. The Standard SolarModel is a very pre
ise and a

urate des
ription of the Sun and similar stars, but theobserved neutrino �ux in the Davis 
hlorine tank experiment (1967�1994) was only aboutone third of what the Standard Solar Model had predi
ted. Thus the solar neutrino puzzlewas born.Despite many suggestions regarding systemati
al errors in the experiment, the problempersisted, and was later 
on�rmed by Kamiokande. Most neutrinos are 
reated throughthe pp 
hain, but these neutrinos typi
ally have too low energy to be dete
ted2. Insteadmu
h of the studies performed were fo
using on neutrinos from the more energeti
 but alsomore rare 8B neutrinos. The 
hlorine dete
tor Davis used and also a later gallium dete
tor,however, were in addition sensitive to low energy neutrinos. From these experiments, the�ux suppression was found to vary with the neutrino energy in agreement with mattere�e
ts in the sun as des
ribed in se
tion 2.1.2.It was long thought that the lepton mixing angles would be small be
ause the quarkmixing angles were small, but the solar neutrinos supplied the resear
hers with a tool fortesting the mixing angles. The suppression in νe → νe depends on the mixing angle andthe energy, and from nu
lear physi
s and the Standard Solar Model the neutrino energyspe
trum is well known, thus the whole small mixing angle region was ex
luded to 95%
on�den
e level in favor of nearly maximal mixing [3℄.It is important to note that the �avor 
hange o

urring in the Sun is dominated byadiabati
 matter e�e
ts, not neutrino os
illations. This makes the 8B νe neutrinos radiatedfrom the Sun 91% pure m2 mass eigenstates [7℄, whi
h naturally do not os
illate until theyintera
t with matter again at Earth.2 The threshold is approximately 7 MeV in a Water �erenkov dete
tor.
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Fig. 2.3: The energy spe
trum of solar neutrinos [6℄.Rea
tor neutrinosA tremendous amount of neutrinos, mainly ν̄e, are produ
ed in 
ommer
ial nu
lear rea
-tors. Sin
e these sour
es are both well measured and without 
ost to the parti
le physi
s
ommunity, they have been exploited to give powerful 
onstraints on the solar neutrinomixing parameters, espe
ially ∆m2
21 and θ13.KamLAND was built to test LMA, Large Mixing Angle, solution in the solar neutrinose
tor. KamLAND uses a one kiloton liquid s
intillator to dete
t antiele
tron neutrinosabove 1.8 MeV [10℄, and is thus sensitive to neutrinos with too low an energy to be dete
tedby Water �erenkov dete
tors. It measures the neutrino rates from several nu
lear rea
torsin Japan, and by taking full advantage of temporary shut downs of the rea
tors it provideda very pre
ise measurement of ∆2

12 and θ12. By observing the neutrino energy, it produ
edthe worldâ��s �rst unambiguous eviden
e of the L/E dependen
e for positron appearan
e,thus 
on�rming the neutrino os
illation hypothesis. See �gure 2.4. The weighted averagedistan
e to the rea
tors is 180 km, so the experiment is sensitive to ∆m2 in the 10−5 eV2s
ale, hen
e os
illations between mass eigenstates 1 and 2. The SNO CC data stronglyfavored LMA, and KamLAND established LMA as a unique solution to the solar neutrinopuzzle [11℄.During 1998 and 1999 the CHOOZ experiment presented important rea
tor neutrinodata. Similar to KamLAND the rea
tors deliver a �ux of ν̄e, but sin
e the neutrino energyis approximately 3 MeV, and the distan
e is around 1 km, the experiment was sensitive
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(a) SK (b) KamLANDFig. 2.4: The ratio of the measured to the predi
ted neutrino �ux is plotted as a fun
tion of
L
E . In (a), the muon neutrino 
ontribution to the atmospheri
 neutrino �ux measuredby the Super-Kamiokande 
ollaboration [8℄ is shown. In (b), the antiele
tron neutrino
ontribution to the rea
tor neutrino �ux measured by the KamLAND 
ollaboration [9℄is shown. At very short base lines, experimental errors obs
ure the neutrino os
illations.The neutrino-mixing model gives a good des
ription of the data, while de
oheren
e andneutrino de
ay hypothesis are in
onsistent with the observations.to ∆m2 of the order of 10−3 eV2. Therefore CHOOZ was sensitive to os
illations betweenmass eigenstate 1 and a 
ombination of eigenstates 2 and 3 [12℄. The CHOOZ experimentdid not �nd any eviden
e for ν̄e → ν̄µ,τ os
illation, and the upper limit to the size of θ13this implied still dominates the world average. Plans to measure θ13 in a future experimentnamed Double�Chooz exist. The experiment plans to take the �rst data in 2009 [13℄.2.1.3 The open questionsNeutrino physi
s provides a ri
h �eld of studies with impli
ations on the theory buildingof parti
le physi
s and our understanding of the Universe. There are many open questionsTab. 2.1: Summary table of best �t values at 2σ, 3σ, and 4σ intervals (1 d.o.f.) for the three �avorneutrino os
illation parameters from global data in
luding solar, atmospheri
, rea
tor(KamLAND and CHOOZ) and a

elerator (K2K and MINOS) experiments [5℄.parameter best �t 2σ 3σ 4σ
∆m2

21 [10−5 eV2] 7.9 7.3�8.5 7.1�8.9 6.8�9.3
∆m2

31 [10−3 eV2] 2.6 2.2�3.0 2.0�3.2 1.8�3.5
sin2 θ12 0.30 0.26�0.36 0.24�0.40 0.22�0.44
sin2 θ23 0.50 0.38�0.63 0.34�0.68 0.31�0.71
sin2 θ13 0.000 ≤ 0.025 ≤ 0.040 ≤ 0.058



2.1. Neutrino mass observations 15that need to be answered, some of whi
h we hope will be addressed by experiments in thenear future. Absolute mass s
aleWhile neutrino os
illation have established that the neutrinos are massive and that themass eigenstates have di�erent masses, there is no theory or experiment whi
h provides agood estimate of the absolute mass s
ale. Neutrino os
illation implies a minimum massequal to the mass di�eren
e, but neutrino os
illation experiments are insensitive to theabsolute value of the masses themselves. Dire
t mass measurements by the endpoint of thekinemati
 spe
trum (as presented in se
tion 2.1.1) give an upper bound whi
h for now istoo high to be of real value. Future experiments aimed to improve this upper bound, andexperiments su
h as neutrinoless double beta experiments (see se
tion 3.1), will push theupper limit 
loser to the measured mass di�eren
es.Hierar
hyA se
ond 
onsideration is the so 
alled mass hierar
hy of the neutrino mass eigenstates.Most theories favor the normal hierar
hy whi
h assumes that the two lightest eigenstatesare separated by a small mass di�eren
e and the third eigenstate is mu
h heavier than theother two. In this 
ase the �solar neutrinos� ν1 and ν2 are mu
h lighter than ν3 and thesolar neutrinos are separated from ν3 by the �atmospheri
 neutrino� mass di�eren
e. Theother viable solution is the inverted hierar
hy where instead ν3 is mu
h smaller than thesolar neutrinos. See �gure 2.5.

Fig. 2.5: The hierar
hy of the neutrino mass eigenstates.



16 2. Neutrino massMajorana neutrinosAre the neutrinos their own antiparti
les? That would allow the See�Saw me
hanism toexplain the lightness of the neutrinos, but lepton number would no longer be 
onserved.Neutrino os
illations are independent of their Majorana nature, and the only way to deter-mine whether the Majorana hypothesis is true is by a neutrinoless double beta experiment.This topi
 is dis
ussed in se
tion 2.2.2.Charge parity violationIf θ13 is not zero, a 
omplex phase fa
tor would indu
e CP violations. This would bethe �rst time CP is not 
onserved in the leptoni
 se
tor and would have impli
ations for
osmology. The CP violations in neutrino os
illations is dis
ussed in se
tion 3.2, and laterse
tions of the same 
hapter present possible experiments that 
ould dis
over leptoni
 CPviolation. LeptogenesisOriginally the observed matter�antimatter asymmetry was explained by GUT baryogene-sis, where heavy gauge bosons de
ayed while they de
oupled from equilibrium in the earlyUniverse. It was dis
overed that the masses of the gauge bosons were too small to satisfythe out-of-equilibrium 
ondition. In the supersymmetri
 extension, however, large enoughmasses 
ould be obtained, but were stri
tly 
onstrained by the absen
e of observed protonde
ay.Assuming that B−L symmetry (se
tion 2.2.2) is 
onserved at both the perturbative andnon-perturbative level [5℄, a broken lepton number 
onservation would imply that baryon�antibaryon asymmetry would also be generated. However due to the sphaleron e�e
t[3℄ above the ele
troweak s
ale, any baryon number generated while 
onserving B − Lis 
ompletely erased. In order to reprodu
e any matter�antimatter asymmetry, B − L
onservation must be violated. It is usually assumed that the asymmetry is a remnant ofa leptoni
 CP violation, and the phenomenon is 
alled leptogenesis.If the See�Saw me
hanism is 
orre
t, and the neutrino mixing matrix violates CP , thenthe matter�antimatter asymmetry 
ould be 
aused by CP violation in heavy right handedMajorana neutrino de
ays into 
harged Higgs bosons.
CP violation in the de
ay of heavy right handed Majorana neutrinos (see se
tion 2.2.2)

B
(

(νL)c → φ+l
)

6= B
(

(νL)c → φ−l̄
) (2.22)where φ and l denote the Higgs boson and 
harged leptons respe
tively, 
an su

essfullyreprodu
e the observed matter�antimatter asymmetry [5℄. However, the theory requires anumber of assumptions and depends on the so far not observed neutrino mass hierar
hy.



2.2. The origin of mass 17Tab. 2.2: The families of fermions a

ording to the Standard Model. The rows indi
ate the up-down like symmetry, while the 
olumns indi
ate the generations and 
hirality. Sin
elepton numbers are 
onserved, all pro
esses 
onserves the number of parti
les of a 
ertaingeneration, for example a de
aying muon produ
es one ele
tron (
harge 
onservation),one νµ and one ν̄e (lepton number 
onservation). Noti
e the absen
e of right handedneutrinos.
1st generation 2nd generation 3rd generationLepton νe,L - νµ,L - ντ,L -
eL eR µL µR τL τRQuark uL uR cL cR tL tR
dL dR sL sR bL bRIn�ationA problem in modern 
osmology is that the 
osmi
 mi
rowave ba
kground from di�erentregions of the Universe, whi
h is a remnant of the very early Universe, is very uniformalthough these regions 
an never have been in tou
h with ea
h other. Cosmologists usuallyassume that the initial Universe was pointlike, and there must have been a me
hanismwhi
h in�ated the Universe at some stage, thus allowing not 
ausally 
onne
ted regionsto maintain a uniform temperature. It is widely believed that neutrinos played a leadingrole during the in�ation, and there are theories [5℄ that require a gauge singlet with massaround 1013 GeV in order to obtain the observed density �u
tuations, making a heavy righthanded Majorana neutrino a natural 
andidate.2.2 The origin of massThe observation of a small but nonzero neutrino mass generated more questions than itanswered. Among them, why have no right handed neutrinos been observed, why are theneutrino masses so small, what is the absolute mass s
ale of neutrinos, et
. These questionsare only meaningful with a 
on
eptual understanding of how parti
le masses are generated.2.2.1 The Standard ModelIn the Standard Model, the mass of a parti
le is the strength of its 
oupling between thefermion �eld and the Higgs �eld. Writing

ψ = ψ†γ0 (2.23)the mass term in the Lagrangian 
onne
ts the left handed �eld with its right handedpartner,
LD ∼ m(ψRψL + h.c.) (2.24)where the two-
omponent Weyl spinors are
ψL ≡ 1 − γ5

2
ψ =

(

0
η

) (2.25)



18 2. Neutrino massand
ψR ≡ 1 + γ5

2
ψ =

(

χ
0

) (2.26)so
ψ = ψL + ψR =

(

χ
η

) (2.27)is the Dira
 spinor. In the Standard Model there are no right handed neutrinos, so theneutrinos are ne
essarily massless. The experimental eviden
e of massive neutrinos 
annotthus be in
luded in the Standard Model.
fL fR

φ

Fig. 2.6: Feynman diagram of a Higgs boson 
oupling to a fermion, thus giving the fermion mass.Note that the Higgs me
hanism violates 
hirality symmetry, and that the Higgs bosonhas 
hirality -2.The mass in equation (2.24) has its origin in the Higgs me
hanism, whi
h breaks theele
troweak symmetry SU(2) × U(1). The simplest form of this theory is to take a Higgs�eld φ as a doublet,
φ =

(

φ+

φ0

) (2.28)where φ0 is a nonzero va
uum expe
tation value. Writing equation (2.24) with Yukawa
ouplings between leptons and the Higgs �eld
LY = −fe(νe, e−)L

(

φ+

φ0

)

e−R + h.c. (2.29)gives the ele
tron a mass
me = fe

〈

φ0
〉

= fe
v√
2

(2.30)where v is the va
uum expe
tation value given by the Fermi 
oupling 
onstant GF deter-mined by measurements of muon de
ay [3℄,
v = (

√
2GF )−1/2 ≈ 246 GeV. (2.31)



2.2. The origin of mass 19Tab. 2.3: The families of fermions in the See-Saw model. The rows indi
ate the up-down likesymmetry, while the 
olumns indi
ate the mass eigenstates and 
hirality. The leptonand baryon eigenstates (generations) are superpositions of mass eigenstates. The righthanded neutrinos have a very high mass whi
h explains the small mass of the left handedneutrinos.
1st mass eigenstate 2nd mass eigenstate 3rd mass eigenstateLepton ν1,L ν1,R = (ν1,L)c ν2,L ν2,R = (ν2,L)c ν3,L ν3,R = (ν3,L)c

eL eR µL µR τL τRQuark u1,L u1,R u2,L u2,R u3,L u3,R

d1,L d1,R d2,L d2,R d3,L d3,R2.2.2 Beyond the Standard ModelAs (2.24) shows, the �eld only obtains a mass term if there exists both left handed andright handed parti
les. Sin
e no right handed neutrinos have ever been observed, whilethe neutrino masses have been dis
overed, there is an anomaly in the Standard Modelwhi
h requires spe
ial attention. This is in fa
t the only eviden
e of physi
s beyond theStandard Model. A very popular theory to explain this dis
repan
y is the assumption thatthe neutrinos are Majorana parti
les.Majorana parti
lesIn 1937 Majorana proposed that the neutrino is a self 
onjugate ν = ν̄, ex
ept for heli
ity.The heli
ity �ip is 
aused by a mass term that violates the lepton number 
onservation.This is very di�erent from the Dira
 neutrino whi
h 
onserves the lepton number while�ipping the heli
ity.Using the notation
ψc = C†ψC = CψT (2.32)where C is the 
harge�
onjugation operator and ψc is the 
harge�
onjugate �eld, a relationbetween the left and right handed �elds 
an be found (here expli
itly derived)

((ψc)L)c = (CψT

L)c

= ((iγ0γ2γ0ψ∗)L)c

= (
1

2
(1 + γ5)iγ0γ2γ0ψ∗)c

= iγ0γ2(−i1
2
(1 + γ5)γ2ψ∗)†γ0)T

= −γ0γ2γ0 1

2
(1 + γ5)γ2∗ψ

= γ0γ0γ2γ2∗ 1

2
(1 − γ5)ψ

=
1

2
(1 − γ5)ψ = ψR, (2.33)



20 2. Neutrino masswhere symmetry and 
ommutation rules of the gamma matri
es were used. Both Majoranaand Dira
 parti
les ful�ll the Dira
 equation
(iγµ∂µ −m)ψ(x) = 0 (2.34)but the Majorana parti
les also satis�es the Majorana 
ondition

ψ = ψc. (2.35)For any fermion �eld the relation (2.33) is valid but here is a 
ru
ial di�eren
e betweenthe Dira
 �elds and Majorana �elds; the Dira
 �eld does not satisfy (2.35), hen
e the left�handed 
omponent is independent of the right�handed 
omponent, while for a Majorana�eld
ψR = (ψL)c (2.36)whi
h 
an easily be proven using the equations above. The Majorana spinor only 
ontainstwo independent �elds. In other words a Majorana neutrino is its own antiparti
le. This
auses lepton number violation, and thus pro
esses like neutrinoless double beta de
ayshould be possible. The Lagrangian in this 
ase would then be [3℄

LM = iψLðψL − M

2
ψ

c

LψL + h.c. (2.37)where also the kineti
 part is in
luded. The mass term violates the lepton number 
onser-vation of the �eld, and the mass, M , is 
omplex. However the phase ofM 
an be absorbedinto the phase of ψL.In the Dira
 
ase the neutrino mass is generated by the Higgs me
hanism. The massterm in the Lagrangian is given by
LD = −

∑

l,l′

νlRM
D
ll′νl′L + h.c. (l = e, µ, τ) (2.38)where MD is the 
omplex 3 × 3 Dira
 mass matrix.This matrix 
an be diagonalized using unitary matri
es V, U
MD = V m̂U † (2.39)de�ning the rotated states as

νlL ≡
∑

k

UlkνkL (2.40)
νlR ≡

∑

k

VlkνkR. (2.41)



2.2. The origin of mass 21Rewriting (2.38) using the mass eigenstates (2.40, 2.41) this give a diagonal mass term
LD = −

∑

l,l′

νlRV m̂U
†νl′L + h.c.

= −
∑

l,l′

(

∑

k

VlkνkR

)†

γ0V m̂U †
(

∑

k

Ul′kνkL

)

= −
∑

k

mkνkRνkL. (2.42)From this result it is obvious that Dira
 neutrinos 
an only have mass if both a left�and a right�handed �eld is present. The main di�
ulty in the Dira
 neutrino hypothesisis the existen
e of the extremely small 
ouplings mk.For neutral 
urrent intera
tions, the Noether 
urrent is
jNC
ρ =

∑

l=e,µ,τ

νlLγρνlL + . . .

=
∑

l=e,µ,τ

∑

k=1,2,3

νkLU
†
lkγρUlkνkL + . . .

=
∑

k=1,2,3

νkLγρνkL + . . . (2.43)so no mixing o

urs. Looking at the 
harged 
urrent
jCC
ρ = 2

∑

l=e,µ,τ

llLγρνlL + . . .

= 2
∑

l=e,µ,τ

∑

k=1,2,3

lkLU
(l)†
lk γρU

(νl)
lk νkL + . . . (2.44)where

U (l)†U (νl) 6= 1. (2.45)Allowing the theory to extend beyond the Standard Model, Majorana parti
les areallowed to give 
ontributions to the mass term. The Dira
-Majorana mass term is de�nedas
LD+M ≡ LD + LM

L + LM
R (2.46)where

LD = −
∑

r,l

νrRM
D
rl νlL + h.c. (2.47)

LM
L = −1

2

∑

l,l′

(νlL)cML
ll′νl′L + h.c. (2.48)

LM
R = −1

2

∑

r,r′

νrRM
R
rr′(νr′R)c + h.c. (2.49)



22 2. Neutrino massHere l, l′ run over left�hand �avor �elds (l = e, µ, τ), and r, r′ run over right�hand �avor�elds.By introdu
ing the ve
tor
nL ≡

(

νL

(νR)c

) (2.50)where νL is the lepton eigenstates, (2.46) 
an be expressed in a more 
ompa
t form:
LD+M = −1

2
(nL)cMM+DnL + h.c. (2.51)with the 
ombined mass matrix

MM+D =

(

ML (MD)T

MD MR

)

. (2.52)Similarly to the Dira
 
ase, this matrix 
an be diagonalized using unitary operators.This transforms the �avor eigenstates (2.50) to the 
orresponding mass eigenstates νk.These �elds all satisfy the Majorana 
ondition (2.35), so a Lagrangian 
ontaining bothDira
 and Majorana mass terms infers that all neutrinos are Majorana neutrinos.In the 
ase where the neutrinos are Majorana parti
les, two additional phases are shouldbe added to the unitary matrix (2.6)
UM = UD





eiα1/2 0 0
0 eiα2/2 0
0 0 1



 (2.53)but sin
e the Majorana phases are situated on the diagonal they do not give rise to any
CP violation during neutrino os
illation.The see-saw me
hanismTo illustrate how neutrino masses are generated through the see-saw me
hanism in aneasily understandable manner, only one generation is 
onsidered. The �eld and the massmatrix are written as

nL ≡
(

νL

(νR)c

)

, M ≡
(

mL mD

mD mR

) (2.54)where mL, mD and mR are s
alars. To simplify even more we assume CP invarian
e in thelepton se
tor in whi
h 
ase we get mL, mD and mR are real parameters. The mass matrix
M 
an be diagonalized and the diagonal matrix will then have the eigenvalues ofM on thediagonal. The eigenvalues are

eig(M) =
mL +mR

2
∓ 1

2

√

(mR +mL)2 + 4m2
D (2.55)



2.2. The origin of mass 23and in if mR ≫ mL one 
an use the Taylor expansion
√
x+ 1 = 1 +

x

2
+ O(2) (2.56)whi
h gives the eigenvalues

eig(M)=̇

{

mν ≈ −m2

D

mR

mN ≈ mR

(2.57)where the minus sign 
an be removed by 
hoosing the phase fa
tor appropriately. Thename See-Saw me
hanism follows from the fa
t that if mR is mu
h larger than the otherelements in the mass matrix, one mass eigenstate has a very large mass, while the other isvery small; the larger one neutrino mass is, the smaller the other neutrino mass is. Thismodel is attra
tive sin
e it explains the small neutrino masses of the observed left handedneutrinos in a natural way, but this me
hanism requires the neutrinos to be Majoranaparti
les whi
h is not yet 
on�rmed experimentally.If one assumes that the Dira
 mass mD is the similar to the mass of the top quark, andthat the light neutrino massmν is approximately 0.05 eV, then equation (2.57) gives a massfor the right handed neutrino of about 1015 GeV , whi
h is very 
lose to where physi
istsexpe
t the GUT s
ale to reside. Should the See-Saw model be 
orre
t this allows indire
texploration of the Grand Uni�
ation by asso
iating the left handed neutrinos with theirright handed 
ounterparts.The Lagrangian for the See-Saw me
hanism presented here3 is expressed as follows on
ethe heavy �eld has been integrated out
Leff =

f 2

2M
φ0φ0νc

LνL (2.58)where f is the Yukawa 
ouplings and φ0 is the Higgs �eld.
νR

νL νL

φ φ

Fig. 2.7: Feynman diagram of type I see-saw me
hanism.3 Most often 
alled type I see-saw me
hanism.



24 2. Neutrino massThe Grand Uni�
ationPhysi
ists 
ommonly believe that the ele
tromagneti
, the weak and the strong for
es uniteat very high energies, and that the three gauge groups are merely low energy manifestationsof a more fundamental symmetry. This idea is 
alled the Grand Uni�
ation Theory, GUT.The minimal GUT group that 
an 
ontain the three gauge groups SU(3)×SU(2)×U(1)is SU(5), and it gives relations between the masses of leptons and quarks su
h that thedown-like quarks have similar masses to 
harged leptons. However SU(5) theories predi
tthat the proton is unstable, but the measured life time of the proton rules out SU(5) GUT.In order to solve the problem with the missing proton de
ays, one 
an either extend thetheory to SO(10) whi
h allows longer proton lifetime, or impose supersymmetry, SUSY, inSU(5).Supersymmetri
 GUT shows good agreement 4 between the theoreti
al and experimen-tal weak mixing angle θW [3℄,
sin2 θW =

{

0.2312 ± 0.0002 (experiment)
0.2273 ± 0.0006 (SU(5)SUSY )

(2.59)and, in addition, the Higgs masses remain stable to radiative 
orre
tions. However theexperimental limits on the proton lifetime leads to the fa
t that the 
olored Higgs mass
mHc

> 2 × 1017 GeV if the SUSY s
ale is < 1 TeV, whi
h is required for making theHiggs mass stable. This is a problem sin
e SUSY grand uni�
ation 
an only o

ur at
3.5 × 1014 < mHc

< 3.6 × 1015 GeV [3℄.Most GUT theories postulate that the baryon number minus the lepton number, B−L,is a 
onserved quantity. In order to limit the proton de
ay rate given by supersymmetri

ouplings, the so 
alled R-parity is introdu
ed, under whi
h all Standard Model parti
lesare even and all supersymmetri
 partners are odd. The s
alar 
omponent of any 
hiralsupermultiplet has the R-parity number
R = (−1)B−L (2.60)while the fermions have the same number multiplied by -1. As a side e�e
t, R-parity
onservation implies that any 
ouplings between light fermions and heavy �elds whi
hwould violate B − L are forbidden. Sin
e the fermioni
 
ontent of SUSY SU(5) is thesame as the one in the Standard Model, B − L asymmetry 
annot be generated [14℄. Aspreviously mentioned, B−L 
onservation must be violated in order to obtain baryogenesis[3℄, whi
h rules out SUSY SU(5) as a GUT 
andidate. In SO(10) however, it is possibleto in
lude heavy right handed Majorana neutrinos, whi
h 
ould 
ause a B−L asymmetrythrough de
ay of the heavy neutrinos.In order to introdu
e massive neutrinos it is required to introdu
e an extra U(1) sym-metry. SU(5)×U(1) is a subgroup of SO(10), and SU(5)×U(1) breaks into

SU(3) × SU(2) × U(1)Y × U(1)B−L (2.61)4 Qouting Fukugita&Yanagida [3℄ �This weak mixing angle shows very good agreement with experiment,and this is taken as eviden
e supporting the presen
e of supersymmetry.� While the values are 
lose, thestandard deviations de fa
to suggest that the agreement is rather bad.



2.2. The origin of mass 25where U(1)Y is the normal hyper 
harge and U(1)B−L is a new symmetry between baryonsand lepton numbers.A more elegant theory uses
SU(3) × SU(2)L × SU(2)R × U(1)B−L (2.62)whi
h breaks down at some high energy to the Standard Model where SU(2)R disappearsand the baryon�lepton symmetry is repla
ed by the hyper
harge. The ele
tri
 
harge ishere [15, 16℄

Q = T3L + T3R +
B − L

2
. (2.63)The left�right symmetry model, also known as the 
hiral symmetry model, assumes thatthe neutrinos are Majorana parti
les and the leptons

ψL =

(

νL

eL

)

, ψR =

(

νR

eR

) (2.64)have the SU(2)L × SU(2)R × U(1)B−L representation numbers (1/2, 0,−1) and (0, 1/2,−1)respe
tively [17℄.In this left�right symmetri
 model the parity violation is thus only a low energy phe-nomenon 
aused by the suppression of right handed weak 
urrents. This model predi
tsright handed weak bosons whose masses are related to the masses of the neutrinos [16, 17℄.
mνl

=
m2

l

gmWR

, l = (e, µ, τ) (2.65)Equation (2.65) 
an be used to predi
t the mass of the right handed weak bosons; 
hoosing
mνe

≤ 1.5 eV, gives mWR
≥ 300 GeV, while using the assumption mνe

≈ 0.05 eV of page 23gives an upper limit of mWR
≈ 9 TeV. If the spontaneous parity breaking of the left�rightmodel is due to a pair of bidoublet Higgs �elds (0, 1, 2) and (1, 0, 2), in addition to theStandard model doublet Higgs �eld (1/2,

1/2, 0), there are two very massive weak bosons,the previously mentioned WR and the neutral ZR, where mZR
≈ mWR

[15℄. The largemass of the right handed weak bosons is a natural explanation for the V + A suppression
ompared to V − A. Hopefully these new bosons are not too heavy for LHC and futurehigh energy physi
s experiments, and that their signals are not masked by ba
kground ormisinterpreted as super symmetry.Sin
e the quarks
qL =

(

uL

dL

)

, qR =

(

uR

dR

) (2.66)have representation numbers (1/2, 0,
1/3) and (0, 1/2,

1/3), respe
tively [17℄, the non-integerB−Lproperty ensures that the parity violating Higgs bidoublets do not 
ouple to quarks. Sin
ethe mass generating neutral Higgs �eld 
arries no B−L 
harge, the quarks 
an still 
oupleto it, allowing quarks to be massive.
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3. NEUTRINO BEAMS AND DETECTORSAs 
hapter 2 showed, several important fundamental questions regarding neutrinos remainto be answered. One of the most important out
omes are the predi
tions and suggestionsfor experiments whi
h 
an prove or disprove the theoreti
al 
on
epts. The most impor-tant physi
al pro
esses whi
h su
h parti
le physi
s experiments rely on for dete
tion and
hara
terization are presented in 
hapter 5. This 
hapter presents some of the neutrinoexperiments whi
h have been proposed for the next de
ades, with the fo
us on futureneutrino beams and asso
iated dete
tors.3.1 Lepton number violating beta de
aysThe neutrinoless double β de
ay experiments provide vital information on the Majorananature of the neutrinos. For some isotopes where single β de
ay
(A,Z) → (A,Z + 1) + e− + ν̄e single β decay (3.1)is forbidden, the nu
leus 
an de
ay by emitting two ele
trons at on
e, and hen
e also twoantineutrinos.

(A,Z) → (A,Z + 2) + 2e− + 2ν̄e double β decay (3.2)This pro
ess is shown in �gure 3.1(a). For double β de
ay to be possible the mass of the
(A,Z) must be larger than (A,Z + 2). There are only 35 2β− isotopes known in nature,though 2β+ isotopes also exists.If the neutrinos are Majorana parti
les, a related yet di�erent pro
ess 
an o

ur 
alledneutrinoless double beta de
ay (0ν2β). Sin
e a Majorana neutrino is its own antiparti
le theneutrinos 
an form a lepton number violating 
urrent between the two verti
es, a
ting asan intermediary for
e 
arrier. The total energy of the two ele
trons would hen
e be exa
tlythe energy released from the binding energy of the nu
lei, forming a sharp energy spe
trumwhi
h 
ould be dete
ted in an experiment. The rare nature of these events however � thehalf life is larger than 1020 years � makes the experiments very sensitive to ba
kgroundand di�
ult to 
ondu
t.Super Symmetry and other new physi
s 
ould also produ
e neutrinoless double betade
ay, suggesting that it would not be possible to tell what pro
ess 
aused the suppressionof the two neutrinos. In 1982 the S
he
hter-Valle theorem [18℄ (also known as the �Bla
kBox Theorem�) was published whi
h states that independent of the me
hanism whi
h
aused the 0ν2β rea
tion, Majorana neutrino mass will appear in a higher order. Thusshould 0ν2β be observed, the Majorana property of the neutrinos would be proven. To
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W−
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(a) 2ν2β

W−

W−

ν

d

d

u

e−

e−

u

(b) 0ν2βFig. 3.1: Feynman diagrams (a) double beta de
ay, and (b) neutrino less double beta de
ay. While(a) 
onserves lepton number, (b) violates lepton number 
onservation by 2 through theex
hange of a Majorana neutrino.

Fig. 3.2: The �Bla
k Box Theorem� states that neutrinoless double beta de
ay implies a nonvan-ishing Majorana neutrino mass term, independent of the exa
t pro
ess 
ausing the leptonnumber violating de
ay.



3.1. Lepton number violating beta de
ays 29prove this [19℄ one uses the fa
t that u, d, e are massive parti
les and that there exists aweak intera
tion Lagrangian
L =

g√
2

(ν̄Lγ
µ(1 − γ5)eL + ūLγ

µ(1 − γ5)dL)W+
µ + h.c. (3.3)Also note that the fundamental pro
ess for neutrinoless double beta de
ay is

d+ d→ u+ u+ e+ e (3.4)with the exa
t pro
ess whi
h produ
es the neutrinoless double beta de
ay unknown. Sin
e(3.3) allows d→ u and e→ νe through the ex
hange of a W boson, pro
esses like the oneshown in �gure 3.2 are allowed. This generates a Majorana neutrino mass proportionalto ¯νc
eLνeL just like in the previous 
hapter. However the neutrino mass 
ould be 
an
elledby other pro
esses while maintaining the possibility of neutrinoless double beta de
ay. A
an
ellation to all orders would require a dis
rete symmetry, whi
h 
an be des
ribed as

νeL → ηννeL (3.5)
qL → ηqqL (3.6)
eL → ηeeL (3.7)

W+
L → ηWW

+
L (3.8)where ηi are phase fa
tors. If (3.4) is allowed,

η2
uη

∗2
d η

2
e = 1 (3.9)and (3.3) implies

ηdη
∗
u = ηW = ηeη

∗
ν (3.10)while preventing the existen
e of a Majorana mass term would require

η2
ν 6= 1. (3.11)However, using the 
onditions (3.9) and (3.10) it follows that
η2

ν = 1 (3.12)whi
h proves that
• if there is no Majorana neutrino mass term, neutrinoless double beta de
ay 
annoto

ur
• if neutrinoless double beta de
ay o

ur, the neutrinos are Majorana parti
lesregardless of the exa
t pro
ess in the �bla
k box�. While this proof was only 
onsideringele
tron neutrinos, Hirs
h et al [20℄ have extended the proof of the �Bla
k Box Theorem�to in
orporate mixing between neutrino �avors.



30 3. Neutrino beams and dete
torsSin
e experiments like KATRIN are measuring the neutrino mass dire
tly from β de
ay,neutrinoless double beta de
ay experiments 
an also supply information on the neutrinomasses. Using (2.1) with the parameterization from (2.6), KATRIN measures
mν̄e

=

(

∑

i

|Uei|2m2
i

)1/2

=
(

cos2 θ13
(

m2
1 cos2 θ12 +m2

2 sin2 θ12
)

+m2
3 sin2 θ13

)1/2 (3.13)while neutrinoless double beta experiments measure a 
oherent sum over all the di�erentMajorana neutrino masses mi weighted by their mixings with the ele
tron �avor eigenstate.Using the notation from (2.53)
∣

∣m(0ν2β)

∣

∣ =

∣

∣

∣

∣

∣

∑

i

U∗2
ei mi

∣

∣

∣

∣

∣

=
∣

∣

∣
cos2 θ13

(

m1e
iα1 cos2 θ12 +m2e

iα2 sin2 θ12
)

+m3 sin2 θ13

∣

∣

∣
(3.14)it is 
lear that the neutrinoless double beta experiments are sensitive to the 
omplexMajorana phases. However as the equation is underdetermined by the experiments, thetwo phases 
annot be disentangled. It is possible that the e�e
tive neutrino mass is zerodue to a resonan
e between the terms in (3.14), indu
ed by nonzero Majorana phases.The e�e
tive Majorana neutrino mass 〈m(0ν2β)

〉 is estimated by using the half life asobservable,
1

T1/2
= PN2

(

〈

m(0ν2β)

〉

me

)2 (3.15)where P is a 
al
ulable phase spa
e integral and N are nu
lear transition matrix elements.Several 0ν2β experiments are either running or in development at the moment. Oneexperiment 
laims to have seen lepton number violating double beta de
ay with a 
on�den
elevel of 4.2σ [21℄. The same experiment gives
0.1 eV <

〈

m(0ν2β)

〉

< 0.9 eV (3.16)at 99.73% 
on�den
e level by analysis of the half life of 76Ge [21℄. Future experiments willinvestigate the 
laims further.3.2 CP violation in neutrino os
illationIn the previous 
hapter eviden
e of nonzero neutrino mass based on the observation ofneutrino mixing was presented. In addition the mixing angles were determined or 
on�nedto small parameter regions through neutrino os
illation or matter e�e
ts in the Sun. Thephase δ present in the mixing matrix does not a�e
t the mass of the neutrinos, but willimply that CP is not 
onserved, provided that all elements of the mixing matrix are nonzero.The CP asymmetry
ACP =

P (να → νβ) − P (ν̄α → ν̄β)

P (να → νβ) + P (ν̄α → ν̄β)
(3.17)



3.2. CP violation in neutrino os
illation 31is often used as the CP violation observable. The most 
ommon experiments would have
(α = µ, β = e) (Super beam) or (α = e, β = µ) (Beta beam or Neutrino Fa
tory) or
(α = µ, β = τ) (Neutrino Fa
tory).As dis
ussed in se
tion 2.1.2, the presen
e of matter 
reates a fake CP violation due tothe CP asymmetry of the medium. Using the parameterization

X±
µ = sin2 θ23

(

∆23

B∓

)2

sin2

(

B∓L

2

) (3.18)
Y ±

c = sin (2θ23) sin (2θ12)
∆12

A

∆23

B∓
sin

(

AL

2

)

sin

(

B∓L

2

)

cos
∆23L

2
(3.19)

Y ±
s = sin (2θ23) sin (2θ12)

∆12

A

∆23

B∓
sin

(

AL

2

)

sin

(

B∓L

2

)

sin
∆23L

2
(3.20)

Zµ = cos2 θ23 sin2 (2θ12)

(

∆12

A

)2

sin2

(

AL

2

) (3.21)where X is the atmospheri
 term, Y is the interferen
e term and Z is the solar term, andwhere
∆ij ≡ ∆m2

ij

2E
(3.22)

B∓ ≡ |A∓ ∆23| (3.23)and A is de�ned in (2.19), the probability of νe → νµ os
illation is
P±

eµ = X±
µ sin2 (2θ13) + (Y ±

c cos δ ∓ Y ±
s sin δ) sin (2θ13) + Zµ (3.24)under the assumptions

∆12

∆13
≪ 1 (3.25)

sin θ13 ≪ 1 (3.26)where ∓ refers to neutrinos and antineutrinos respe
tively [22℄. This os
illation 
hannelis obviously very sensitive to θ13, and in addition it is sensitive to the CP violating phase
δ. The presen
e of ∆23 in Y ± infers that the 
hannel is in addition sensitive to the signof the atmospheri
 mass splitting. While X±

µ 
ontains a sin2 θ23 term, Zµ is proportionalto cos2 θ23, whi
h means that this os
illation 
hannel should be able to determine in whato
tant θ23 resides.With the same notation, the only term in the numerator of (3.17) whi
h does not 
an
elwhen A→ 0 (va
uum limit) is the Ys term. The strongest term in the denominator is the
Xµ term, giving the approximation

ACP ≈ 1

2

Ys sin(2θ13) sin δCP
Xµ sin2(2θ13) + Yc sin(2θ13) cos δCP + Zµ

≈

≈ 1

2

sin(2θ12) sin(2θ23) sin(2θ13) sin(∆12L
2

) sin(∆23L
2

) sin(∆13L
2

) sin δCP

sin2(2θ13) sin2(θ23) sin2(∆23L
2

) + sin2(2θ12) cos2(θ23) sin2(∆12L
2

) + O (3.27)



32 3. Neutrino beams and dete
torswhi
h shows that should any of the mixing angles or the mass di�eren
es be zero, the CPviolation would vanish.Due to its many virtues, the νe → νµ os
illation 
hannel is often 
alled the golden
hannel. However, the ability to measure all these unknown parameters 
omes at a pri
eof degenera
ies. To solve the degenera
ies of the golden 
hannel one 
an either improve thedete
tor or use an additional os
illation 
hannel. A third alternative, the magi
 baseline,will be dis
ussed in se
tion 3.2.1.With the notation
X±

τ = cos2 θ23

(

∆23

B∓

)2

sin2

(

B∓L

2

)

=
cos2 θ23
sin2 θ23

X±
µ (3.28)

Zτ = cos2 θ23 sin2 (2θ12)

(

∆12

A

)2

sin2

(

AL

2

)

=
sin2 θ23
cos2 θ23

Zµ (3.29)(3.30)the os
illation νe → ντ 
an be written [22℄
P±

eτ = X±
τ sin2 (2θ13) − (Y ±

c cos δ ∓ Y ±
s sin δ) sin (2θ13) + Zτ . (3.31)This 
hannel has the same sensitivities as the golden 
hannel, but the minus sign in frontof the parenthesis gives a di�erent 
orrelation between δ and θ13. The disadvantage of this
hannel is that the tau lepton must be dete
ted before it de
ays into a muon, whi
h addsto the di�
ulty of designing the dete
tor. It is thus named the silver 
hannel. A 
hannelsimilar to the silver 
hannel is the �forgotten 
hannel �, whi
h is the os
illation νµ → ντ .If the neutrinos were 
reated by a muon beam, the �nal state muon in the silver 
hannelhas a 
harge whi
h is the opposite sign of the muon beam, while the �forgotten 
hannel�will have a �nal state muon with the same sign as the parti
les in the muon beam. Theplatinum 
hannel is the os
illation νµ → νe, whi
h also has a di�erent δ to θ13 
orrelation,but the ele
tron neutrino 
ontent of a neutrino beam 
reated from muon de
ay infers thatthe 
harge sign of the �nal state ele
tron must be determined, whi
h is experimentally
hallenging. 3.2.1 Combinations of baselinesAs (2.6) shows the elements of the mixing matrix are 
ombinations of several parameters,the most notorious is the Ue3 = sin θ13e

−iδCP element. This leads to degenera
ies when mea-suring a parameter whi
h must be solved by performing multiple os
illation experiments.One option is to measure several di�erent os
illation 
hannels with the same fa
ility, butany 
harge determination requires magneti
 �elds, and ele
trons are parti
ularly di�
ultsin
e they indu
e ele
tromagneti
 showers. For tau lepton identi�
ation the short lifetimerequires dedi
ated �ne grained vertex dete
tors. The neutrino dete
tors are dis
ussed inse
tion 3.6.By using the same fa
ility but with di�erent baselines, the integrated ele
tron densitybetween the neutrino produ
tion and the dete
tors is di�erent, hen
e the matter e�e
ts
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(b) Di�erent baselinesFig. 3.3: Solving the intrinsi
 degenera
y using: (a) same L/E, but two di�erent os
illation 
han-nels (i.e., golden and silver); (b) same os
illation 
hannel, but two di�erent baselines.From referen
e [23℄.(see se
tion 2.1.2) for the two neutrino beams are di�erent. This is illustrated in �gure 3.3.By 
hoosing the neutrino os
illation baseline to be [5℄
Lmagic ≃

32726

ρ[g/cm3]
≃ 7250 km (3.32)a resonan
e e�e
t similar to (2.19) o

urs where the CP violating phase δCP is 
an
elled bymatter e�e
ts. This baseline is hen
eforth named the magi
 baseline, and is very useful formeasuring θ13 and the mass hierar
hy through sign(∆m2

31) as the experiment is 
ompletelyinsensitive to CP violation. A se
ond dete
tor at approximately 3000 km (1500�5000 km),where the sensitivity to Ue3 is large, will provide a good measurement of the CP violatingphase sin
e θ13 is already 
onstrained by the magi
 baseline data.3.3 Conventional neutrino beamsNeutrinos from 
onventional neutrino beams are 
reated in the de
ay of 
harged pions,whi
h in turn are produ
ed by proton intera
tion with a target and are 
harge sele
ted usingone or more magneti
 horns [24℄. An additional 
ontribution is given by de
ays of 
hargedkaons, but sin
e both π+ and K+ predominately de
ay into µ+ and νµ, the neutrino beamis dominated by νµ. The main νe 
ontamination 
omes from K+ → π0e+νe, K0
L → π+e−ν̄eor π−e+νe, and at low energies µ+ de
ays. The 
ontributions from π+ → e+νe are negligible[3℄. Sin
e the kaon produ
tion in
reases with energy, 
onventional neutrino beams have aproblem with ele
tron neutrino 
ontamination whi
h be
omes worse with in
reased primaryproton energy.
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Fig. 3.4: T2K neutrino beam energy spe
trum for di�erent o�-axis angle θ.When running the experiment with π+ the neutrino beam will primarily 
onsist of
νµ 
ontaminated by ν̄µ, νe and ν̄e. This 
ontamination limits the dete
tion power of the
νµ → νe os
illation, and the ba
kground be
omes worse with higher energy as νe produ
tionin
reases with energy, mainly due to kaon produ
tion in the target.1 As �gure 3.4 shows,the neutrino beam has a more narrow energy width at large angles from the beam axis,whi
h 
an be used to deal with the νe 
ontamination and tune the beam to the os
illationmaximum. 3.3.1 Super beamSuper beam experiments are a natural development of the existing neutrino beam ex-periments. One of the problems 
onventional neutrino beams are su�ering from is theirredu
ible 
ontent of several neutrino �avors in the beam, due to the de
ay 
hannels ofpions. As des
ribed in se
tion 3.3, a 
leaner separation between neutrino �avors 
an beobtained by running the beam slightly o� axis. The main problem with an o� axis beamsis that the �ux at the dete
tor is severely redu
ed. Super beam experiments 
ounter thisdraw ba
k by in
reasing the intensity of the beam. To a
hieve this proton drivers in therange of 2-5 MW will be utilized [5℄. 3.3.2 T2KThe next generation neutrino beam experiment with many features of the future Superbeams experiments is the T2K experiment in Japan, whi
h under 
onstru
tion. Neutrinosare 
reated from de
aying pions at J-PARC in Tokai, and are dete
ted using the 50 ktonSuperKamiokande dete
tor in Kamioka as the far dete
tor. The distan
e between the pionprodu
tion and SuperKamiokande is 285 km. Pions are 
reated using a 30 GeV proton1 The νe 
ontent is ≈ 0.1% at low energy but ≈ 3% at higher energies [3℄.
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Fig. 3.5: Proje
ted evolution of the world limit on sin22θ13 at 90% CL for near future neutrinoexperiments [5℄.beam whose power is expe
ted to rea
h 0.75 MW in a �rst phase. The experiment 
ouldbe upgraded at a later stage2 with in
reased power of 4 MW, 50 GeV proton energy and amegaton dete
tor (Hyper-Kamiokande).The main physi
s goals of T2K are to
• improve the a

ura
y on the θ23 and ∆m2

23 measurements
• sear
h for the νµ → νe appearan
e, and thus improve the sensitivity of θ13 by anorder of magnitude 
ompared to existing results.The �rst of these points will rely on νµ disappearan
e due to os
illations, while θ13 will relyon νe appearan
e. The latter su�ers from the νe ba
kground in the beam and π0 produ
tionin neutral 
urrent intera
tions. The experiment will for these reasons run 2.5◦ o� axis inorder to obtain a more narrow energy spread, and the ele
tron like events will be requiredto 
orrespond to the neutrino os
illation maximum 0.35 < Erec

ν < 0.85 GeV. Sin
e theexpe
ted neutrino rates in the far dete
tor is model dependent, a near dete
tor is pla
ed280 m downstream of the proton target. In addition to the o� axis near dete
tor ND280, anon axis beam monitoring dete
tor 
alled INGRID will be installed in the same pit. WhileINGRID will monitor the intensity, dire
tion and mean energy, ND280 will measure the
νµ and νe spe
tra and study the neutrino 
ross se
tions to predi
t the response of the fardete
tor.2 This Phase II 
ould start at 2015 [25℄.
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torsT2K Phase I will start operating in 2009 [25℄, and sin
e it has the potential to measurea nonzero θ13, its �ndings will heavily in�uen
e the 
hoi
e of futures neutrino beams.3ND280The ND280 dete
tor 
onsists of three TPC tra
kers, a dedi
ated π0 dete
tor and two FineGrained Dete
tors (FGD), surrounded by an ele
tromagneti
 
alorimeter, whi
h in turn isen
ased in a 0.2 T magnet.

Fig. 3.6: The ND280 o� axis near dete
tor in the T2K experiment.The π0 dete
tor 
onsists of triangular extruded s
intillator bars, interleaved with 0.6 mmlead sheets for photo 
onversion. The upstream se
tion of the dete
tor has in addition layersof water, whi
h provides a total water target of 1700 kg. The gives an expe
ted 17000 π0events produ
ed in the water during one year of operation.Tra
king in ND280 is performed by the three TPCs and the two FGDs. The TPCs are
2.5× 2.5 m transversally and 1.0 m along the beam dire
tion. The ionization ele
trons aredrifted to the sides using 200 V/
m, and a 
entral 
athode will divide the drift spa
e intwo halves in order to limit the maximum drift length to approximately one meter. Basedon studies performed for the MICE TPG (se
tion 6.3.1) the gas was 
hosen to be 95% Ar,2% CF4, 3%iC4H10, whi
h has a transverse di�usion of 280 µm√

cm at 0.2 T. The driftele
trons are ampli�ed by mi
romegas, whi
h is a mesh positioned 100 µm above the pad3 Another experiment, NOνA, will have similar experimental strengths and a similar run plan.
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Fig. 3.7: The general layout of a Beta beam. The left se
tion is similar to the EURISOL proje
t[26℄, while the 
entral part is already existing at CERN. A very high γ Beta beam wouldneed to repla
e the 
entral se
tion. The de
ay ring would have to be built.plane. The small distan
e allows very strong �elds (40 to 70 kV/
m) to be used whilekeeping the voltage low. The 124000 pads are square and read out individually.The FGDs use 0.96×0.96×184.3 
m extruded s
intillator bars, and provides the targetmass for neutrino intera
tions as well as tra
king of 
harged parti
les. Ea
h s
intillator baris equipped with a wave length shifting �ber going through its 
enter, and the 30 layers ofbars are oriented perpendi
ular to the neighboring layers. The se
ond FGD has 3 
m of(passive) water between ea
h layer of s
intillators.The surrounding 
alorimeter is primarily used for measuring photons from π0 de
ay,but is also used for µ−e separation. It is a lead-s
intillator sandwi
h sampling 
alorimeter,with 32 layers of 4 
m wide and 1 
m thi
k plasti
 s
intillators, separated by 31 layers of1.75 mm thi
k lead sheets. 3.4 Beta beamAnother potential high performan
e beam for neutrino os
illation is the Beta beam. A Betabeam uses light radioa
tive isotopes whi
h produ
e either νe or ν̄e depending on whetherthe de
ay is a β+ or β− de
ay. This has the big advantage 
ompared to Super beams ofprodu
ing a very pure neutrino beam, with well measured 
ross se
tions from β de
ay atrest.The isotopes should have large enough life time to allow the beam to be a

eleratedwithout ex
essive de
ay losses, while at the same time have a short enough life time toallow de
ay in the storage ring. For this reason a life time around one se
ond is desired.



38 3. Neutrino beams and dete
torsIn addition to the life time, a high produ
tion yield is desired for obtaining high beamintensity. For νe produ
tion 6He has been 
hosen as a prime 
andidate, and for ν̄e
18Nehas been sele
ted, though 8Li and 8B also show promising properties with the additionalvirtue of three to four times higher neutrino energy [5℄, but with a loss of �ux due to thehigher de
ay angle.

E
ν
 (GeV)

ν
/m

2
/2

0
 M

eV
/y

r

0

1000

2000

3000

4000

5000

6000

7000

8000

x 10 7

0 0.2 0.4 0.6 0.8 1

SPL ν
µ

SPL ν
−

µ

Beta 

ν
−

e (He
6
)Beta 

νe (Ne
18

)

Fig. 3.8: Neutrino �ux of Beta beam (γ = 100) and CERN-SPL Super beam, 3.5 GeV, at 130 Kmof distan
e.For several reasons, su
h as that the neutrino energy must be above the muon pro-du
tion threshold, and in
reased neutrino 
ross se
tions with in
reased energy, the Betabeam performs better with a more energeti
 ion beam. Figure 3.8 shows a 
omparison ofthe expe
ted energy spe
trum from a Beta beam, using 18He and 6He, 
ompared with aSuper beam. For all useful beams γHe ≥ 100. For γHe = 150, whi
h 
an be obtained in theCERN-SPS, with 5 T bending magnets and 36% useful de
ay length, the de
ay ring lengthis approximately 6880 meters [5℄. If the �eld strengths are un
hanged, higher energy thusfor
es the length of the de
ay ring to s
ale up a

ordingly, whi
h in pra
ti
e prohibits toolarge an energy for e
onomi
al reasons.The neutrino os
illation dis
overy potential in a Beta beam fa
ility is mainly based onthe so 
alled golden 
hannel, whi
h is the os
illation from a νe to a νµ.4 Sin
e the beam isfree of antineutrinos, it is not ne
essary to magnetize the far dete
tor, hen
e huge MegatonWater �erenkov dete
tors 
an be used. There is no bene�t to go above γ = 400 with su
hdete
tors sin
e the events are likely to produ
e more than one �erenkov ring and thus notbe sele
ted [5℄. The Beta beam outlined here is not sensitive to τ appearan
e from νe → ντ4 Os
illation ν̄e → ν̄µ for β− de
ay.
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tory 39os
illations, the so 
alled silver 
hannel, and its 
apability of resolving degenera
ies in the
(θ13, δ) plane is therefore limited.At the present, the largest te
hni
al obsta
le to Beta beams is the produ
tion of thenu
lei and their inje
tion into the a

elerator, while avoiding ex
essive a
tivation of thea

elerators by removing unwanted radioa
tive nu
lei from the beam.3.5 Neutrino Fa
toryThe third high performing neutrino beam 
on
ept proposed is the Neutrino Fa
tory, whi
hrelies on muon de
ay for produ
tion of neutrinos. The Neutrino Fa
tory bene�ts from thatall pro
esses involved are well measured and understood, and that the muon de
ay produ
esvery 
lean beams of µ− → νµ + ν̄e, or µ+ → νe + ν̄µ beams. Another advantage of theNeutrino Fa
tory 
ompared to Beta beam is that the posterior probability density fun
tionof νµ produ
ed in muon de
ay has a maximum lo
ated at the muon beam energy (�gure5.4), whereas the neutrino energy modes for Beta beams and Super beams are lo
atedsigni�
antly below the beam energy (�gure 3.8). The Neutrino Fa
tory 
an be run witheither muon sign at the same fa
ility, thus allowing 
omparisons in 
ross se
tions. With amagnetized far dete
tor, appearan
e of �wrong sign� muons (the golden 
hannel) is a verystriking signal of leptoni
 CP violation and shows great sensitivity to θ13.Another potential neutrino os
illation 
hannel is the silver 
hannel, where a νe os
illatesto a ντ . Sin
e the energy to produ
e a �nal state τ through 
harged 
urrent intera
tion istoo high even for the highest energy Beta beams, the silver 
hannel is a unique feature of theNeutrino Fa
tories [5℄. In order to separate the silver 
hannel os
illation from the golden
hannel, adequate vertex re
onstru
tion must be a
hieved in addition to determining themuon sign. 3.5.1 General designHigh intensity protons are �red on a mer
ury jet target to produ
e pions. The highintensity of the Neutrino Fa
tory 
alls for high beam power on to the target. A 4 MWproton driver has been proposed [27, 28, 29℄ whi
h should be 
ompared with present devi
esof approximately 0.5 MW. The need for new proton drivers is shared with a potential LHCupgrade and 
ould therefore already be in pla
e at CERN by the time the Neutrino Fa
toryis 
onstru
ted. The best pion yields are obtained for 10-30 GeV protons, but 5-10 GeVis favored sin
e the subsequent muons from de
aying pions are more easily 
aptured [30℄.There are presently some disagreements between Monte Carlo implementations in the lowenergy range, but the HARP experiment points to the 10 GeV range as being optimal [31℄.Studies have shown that a solid target would melt or explode under the intense protonbeam. Instead a s
heme using a liquid mer
ury jet has been devised, where ripples anddistortions are dampened by a strong magneti
 �eld applied to the 
ondu
ting liquid. Thepions produ
ed by intera
tion with the target are 
aptured by the magneti
 �eld. TheMERIT experiment [32℄, whi
h examines possible target designs, uses a 24 GeV/
 protonbeam with a 1-2 mm spot size together with a 15 T �eld.
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Fig. 3.9: The ISS Neutrino Fa
tory 
on
ept.Pions, and hen
e also muons, are generated with large angular and energy spread. Thepions de
ay into muons in an empty magneti
 latti
e (the de
ay 
hannel) of 90 meterswhere an energy�time 
orrelation arises through drift. The beam is bun
hed in 0.5 nsmi
ro bun
hes by applying high frequen
y RF 
avities. The beam is phase rotated to
onvert the energy spread into large time spread on the ma
ro stru
ture, while the mi
robun
hes are kept small. This allows high frequen
y RF 
avities to be e�
iently used inthe subsequent 
ooling lina
.The muon beam 
reated in this manner has a large emittan
e, and a 
ooling 
hannelbased on the ionization 
ooling me
hanism (se
tion 3.5.2) redu
es the emittan
e to mat
hthe a

eptan
e of the subsequent apertures. Previous studies have assumed an a

eleratora

eptan
e limit at 30π mm rad. Later studies assumed that 45π mm rad was possible[33℄. However the FFAGs (see below) have problems to 
ope with transverse emittan
elarger than 30π mm rad [29℄.After having passed through the 
ooling se
tion, the beam of energy 138 MeV [29℄ isrea

elerated in a linear a

elerator to 0.9 GeV [29℄, after whi
h a �dog bone� a

eleratortakes the muons to 3.6 GeV, followed by a se
ond �dog bone� a

elerator whi
h a

eleratesthe muons to 12.6 GeV [29℄. The dog bone a

elerator is a kind of re
ir
ulating lineara

elerator (RLA), whi
h uses the same straight a

elerating se
tion for di�erent energies,but the �eld at the turning points does not vary with energy like in a syn
hrotron a

el-erator. Instead high aperture dipoles guide the beam to and from the straight se
tions.A �xed �eld alternating gradient (FFAG) a

elerator, a

elerates the beam to the desired25 GeV, optionally followed by a se
ond FFAG whi
h would give a �nal muon energy of



3.5. Neutrino Fa
tory 4150 GeV. The FFAG a

elerators use a higher bending �eld for parti
les at large radii, thusallowing a wide momentum range without 
hanging the a

elerating gradient.The last 
omponent of a Neutrino Fa
tory is the muon storage ring. Muons are 
ir-
ulated in either a ra
etra
k shaped or triangular �ring� with long straight se
tions wherethe muons will de
ay and a low angular divergen
e neutrino beam is thus produ
ed in thedire
tion of the straight se
tion. In order to maximize the neutrino �ux, the angular open-ing of the muon beam must be negligible with respe
t to the opening angle of neutrinos inmuon de
ay, i.e., [34℄
σθ .

0.1

γ
. (3.33)No a

eleration is applied to the muons at this stage, only soft fo
using with large aperturesare utilized to 
ontrol the beam.3.5.2 Ionization 
oolingIn the ionization 
ooling s
heme emittan
e redu
tion is obtained by energy loss in absorbersand rea

eleration in lina
s. The energy loss of the beam is dominated by ionization (se
tion5.1.2).By sending the parti
le through a massive obje
t, energy is lost through ionizationand the momentum is redu
ed in all dire
tions. This breaks the emittan
e 
onservation,and if the e�e
t of multiple s
attering (se
tion 5.5) is smaller than the energy loss, theemittan
e is redu
ed. After this momentum redu
tion, the parti
le is rea

elerated with aseries of radio frequen
y (RF) 
avities su
h that the energy of the parti
le is identi
al tothe energy before the parti
le entered the absorber. A Neutrino Fa
tory will use 201 MHz
avities operating at 16 MV/m [29℄. However the RF 
avities boost the parti
le only inthe longitudinal dire
tion, and the net e�e
t is that the parti
le tra
k is more fo
used inthe forward dire
tion after passing through the 
ooling element. In a full s
ale NeutrinoFa
tory, the 
ooling se
tion would 
onsist of many su
h 
ooling elements, redu
ing theemittan
e in steps until the beam is su�
iently 
ool to be a

elerated to the desiredenergy.The transverse emittan
e is given by (A.29)

ǫ4 ≡
4

√

|V⊥|
m

(3.34)where for a 
ylindri
ally symmetri
 beam [35℄
√

|V⊥| = < x2 >< p2
x > − < xpx >

2 − < xpy >
2

≈ p2
z

(

< x2 >< θ2
x > − < xθx >

2 − < xθy >
2
)

. (3.35)The 
hange in emittan
e after going through a thin absorber is
dǫ

dz
=

1

2m2ǫ

d 2

√

|V⊥|
dz

. (3.36)



42 3. Neutrino beams and dete
torsIf se
ond order e�e
ts like energy straggling are ignored, only pz and θ2 depends on z, thus
dǫ

dz
≈ 1

2m2ǫ

(

1

pz

√

|V⊥|
dpz

dz
+ p2

z < x2 >
d < θ2 >

dz

)

= ǫ
1

pz

dpz

dz
+

p2
z

2m2ǫ
< x2 >

d < θ2 >

dz
(3.37)and using pzdpz ≈ EdE and the betatron fun
tion

β⊥ =
< x2 > p

mǫ
(3.38)the emittan
e 
hange 
an be expressed as

dǫ

dz
≈ ǫ

Eβ2

dE

dz
+
pzβ⊥
2m

d < θ2 >

dz
. (3.39)Substituting the mean-square s
attering angle in the last term for (5.61) the expressionbe
omes

dǫ

dz
≈ ǫ

Eβ2

dE

dz
+

β⊥p
2
MS

2mβ3EX0

(3.40)where E is the energy and pMS = 13.6 MeV/
. This expression was �rst derived by Neu�er[36℄.The �rst term is a 
ooling term sin
e dE/dz is always negative in the absorber, while these
ond term is a heating term due to multiple s
attering. Equation (5.18) shows that the
ooling term is proportional to the atomi
 number, Z, while the heating term is inverselyproportional to the radiation length. Using (5.33), the heating term is thus proportionalto Z(Z + 1) ln(287/
√
Z), whi
h shows that optimal 
ooling performan
e is obtained withas low Z material as possible. The obvious 
andidate material for an ionization 
oolingabsorber is thus hydrogen. Following the same line of reasoning, any 
omponents in thebeamline should be made of low Z material.Multiple s
attering makes ionization 
ooling ine�e
tive for very small emittan
es, asthe 
ooling term is proportional to the emittan
e while the heating term is inversely pro-portional to the emittan
e5. The point where the ionization 
ooling me
hanism is no longer
ooling the beam is known as equilibrium emittan
e, and is given by (3.40) with the lefthand side set to zero,

ǫeq =
β⊥p

2
MS

2mβX0
dE
dz

. (3.41)An 80 m long 
ooling 
hannel with 1 
m thi
k LiH absorbers would redu
e the initial
17 π mm rad to 7.4 π mm rad [27℄. The LiH absorbers are also used as windows to the RF
avities, and are 
oated with beryllium, whi
h in turn is 
oated with thin layers of TiN toprevent ele
tron emission [29℄. This design has however an equilibrium emittan
e, 5.5 π5 Through the betatron fun
tion.



3.5. Neutrino Fa
tory 43mm rad [29℄, whi
h is approximately twi
e that of a design based on liquid hydrogen. This
ooling 
hannel in
reases the number of muons a

epted in the subsequent a

eleratingdevi
es by about a fa
tor of 1.6 [29℄ 
ompared to no 
ooling.While the arguments outlined here are based on the thin absorber assumption, Fernow,Gallardo and Palmer [37℄ showed that the ionization 
ooling prin
iple is still valid for thi
kabsorbers, provided that the beam is strongly fo
used as to keep the transverse size of thebeam small. 3.5.3 Muon 
olliderLEP, the ele
tron�positron 
ollider at CERN had a ri
h physi
al program and was a hugesu

ess. Syn
hrotron radiation made it pra
ti
ally impossible to a
hieve mu
h higher 
enterof mass energies than 200 GeV. Instead a new era of hadron 
olliders was born with theTevatron at Fermilab and the Large Hadron Collider, LHC, at CERN. Hadrons however,are �dirty� and generate large amounts of hadroni
 jet events whi
h form ba
kground tointeresting events su
h as Higgs boson produ
tion. A number of linear ele
tron�positron
olliders have therefore been proposed, but their 
enter of mass energy is limited to 500 GeVand they require very large a

elerators.
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44 3. Neutrino beams and dete
torsSin
e the syn
hrotron radiation s
ales as
∆Esynchrotron ∝

(

E

m

)4 (3.42)and
mµ

me
≈ 206 (3.43)Muon Colliders 
ould rea
h mu
h higher energies than ele
tron 
olliders 6, while main-taining a purely leptoni
 beam. Another advantage a muon a

elerator has 
ompared toan ele
tron a

elerator is that the muons 
an still have a small energy spread at energiesover 3 TeV, whi
h allows pre
ise energy s
ans (∆E/E ≈ 0.01%) at very high energies. Inaddition the energy 
alibration 
an be obtained from spin pre
ession of polarized muonswith very high pre
ision (∼ 10−6 or better) [40℄. This would allow dire
t measurementof the Higgs mass and determination of degenerate Higgs, something an ele
tron�positron
ollider 
ould not do sin
e its energy resolution would be ∆E/E ≈ 1% [41℄. For instan
ea light Higgs boson (mH < 2mW ) 
ould be measured to fra
tions of one MeV [40℄.

Fig. 3.11: A heli
al 
ooling 
hannel, simulated in G4MICE.The prin
iple behind a Neutrino Fa
tory and a Muon 
ollider are the same [42℄ upto the point of the muon storage ring. While the Neutrino Fa
tory is 
ontent with noadditional a

eleration, a Muon 
ollider will a

elerate the beam to a 
enter of mass energyof approximately 4 TeV, and for
e intera
tions at the bun
h 
rossings. Sin
e the Muon6 3 to 4 TeV [38℄, possibly up to 8 TeV [39℄, 
ompared to 500 GeV of the ILC.
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tors for neutrino beams 45
ollider requires [39℄
ǫ⊥ ≈ 0.025 π mm rad (3.44)
ǫ‖ ≈ 72 π mm rad (3.45)it also needs mu
h stronger 
ooling than the Neutrino Fa
tories, about three orders ofmagnitude of transverse 
ooling and one order of magnitude of longitudinal 
ooling. Forthis reason it is a 
hallenging task to make Ionization Cooling perform su�
iently for aMuon 
ollider, though novel ideas su
h as Heli
al Cooling 
hannels look promising [43℄.A problem with the Muon 
ollider is intense neutrino radiation. Muons are the se
-ondary tra
ks in neutrino intera
tions with the longest range, a 5 TeV muon is stoppedafter 10 km of earth. This is easily a
hieved by pla
ing the 
ollider at a moderate depth.Even though the 
ross se
tion for neutrino intera
tions is very small7, the divergen
e of thebeam is inversely proportional to the energy, and the dose 
onversion 
oe�
ients s
ale asthe square of the energy, thus the neutrino dose equivalent s
ales with E3. The low 
rossse
tion further implies that the neutrino �ux is not noti
eably attenuated with distan
e.For a 
ollider with a 
enter of mass energy of 3 TeV, this infers that the distan
e alongthe a

eleration plane between the a

elerator and residential housing must be at least 30to 40 km, in order to have a radiation lower than 0.3 mSv [44℄. This 
an be a
hieved bypla
ing the 
ollider at a depth similar to the LHC.3.6 Dete
tors for neutrino beamsA neutrino os
illation experiment is only as good as the dete
tors allow, and mu
h e�ortof the neutrino beam fa
ility R&D is to determine the performan
e of the asso
iated fardete
tors. Sin
e the neutrino beams presented here di�er in 
ontent and energy spe
trum,the dete
tors must be optimized for ea
h type of beam fa
ility individually. This work isunderway and all results presented in this se
tion should be 
onsidered preliminary.3.6.1 Water �erenkovAs a 
harged parti
le passes through a material the lo
al ele
tromagneti
 �eld is disrupted.Photons are released as the material goes ba
k to the equilibrium state. Normally thephotons interfere destru
tively and no light 
an be observed, but at speeds ex
eeding thespeed of light in the material the interferen
e is 
onstru
tive and radiation 
an be observedas rings of light.8 Water �erenkov dete
tors 
an thus be used to dete
t 
harged parti
lesprodu
ed in neutrino intera
tions in the dete
tor. Water �erenkov dete
tors are mostlyuseful for dete
ting 
harged 
urrent events.It is very hard to 
orre
tly identify neutrino events with ele
trons in the �nal state dueto the small neutrino 
ross se
tion and the presen
e of ba
kground events. If the energyis high enough π0 events are produ
ed whi
h de
ay into two high energy photons, and7 Of the order of 10−35 cm2 at a neutrino energy of 1 TeV [44℄.8 This is similar to the bow wave of boats whi
h builds up as the boat pi
ks up speed.
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torsit is di�
ult to determine whether su
h an event has one or two �erenkov rings. It istherefore better to use quasi elasti
 (QE) 
harged 
urrent events, where the low energy ofthe in
oming neutrino leaves the stru
k quark in the same hadron it initially was residingin. However the quasi elasti
 intera
tions depend on the stru
ture of the nu
leus whi
hadds a signi�
ant level of 
omplexity to the 
ross se
tions. Neutral 
urrent events with
harged pion produ
tion are a ba
kground to quasi elasti
 
harged 
urrent dete
tion, butsin
e the pions are absorbed before de
aying, time information on the �erenkov rings 
anredu
e the e�e
tive ba
kground level.Alternatively instead of water one 
an use a s
intillating liquid, su
h as in NOνA, withthe mu
h better energy re
onstru
tion for neutrino events above the quasi elasti
 region.However it is not feasible to 
onstru
t this type of �erenkov dete
tor as large as the waterbased 
ounterparts, and 50 kiloton is often used as a realisti
 upper size limit [5℄.The main advantages of large water �erenkov dete
tors are that there is 
onsiderableexperien
e and knowledge in the parti
le physi
s 
ommunity on how to build and operatethe dete
tors, and that it seems possible to build huge dete
tors in the megaton s
ale. Thesynergy between the sear
h for proton de
ay whi
h is predi
ted by many GUT theories,and dete
tion of neutrinos produ
ed in supernovae, 
onstitutes a large s
ienti�
 programfor water �erenkov dete
tors. However due to 
osmi
 rays this type of dete
tor mustbe built deep underground, limiting a

ess to the site and 
ompli
ating the experiment
onstru
tion. Ba
kground from atmospheri
 neutrino �ux 
annot so easily be redu
edand must be reje
ted by 
uts on re
onstru
ted energy and dire
tionality. Furthermoreex
avating 
aves of the s
ale needed for this size of dete
tors is a di�
ult te
hni
al 
hallenge,and the hundreds of thousands of hand blown photomultiplier tubes9 is a 
ost hard to 
over.3.6.2 Magnetized s
intillation dete
torsIn a Neutrino Fa
tory running with µ+ the neutrinos produ
ed in the de
ay ring are νeand ν̄µ. If there is no os
illation, the neutrino intera
tions in the far dete
tor should hen
egenerate e− and µ+. Should muons with �wrong sign� be dete
ted, a 
lear signal for νe → νµos
illation would be proven. This so 
alled golden 
hannel requires separating µ+ from µ−,hen
e a magnetized dete
tor is required.A magnetized dete
tor in a Neutrino Fa
tory 
ould also look for the disappearan
e of
νµ → νµ, providing a good measurement on the atmospheri
 parameters θ23 and ∆m2

31,whi
h will help solve the degenera
ies. Observing the appearan
e of νµ → νe os
illation(platinum 
hannel) is mu
h more 
hallenging due to the ele
tron in the �nal state.Cervera et al proposed in 2000 [46, 47℄ a magnetized dete
tor named MIND10, a 10 mradius 20 m long 
ylinder 
onsisting of 6 
m wide iron rods interspa
ed with 2 
m s
intillatorrods positioned at the 
orners of the iron rods, su
h that a neutrino traversing the dete
torwould see a sandwi
h of iron and s
intillator. The s
intillators are read out in both ends todetermine the spatial 
oordinates along the s
intillators. A super 
ondu
ting 
oil generates9 Hyper�Kamiokande plans to use 200'000 20 in
h 
ustom made PMT's, pla
ed in twin 500 kilotonvolumes [45℄.10 Magnetized Iron Neutrino Dete
tor, previously 
alled LMD, or MID.
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iron (4 cm) + scintillators (1cm)

ν beam

20 m

20 m

B=1 TFig. 3.12: The Magnetized Iron Neutrino Dete
tor, MIND, is 
apable of measuring the 
harge ofmuons produ
ed in neutrino intera
tions and is the baseline dete
tor for a NeutrinoFa
tory.a 1 T dipole �eld inside the iron. The main ba
kgrounds to a �wrong sign� µ− signal eventis
• ν̄µ CC event where the µ+ is not dete
ted, and subsequent meson de
ay produ
es a
µ−.

• νe CC events where the primary ele
tron is not dete
ted, and the hadroni
 jet 
ontains
π− whi
h de
ays into µ−.

• ν̄µ and νe NC events where the deep inelasti
 s
attering produ
es hadroni
 jets 
on-taining π−.The hadron indu
ed ba
kgrounds to the wrong sign muon signal is reje
ted in MIND byrange. The average muon at 3 GeV/
 travels 3 meters in the dete
tor, while more than99.9% of all hadrons have a shorter range than that [48℄. Fortunately genuine wrong signmuons will have larger energy than the fake wrong sign muons from the hadroni
 jet. Thistype of ba
kground 
an hen
e be reje
ted by 
uts on re
onstru
ted muon momentum andangle with respe
t to the hadroni
 jet. For a baseline of 3500 km, the optimal 
uts are
p > 5 GeV/
 and p sin 2θ > 0.7 GeV/
, whi
h give a total ba
kground rate of 8 · 10−6 for45% signal e�
ien
y [48℄.A problem with the MIND design is that the low energy neutrinos are important formeasuring θ13 and δCP . However at approximately 3 GeV the sensitivities saturate, andimprovements below this energy do not enhan
e the θ13 and δCP measurements. MINDthus aims to keep the impurities below 0.1% at a signal e�
ien
y of 80% for energies above2 GeV, whi
h preliminary studies suggest is possible. However it will require a magneti
�eld of 1.5 to 1.7 T [49℄. Furthermore, the presen
e of iron eliminates the 
harge determi-nation performan
e for ele
trons, thus MIND is not suitable for the platinum 
hannel.The simulation studies performed for MIND are rather primitive Geant3 simulationsand the dete
tor needs more detailed simulations in order to optimize the s
intillator to
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torslead ratio. It would also greatly bene�t from a more sophisti
ated analysis, but it remainsthe baseline dete
tor for the Neutrino Fa
tory. As shown in �gure 3.12, the present designuses large sheets of iron instead of iron rods.

1
5
 m(a) TASD modeled in G4MICE [50℄. 3 cm

1.5 cm

15 m

(b) TASD s
intillators (photograph).Fig. 3.13: The Totally A
tive S
intillator Dete
tor, a magnetized neutrino dete
tor for the golden
hannel.An alternative is to make the dete
tor totally a
tive, using triangular s
intillator barsrunning along the x and y 
oordinates with a 0.5 T solenoidal �eld [51℄. This totally a
tives
intillator dete
tor, TASD, is essentially a magnetized version of the NOνA dete
tor usedin the NuMI beam at Fermilab [52℄. The s
intillators are triangular with a base of 3 
m,a height of 1.5 
m and are 15 
m long [51℄. The total mass is 22.5 kilotons [51℄, of whi
happroximately 84% is a
tive s
intillator and the rest is PVC [45℄. See �gure 3.13. The lowermass 
ompared to MIND is 
ompensated by better energy resolution11 and four times asmany hits per tra
k length whi
h helps π0 to e separation. The low density 
ombined with�ne granularity give e�
ient muon 
harge measurement at low momentum. The fra
tionof muons with mis-identi�ed 
harge is below 10−4 for p & 300 MeV/
 [51℄.While it is possible to magnetize a volume of this size using a number of di�erentte
hniques, the 
ost is usually the prohibiting fa
tor. Although very expensive 
omparedto normal super
ondu
ting 
oils, the rapid developement of high T
 solutions makes itan option [51℄. Another option is based on the super
ondu
ting transmission line, STL,developed for the VLHC superferri
 magnets. The solenoid windings 
onsist of a super-
ondu
ting 
able inside its own 
oaxial helium 
ryostat. This design eliminates the needfor a large and bulky 
ryostat. By adding plates of 1 m thi
k iron at the two ends, simula-tions have a
hieved an average �eld in the dete
tor of 0.58 T at 50 kA ex
itation 
urrent12[51℄. These options are interesting, but require R&D, so magnetizing TASD will not be asstraightforward as magnetizing MIND.A 50 kg near dete
tor prototype 
alled NOMAD-STAR has been built and studied inthe NOMAD neutrino os
illation experiment [53℄. It used �ve layers of a
tive s
intillatingmi
ro strips interspa
ed with four layers of boron 
arbide, and an external magneti
 �eld11 ∆E/E . 10%/
√

E[GeV ] [51℄ 
ompared to ∆E/E ∼ 15%/
√

E[GeV ] [45℄.12 The STL for VLHC is designed for 1 T at 100 kA [51℄.
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e 49was applied for 
harge determination of muons and ele
trons. It was 
on
luded that thevery limited number of planes and the passive target redu
ed the performan
e of thedete
tor, but with a larger number of a
tive layers the vertex re
onstru
tion performan
e
ould be greatly improved. 3.6.3 Liquid Argon TPCAnother interesting dete
tor 
on
ept is the Liquid Argon Time Proje
tion Chamber, LAr-TPC, whi
h is based on the fa
t that the ionization tra
ks in liquid argon of high purity
an be drifted over several meters. At the end of the drift path, the 
harge is read out usingposition segmented ele
trodes. By applying a magneti
 �eld, golden 
hannel os
illations
an be dete
ted from sign determination of the muons, making the dete
tor useful not onlyfor Super beams and Beta beams but also for Neutrino Fa
tories. It is estimated that a�eld strength of 0.1 T is su�
ient to determine the muon 
harge, while ele
tron�muonseparation requires 1 T [54℄. This would allow dete
tion of νµ → νe os
illations, 
alledthe platinum 
hannel, whi
h is the T 
onjugate of the golden 
hannel. The lower energythreshold for the platinum 
hannel in a liquid argon TPC is assumed to be 0.5 GeV/
[5℄. Sin
e high energy ele
trons tend to 
reate ele
tromagneti
 showers early, the platinum
hannel has redu
ed e�
ien
y at high energy.The �du
ial mass of LArTPC's is somewhere between 10 and 100 kilotons, where a10 kiloton dete
tor at 200 meters depth would have the same astrophysi
al physi
s rea
hequal to Super�Kamiokande [54℄. The large volume 
ontainers already exist in industrialappli
ations, but the areas where more investigations are required are the high voltage oflarge drift lengths, readout and embedding in a magneti
 �eld.3.6.4 Magnetized Emulsion Cloud ChamberAn alternative dete
tor 
on
ept with mu
h the same possibilities as a LArTPC to dete
tgolden, silver and platinum 
hannels is a magnetized emulsion 
loud 
hamber, MECC,whi
h uses thin nu
lear emulsion �lms sandwi
hed between lead layers. A unmagnetizednu
lear emulsion 
loud 
hamber has been built and operated in the OPERA dete
tor inthe CNGS experiment, whi
h is used to study the νµ → ντ os
illation 
hannel. OPERAhas ex
ellent tra
k separation pre
ision, but 
an determine the 
harge only for muons [54℄.With a magnetized dete
tor also ele
tron 
harge 
ould be adequately measured.3.7 Comparison of performan
eA high performan
e neutrino fa
ility will require substantial resour
es in both manpowerand funds, and it is likely that the parti
le physi
s 
ommunity 
an only a�ord to buildone of the proposed a

elerators. The International S
oping Study Physi
s group [5℄ hasperformed studies on the prospe
tive physi
s rea
h for the proposed designs. Sin
e theR&D on the fa
ilities is still in progress two sets of parameters for ea
h fa
ility was used
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torsfor the evaluation; the �rst set used 
onservative assumptions while the se
ond set usedmore optimized parameters.
• Se
ond generation Super beams: Three Super beam fa
ilities were 
onsidered, theSPL, T2HK, and the wide-band beam experiment. The optimized parameter set 
or-responds to the assumption of a total systemati
 un
ertainty of 2%. The 
onservativeparameter set assumes a total systemati
 un
ertainty of 5%;
• Beta beam fa
ilities: The 
onservative option is taken to be the CERN baselines
enario with stored 6He and 18Ne beams at γ = 100 serving a 500 kiloton water�erenkov dete
tor at a baseline of 130 km. The optimized parameter set assumesstored 6He and 18Ne beams at γ = 350 illuminating a 500 kiloton water �erenkov ata baseline of 730 km.
• The Neutrino Fa
tory: The 
onservative setup assumes 1021 muon de
ays per yearand a stored muon-beam energy of 50 GeV. Neutrino events are re
orded in the goldendete
tor at a baseline of 4000 km. A setup 
orresponding to a more re
ent NeutrinoFa
tory design assumes a 20 GeV stored muon beam delivering 1021 muon de
aysper year. Neutrino intera
tions are re
orded in two golden dete
tors, one pla
ed ata baseline of 4000 km, the se
ond at a baseline of 7500 km.

10 - 5
10 - 4 10 - 3 10 - 2 10 - 1

True value of sin2 2θ13

0

0.2

0.4

0.6

0.8

1

C
P

SPL

T2HK

WBB

NF

BB

GLoBES 2006

Fr
a

ct
io

n
o

f
δ

Nominal NuFact

Nominal β beam

γ=350 β beam

Fig. 3.14: The CP violation dis
overy potential for possible values of δ and θ13. To the right ofthe lines the CP 
onserving solutions δ = 0 and δ = ±π are ex
luded to 3σ 
on�den
elevel. The right hand edges of ea
h band 
orrespond to 
onservative experimentalsetups, while the left hand edge is the solution for optimized experiments [5℄.As �gures 3.14, 3.15 and 3.16 show, the uniformly most powerful fa
ility is the NeutrinoFa
tory whi
h outperforms all other neutrino beams. Should the true value of sin2 2θ13 be
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Fig. 3.15: The dis
overy potential of nonzero mixing angle θ13 for possible values of δ and θ13. Tothe right of the lines the CP 
onserving solution sin2 2θ13 = 0 is ex
luded to 3σ 
on�-den
e level. The right hand edges of ea
h band 
orrespond to 
onservative experimentalsetups, while the left hand edge is the solution for optimized experiments [5℄.
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Fig. 3.16: The dis
overy potential of the neutrino mass hierar
hy for possible values of δ and θ13.To the right of the lines the sign∆m2
31 is determined to 3σ 
on�den
e level. The righthand edges of ea
h band 
orrespond to 
onservative experimental setups, while the lefthand edge is the solution for optimized experiments [5℄.



52 3. Neutrino beams and dete
torswithin the region 5 × 10−4 . sin2 2θ13 . 10−2 a Beta beam experiment would perform aswell as a Neutrino Fa
tory for dis
overing CP violation and non-zero θ13. At even highervalues of the mixing angle all three types of experiments would give 
omparable results.However, as �gure 3.16 shows, only at very large θ13 are the Beta beam and Super beamssensitive to the mass hierar
hy.



4. INTRODUCTION TO MICEThe se
ond part of this thesis is dedi
ated to the Muon Ionization Cooling Experiment [55℄,MICE. This 
hapter presents an overview of the experiment, while subsequent 
hapters dealwith spe
ial topi
s of the experiment the author has been working on.4.1 Purpose of MICEThe obje
tive of MICE is to demonstrate ionization 
ooling as outlined in se
tion 3.5.2,and is therefore 
onsidered as the �rst step towards neutrino fa
tories and Muon 
olliders.The muons in MICE are produ
ed from pion de
ay. Pions in turn are produ
ed fromproton intera
tion with a target. Sin
e muons are short lived parti
les standard methodsof 
ooling, su
h as sto
hasti
 and ele
tron 
ooling used for ele
trons and protons, are notappli
able to a muon beam. In order to avoid de
ay losses, the emittan
e redu
tion mustbe qui
k, and preferably while the parti
les are relativisti
.The full s
ale MICE experiment (MICE Stage 6) will have two physi
al 
ooling elements,
orresponding to one period of an SFOFO latti
e as outlined in se
tion 3.5.2, plus oneadditional absorber to en
lose the 
ooling se
tion with absorbers so RF indu
ed ele
tronsare not a

elerated down the beamline.

Fig. 4.1: The MICE 
ooling 
hannel, Stage 6, 
omplete with spe
trometers [56℄.Figure 5.7 shows the dependen
y of the energy loss of a parti
le per unit length as afun
tion of its momentum. Ideally the working energy for an ionization 
ooling 
hannelwould be in the high energy regime where the slope is rather �at, providing rebun
hing of
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tion to MICEthe beam. Sin
e the gyroradius in a magneti
 �eld in
reases linearly with momentum, thetransverse size of the experiment would have to s
ale a

ordingly. For MICE, the 
hoi
ewas thus made to operate the experiment around minimum ionization energy.The nominal beam is a minimum ionizing muon beam of 6 π mm radian, but di�erentbeams with 
entral momenta from 140 to 240 MeV/
 and emittan
es up to 10 π mmradian will also be studied. The expe
ted 
ooling that 
an be a
hieved for the nominalbeam using this setup is 10%. The MICE obje
tive is to measure this 
ooling with 1%a

ura
y, and as a 
onsequen
e the emittan
e upstream and downstream must be measuredto 0.1% a

ura
y or better. MICE will have the ability to distinguish individual parti
les,thus asso
iating single parti
le emittan
e measured downstream of the 
ooling 
hannel,with the 
orresponding quantity measured at the upstream end. This imposes additionalrequirements for the dete
tors. In order to obtain su�
ient statisti
s the experiment isdesigned to handle 600 good muons per 1 ms spill, with a spill rate of 1 Hz.4.2 General designMICE is being built at Rutherford�Appleton laboratories (RAL) where protons from theISIS ring are used in parasiti
 mode to produ
e pions, whi
h in turn de
ay into muons.The 
ooling 
hannel 
onsists of two RF lina
s, made of four 201.25 MHz 
avities ea
h,and three liquid hydrogen absorbers. The muon tra
ks are measured upstream as wellas downstream of the 
ooling 
hannel, using two identi
al spe
trometers installed in 4 Tsolenoids. Together with a pair of time of �ight dete
tors, they provide all parameters forsix dimensional emittan
e measurement. A third time of �ight dete
tor is pla
ed furtherupstream, whi
h together with a �erenkov dete
tor, provides parti
le identi�
ation and
hara
terization of the beam 
ontent. A 
alorimeter at the end of the experiment is used todete
t ele
trons from muon de
ay, whi
h otherwise would bias the emittan
e measurement.4.2.1 TargetMICE produ
es pions by dipping a titanium target into the halo of the ISIS proton beam.Sin
e ISIS is primarily designed as a neutron spallation sour
e, it is required that MICEdoes not disturb the normal operation of ISIS and its asso
iated experiments. For thisreason the MICE target is only inje
ted into the proton beam on
e per ISIS 
y
le, justbefore the beam extra
tion. Sin
e the beam radius shrinks with time, the target must move43 mm and return during a period of 30 ms [57℄, in order to stay 
lear of the subsequentpulse. The ne
essary a

eleration of 80g is provided by linear magneti
 drive. Due to asmall amount of dust produ
ed by wear at the bearing surfa
es, a diamond-like 
arbon(DLC) 
oated shaft and DLC 
oated upper bearing have been tested. The DLC 
oatingwas 3.5 µm thi
k. This target system has performed 1.25 million a
tuations over a periodof two weeks without any visible dust produ
ed.Inside every ISIS 
y
le is a mi
ro stru
ture with 100 ns bun
hes of protons, ea
h sep-arated 224 ns apart, as shown in �gure 4.2. Ideally for MICE only one good muon perburst is 
reated for easier identi�
ation of muon tra
ks in the various dete
tors. If MICE
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324 ns

100 ns

~ 1 ms = 1,000,000 ns
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Fig. 4.2: The ISIS beam stru
ture. The 1 ms long 
y
le 
ontains a mi
ro stru
ture of 100 ns longbursts.is to have 500 good muons per spill in the 
ooling 
hannel, the required number of protonsin
ident on the target is estimated to be 1.4 · 1012, whi
h results in 1.9 J deposited in thetarget. Most of this heat must be dissipated by radiation. Assuming the target is the onlyradiator and a rate of 1 Hz, the equilibrium temperature is 600◦C [58℄. For this reason thetarget is designed so the radiating area is in
reased for maximal radiative heat loss. Sin
ethe produ
tion rate of µ− is only one third of the rate of µ+, it is not 
lear that the desiredbeam intensity 
an be rea
hed, if operating the experiment on µ−. Studies regarding theprodu
tion of muons have been performed using MARS [59℄, LAHET [60℄ and Geant4 [61℄,and their responses 
ompared with experimental data [30℄.4.2.2 Beam opti
sThe pions produ
ed by proton intera
tions in the target are 
aptured by a triplet ofquadrupoles. A dipole magnet bends the beam toward the MICE hall and sele
ts pi-ons of high momentum. The pions then de
ay in a 5 m long, 12 
m bore, super
ondu
ting5 T solenoid, whi
h penetrates the wall between the ISIS ring and the MICE experimentalhall. The de
ay solenoid was 
ontributed by the Paul S
herrer Institute, Switzerland. Afterthe de
ay solenoid a thin polyethylene absorber is installed in the beamline to remove anyremaining protons, followed by a se
ond dipole magnet whi
h sele
ts muons from ba
kwardde
aying pions, and thus ensures a large redu
tion in the pion 
ontent of the beam. Muonsare sele
ted at 
entral momenta between 140 MeV/
 and 240 MeV/
, with a spread of 10%.After the se
ond dipole magnet, two quadrupole triplets transfer the beam to the en-tran
e of the 
ooling 
hannel. Two thin solenoids serve to mat
h the beam between the4 T tra
ker solenoids and the 
ooling 
hannel, while fo
us 
oils for every absorber redu
e
β⊥. Together with a 
oupling 
oil at ea
h of the two lina
s, the 
ooling 
hannel 
onstitutesone period of an SFOFO latti
e.By �ipping the �eld in the fo
us 
oil pair, build up of 
anoni
al angular momentum,
Lc, given by [35℄

Lc = xpc
y − ypc

x ≈ x(py +
xB0

2
) − y(px −

yB0

2
) = xpy − ypx +

ρ2B0

2
(4.1)is 
an
elled. When the fo
us 
oils are set up to 
reate �eld �ips in every absorber theexperiment is said to be operating in �ip mode, while non��ip mode refers to fo
using
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Fig. 4.3: The ISIS ring, target station and beamline into the MICE hall.without �ipping the �elds. The buildup of 
anoni
al angular momentum 
ould 
ause amismat
h of the longitudinal momentum in the RF 
avities. By �ipping the �eld any
anoni
al angular momentum whi
h is built up in the �rst half of the absorber is 
an
elledby the opposite sign of the �eld in the se
ond half of the absorber. In addition to thisdesirable quantity, the diverging �eld lines for
e ele
trons to defo
us and thus the e�e
tiveba
kground rate in the experiment due to muon de
ay is de
reased.The goal of the beamline design is to give a mat
hed beam of the desired momentum tothe lead di�user at a good muon rate of 600 parti
les per millise
ond spill, while maintaininga very high purity. Table 7.1 summarizes the expe
ted beam 
ontent at the target andTOF1.The main tools used for optimizing the beamline are the Geant4 [61℄ based G4BeamLine[62℄, and TURTLE [63℄. While TURTLE is a beam opti
s tool, G4BeamLine 
an studyparti
le physi
s related issues su
h as se
ondary parti
le produ
tion, and it also 
ontainstime information whi
h TURTLE la
ks. Di�userMICE will investigate the 
ooling performan
e as a fun
tion of the beam momentum andthe beam emittan
e. While the momentum is determined by the dipole and 
ollimatorsettings, the emittan
e is in addition 
ontrolled by passing the beam through a lead di�user.For this reason the di�user is often 
onsidered an integral part of the beamline. The di�useris a 
ir
ular lead disk with a radius of 15 
m and a thi
kness spe
i�ed by the desired
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e1. Sin
e the di�user thi
kness is 
hanged numerous times during operation ofthe experiment, a design has been developed where lead disks of various thi
knesses arearranged in a 
ir
le, and the 
hosen di�user is rotated into position by a remote 
ontrolledmotor. This allows 
hanging the beam emittan
e of the experiment without any personnelentering the experimental hall.As a side e�e
t, the di�user will also work as a radiation shield for TOF1 againstRF indu
ed ba
kground. In addition, positrons still left in the beamline after the dipolemomentum sele
tion lose more energy than the muons in the di�user and might be absorbedor defo
used enough su
h that they are s
raped in the 
ooling 
hannel. For some runshowever, the experiment will not use any di�user at all.4.2.3 Time of �ight dete
torsA set of dete
tors, of varying size and segmentation, is used to measure the time of �ightin the experiment. Ea
h dete
tor is made of two perpendi
ular layers, of 2.5 
m thi
ks
intillating plasti
 slabs. Ea
h s
intillating slab is read out at both ends by fast photomultipliers tubes 
oupled to straight light guides. TOF0 is the most upstream dete
torand is pla
ed after the �rst triplet of quadrupoles in the MICE hall. Due to the small sizeof the beam at this stage 
ombined with the high rate of parti
les, it is made of ten 4 
mwide slabs per layer, making its full size 40 by 40 
m. It is used together with TOF1, whi
his pla
ed in front of the lead di�user. TOF1 
onsists of seven 6 
m wide slabs per layer.Sin
e TOF1 is situated in a high magneti
 �eld area, the photo multiplier tubes (PMT) areshielded by heavy iron shields. There is a 10 
m thi
k shield lo
ated just downstream ofTOF1, and a thinner 5 
m shield is lo
ated at the upstream end. The shields are linked atthe outer radius by iron, of radial thi
kness and longitudinal thi
kness of 10 
m, as shownin �gure 10.11. The time of �ight measured between TOF0 and TOF1 is primarily usedfor separating pions from muons, and if there are still proton remnants or ele
trons in thebeam, it will reje
t those as well.A third time of �ight dete
tor, 
alled TOF2, is stationed between the downstreamtra
ker and the 
alorimeter. Originally TOF2 was designed as an identi
al mirror imageof TOF1, but as presented in 
hapter 10 the author of this thesis showed that it must belarger. Therefore it is 
hosen to 
onsist of ten 6 
m wide slabs per layer. Likewise theasso
iated iron shield 
on�guration has larger aperture. The times measured at TOF1and TOF2 are primarily used for six dimensional emittan
e measurements, but are alsoused for estimating the RF phase at whi
h a parti
le is entering the 
ooling 
hannel. Theabsolute error on the time of �ight measurement should not be larger than 70 ps, whi
hin addition makes it useful for parti
le identi�
ation. The resolution 
an be a
hieved ifea
h layer has 70 ps resolution, sin
e the double layer improvement is 
an
elled by the twoindividual time measurements at TOF1 and TOF2 respe
tively.The signal triggering the digitization of the analog signal in the front end ele
troni
sasso
iated with the dete
tors, is formed from the time of �ight station. Several logi
al1 For the nominal beam of 200 MeV/
 and 6π mm rad, the thi
kness is 7.6 mm.
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Fig. 4.4: The most upstream time of �ight dete
tor in MICE, TOF0. The other time of �ightdete
tors have similar designs, only the number of 
hannels per layer and the width ofthe slabs di�er.
ombinations are foreseen from triggering on every single burst to only 
oin
iden
e ofTOF0, TOF1 and TOF2. In the simulations presented in this thesis, the author alwaystriggered the data taking of the 
alorimeter by hits in TOF2, as presented in se
tion 6.3.2.4.2.4 �erenkov systemDue to the impurities of the beam at TOF1 presented in table 7.1, it is ne
essary to identifythe parti
les whi
h are passing through TOF1 and into the 
ooling se
tion. Virtually allprotons still present will range out in TOF1, and of the remaining polluters only pions, andto a lesser extent positrons, 
onstitute beam 
ontamination to the experiment. The timeof �ight between TOF0 and TOF1 already gives very useful information on the velo
ity ofthe parti
le and 
ould in prin
iple be used in 
onjun
tion with the momentum measuredin the upstream tra
ker. However the parti
les are subje
ted to heavy energy loss in thedi�user and the two dete
tors themselves, whi
h limits the parti
le identi�
ation 
apabilityof this approa
h. A �erenkov dete
tor is installed just downstream of TOF0 whi
h is ableto 
orre
tly tag pions and muons through a threshold.Due to the large range of beam momentum used in MICE, there is no single materialwith a refra
tive index that 
ould make a devi
e sensitive to muons yet blind to pions.Therefore two di�erent aerogels are used, with n = 1.07 and n = 1.12 respe
tively. Asshown in �gure 4.5, the refra
tive indexes have been 
hosen su
h that the threshold formuons in the �rst aerogel is at the same momentum as the threshold for pions in the se
ondaerogel. This a�ordable solution gives net purities from pion 
ontamination of 99.983%for {I on & II off} and 99.683% for {I on & II on} [58℄, given pion and muon distributionsfrom a G4BeamLine simulation [64℄ of MICE Stage 6. For the same s
enario, at lowmomentum where the �erenkov dete
tor is blind to both pions and muons, the purity is
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Fig. 4.5: The two aerogels in the �erenkov dete
tor are 
hosen su
h that the aerogel whi
h givessignal for muons (red, middle) but not pions (blue, lowest) is dependent on whetherthe momentum is below or above 275 MeV/
. Positrons (green, highest) are alwaysabove threshold. At very high momentum (365 MeV/
, above the MICE range) all threeparti
les are above threshold, and at low momentum (210 MeV/
) only the positrons
an be separated from {µ, π}.
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tion to MICEonly 87.819%. The 
on
lusion is that the �erenkov system provides good pion reje
tionbetween 210 MeV/
 and 365 MeV/
 (before energy loss in TOF1 and di�user). At lowermomentum, the �erenkov system is blind to both pions and muons, hen
e time of �ight isused for pion dis
rimination. 4.2.5 Spe
trometersThe MICE experiment will measure the emittan
e of muons with a very high pre
ision be-fore and after the 
ooling 
hannel. This requires a pair of high performan
e spe
trometers,sin
e the systemati
 errors on the measurement are dominated by the tra
ker resolution.Two 
on
eptually di�erent designs have emerged, ea
h with its own advantages and short
omings. Eventually the S
iFi tra
ker was 
hosen as the base line of the experiment, withthe TPG option as a fallba
k solution and potential upgrade.In both designs the surrounding solenoids are the same. The solenoids have a fourtesla magneti
 �eld with 1% �eld uniformity with an inner bore of 40 
m diameter. Thea
tive area of the spe
trometers is 30 
m in diameter. The dimensions and positions of thesolenoid relative to other experiment 
omponents are indi
ated in �gure 4.6.S
iFiThe S
intillating �ber tra
ker, S
iFi, 
onsists of �ve planar stations, ea
h made of threedoublet2 layers of s
intillating �bers arranged at 120◦ with respe
t to the neighboringlayers. The �ve stations are not equidistantly spa
ed in order to avoid resonan
es for 
ertainbeam momenta. The separations range between 10 and 45 
m, with the largest separationfor the stations 
losest to the 
ooling 
hannel. The �bers are double 
lad polystyrene �berswith a diameter of 0.350 mm, and the �ber pit
h is 0.427 mm. The �bers must be as thinas possible to minimize multiple s
attering and energy loss in the spe
trometer, while stillgiving a su�
ient number of photons to allow for event re
onstru
tion. Fibers are gangedtogether in groups of seven �bers to optimize the resolution to 
ost ratio. The width of a
hannel is thus 1.63 mm, allowing a spatial resolution of 0.44 mm [58℄.The 
on
entrations of the dopants in the �bers have been 
hosen to maximize lightoutput while minimize opti
al 
ross talk between neighboring �bers. The primary dopanthas been 
hosen to be para-terphenyl, whi
h gives s
intillation light with a maximum atthe wavelength 3500 Ångström. The se
ondary dopant, 3-hydrox�avone (3HF), absorbsthis light and re-emits it at a wavelength of 5250 Ångström. Outside the 150 mm a
tiveradius the light will be piped by 1.05 mm 
lear �bers of a maximal length of 3 m to thereadout system. Sin
e the attenuation length of the 
lear �bers is 7.6 m this 
orrespondsto 40% of the attenuation length, whi
h is a

eptable [58℄.The S
iFi tra
kers will use Visible Light Photon Counters, VLPC, on loan from theD0 experiment at Fermilab [65℄. The VLPC is a low band-gap light-sensitive diode thatis operated at 9 K to redu
e thermal ex
itation and is ideal for use in MICE be
ause2 A doublet layer 
onsists of two singlet layers of �bers, arranged parallel but o�set with respe
t to theother singlet layer, su
h that a pattern of equilateral triangles are formed.



4.2. General design 61

Fig. 4.6: A te
hni
al drawing of the spe
trometer solenoid. This drawing was used by the authorto de�ne the positions of the iron shields, TOF1, TOF2 and the 
alorimeter. This wasused for studies presented in 
hapter 10, where the iron shield geometry was rede�ned.
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tion to MICEof its large quantum e�
ien
y (85%) and relatively high gain (50,000). The VLPCs arealso insensitive to the strong magneti
 �elds in the spe
trometer regions, and have beensu

essfully operated in the vi
inity of an RF power sour
e at D0. The expe
ted light yieldof a muon hit in this 
on�guration is 8 photoele
trons per �ber singlet [58℄.TPGThe se
ond tra
ker design is a Time Proje
tion Chamber, TPC, with GEM readout, namedTPG. GEM stands for Gas Ele
tron Multiplier. It is a 50 µm thi
k polymer foil with 5 µm
opper 
oating on both sides, pier
ed by 60 µm diameter holes forming a hexagonal patternwith a pit
h of 150 µm. The MICE TPG uses three GEM foils, separated by 2 mm gaps,with a high potential di�eren
e a
ross the foils 
reating a high �eld region inside the holes.This allows e�
ient 
olle
tion and ampli�
ation of drift ele
trons, while ion feedba
k intothe a
tive region is suppressed by the GEM stru
ture itself.The a
tive volume is �lled with gas at atmospheri
 pressure whi
h is ionized alongthe tra
k of a 
harge parti
le. The ele
trons are drifted toward the GEMs by an intenseele
tri
 �eld. The 
harge is multiplied by the GEMs before it is pi
ked up and digitizedby the readout ele
troni
s. Initially the a
tive volume was designed as 100 
m long and�lled with Helium gas with ten per
ent of CO2, whi
h gave approximately 40 samplings ofa tra
k with 500 ns sampling period for the Flash ADCs. The large number of samplingpoints gave a superior momentum resolution of the re
onstru
tion 
ompared to the S
iFitra
kers, but this 
on�guration has a number of problems.
• The vi
inity of radio frequen
y 
avities would produ
e a substantial ba
kground rateof RF indu
ed ele
trons whi
h 
reate bremsstrahlung photons in the absorbers withthe potential to generate low energy photoele
trons in the spe
trometers.
• The transverse di�usion of the drift ele
trons was too wide at the end of the onemeter drift, worsening the 
luster position resolution.
• The low sampling frequen
y of the Flash ADCs, and the low drift velo
ity, togetherwith the 600 good muon tra
ks per millise
ond meant that on average a new muontra
k would be entering the spe
trometer every three samplings, leading to multipletra
ks in the tra
ker at any given time to disentangle.The �rst potential problem was studied by the author and the results are presented inse
tion 7.3. The se
ond and third problems were solved by using a neon based gas mixturewith mu
h lower transverse di�usion over the drift length, and at the same time shorteningthe tra
ker a
tive volume to 18 
m, while making the sampling time of the Flash ADC
hannels 100 ns. Furthermore the neon mixture has a faster drift velo
ity than its heliumbased 
ounterpart, whi
h redu
es the o

upan
y in the spe
trometer. Sin
e the tra
k ismeasured at so many points a full helix is not ne
essary, and an ar
 su�
es. This alsoredu
es the pile up of events and redu
es the e�e
tive exposure to RF indu
ed ba
kground.The single problem whi
h was not solved was the manufa
turing pro
ess of the readouthexaboard, whi
h 
onsisted of three layers of strips at 120◦ angles with 0.5 mm pit
h. The



4.2. General design 63Tab. 4.1: The two gas mixture 
andidates for the TPG tra
ker at 4 T.The drift �eld is 520 V/
mfor HeCO2 and 300 V/
m for NeCO2 [66℄. The lower di�usion together with faster driftvelo
ity makes the neon based gas mixture a better 
andidate. Its in
reased sensitiv-ity to RF indu
ed ba
kground on form of bremsstrahlung photons 
an be negated byshortening the a
tive region.Parameter HeCO2 NeCO2Drift velo
ity [
m/µs℄ 1.68 3.0Transversal di�usion [mm/√z[cm]℄ 1.08 0.08Longitudinal di�usion [mm/√z[cm]℄ 1.64 0.2Radiation length [
m℄ 151000 33000Photo absorption fa
tor at 100 keV [
m−1℄ 2.5 · 10−5 1.3 · 10−4amount of 
ross talk between individual strips was signi�
ant and o

asionally shorts werefound. Although later iterations of the hexaboard prototype showed better quality, it wasde
ided by the review 
ommittee to keep the S
iFi tra
ker design as the base line of theexperiment. However the TPG shows better performan
e3 and is the more e
onomi
aloption. Another argument for the short TPG was that the spe
trometer solenoid 
ouldbe mu
h shorter, thus substantially redu
ing the 
ost of the experiment. The TPG designremains not part of the run plan of MICE but is 
onsidered a potential upgrade solution.4.2.6 Absorber modulesA 
ooling 
ell 
onsists of two lina
s and two Absorber Fo
us Coil modules (AFC), shownin �gures 4.7 and 4.8. An AFC module 
ontains an absorber and a pair of fo
us 
oils, andis designed so the absorber is essentially independent of the surrounding volume for easymounting and extra
tion during operation of the experiment.As motivated in se
tion 3.5.2, the optimal material for ionization 
ooling is hydrogen.The hydrogen is 
ontained inside an aluminum vessel with thin aluminum windows, 
alledabsorber windows. In order to maintain a high ionization to multiple s
attering ratio, theamount of hydrogen should be as large as possible for a given window thi
kness. Howeverthe 
hange in emittan
e (3.40) also depends on the betatron fun
tion β⊥ (3.38), whi
h in-
reases with the thi
kness of the absorber. The optimal 
ooling is obtained with 35 
m ofliquid hydrogen. For safety reasons a va
uum region of longitudinal thi
kness 133 mm sur-rounds the hydrogen vessel, and an extra pair of aluminum windows, the va
uum windows,ensures the integrity of the va
uum.Sin
e the amount of passive material in the beamline must be kept at a minimumwhile supporting the di�erential pressure of the liquid hydrogen and the surrounding va
-3 The transverse momentum resolution obtained during tests with radioa
tive sour
es was 0.1 MeV/
[67℄, whi
h is an order of magnitude better than the S
iFi dete
tor, and simulations using muons showtwi
e as good resolution, even with the most re
ent S
iFi tra
ker re
onstru
tion software [66, 68℄.
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Fig. 4.7: A 3D rendering of an absorber generated from drawings stored in the MICE design o�
e[56℄. The absorber vessel 
ontaining liquid hydrogen is shown, together with its windowsand the va
uum windows.

Fig. 4.8: A 
ut view of an absorber installed in an AFC module, generated from drawings storedin the MICE design o�
e [56℄. A pair of 
oils provides fo
using.
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ted tapered windows have been developed.4 This window design in
orporates aspheri
al 
ap joined to the mounting �ange via an in�e
ted, tapered toroidal se
tion. Thisdesign is used for both absorber and va
uum windows.Due to the 
onvex shape, the liquid hydrogen in an absorber is 350 mm thi
k on thebeam axis, and thinner further from the axis. The vessels have an inner diameter of 300 mmto a

ommodate the muon beam, while the va
uum windows have a diameter of 320 mm[56℄. The absorber windows are 0.18 mm thi
k in the 
enter, and the thi
kness in
reaseswith radius. With this thi
kness the bellow shaped windows support a burst pressureex
eeding 6.4 bar, the minimum required for safe operation [58℄. Should the pressuregradually in
rease beyond the breakpoint, the windows begin to leak before a breakdowno

urs.Hydrogen is maintained in liquid state by a 
ryo
ooler and natural 
onve
tion. Theabsorber vessel has a heat-ex
hanging surfa
e in the form of �ns that extend into thehydrogen volume inside and into a 
hannel outside of the 
ylinder. During operation theabsorber is pre
ooled by liquid nitrogen, and optionally liquid helium, before the nitrogenis pumped out and repla
ed by hydrogen. The va
uum spa
e uses the warm bore tube ofthe fo
using 
oil 
ryostat as its outer wall. The maximum heat removal 
apa
ity is 15 W,while the expe
ted heat load for MICE is approximately 1 W [58℄.4.2.7 RF 
avitiesAfter a parti
le has passed through an absorber and lost a fra
tion of its kineti
 energy, itis rea

elerated in a lina
 
onsisting of four RF 
avities for a total length of 1.87 m. Thelina
 is designed to restore the same amount of energy to the muon as the energy loss inthe absorber. The RF gradient available to the experiment is limited to 8 MV/m. The RFfrequen
y is 201.25 MHz, and the lina
 is operated on 
rest.Due to the large transverse size of the beam, the irises of the RF 
avities must belarge. To over
ome the problem of low shunt impedan
e asso
iated with large-iris open-
ell 
avities, the 
avities are terminated ele
tromagneti
ally by 0.38 mm thi
k berylliumwindows. By making the windows thin and of a low Z material, the emittan
e heatinge�e
ts due to multiple s
attering 
an be kept to a minimum. It has been found that thethinnest window design for a given tensile stress is obtained for pre
urved windows. Asthe window temperature in
reases above 35◦C , the windows start to �ex in a gentle shape.By using pre
urved shapes (see �gure 4.9(
)), the two windows of a 
avity �ex in the samedire
tion thus keeping the 
avity frequen
y shift to a minimum and well within the tuner'srange [58℄.For MICE, the available peak RF power is limited to 1 MW per 
avity, and the dutyfa
tor is limited to one per mil. This is 
ompatible with a 1 ms long spills at a repetitionrate of 1 Hz, whi
h brings the average power down to 1 kW per 
avity. Nevertheless, the
avity bodies need dire
t 
ooling to handle the 1 kW average power losses and thus stabilize4 The designs of both absorber and va
uum windows have evolved from �at, via spheri
al and torispher-i
al windows, to the present design whi
h is also known as �bellow� shaped windows.
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(a) MICE RF 
avity (b) Prototype 
avity (
) Cavity windowFig. 4.9: MICE uses eight 201.25 MHz RF 
avities for rea

elerating the beam in the 
ooling
hannel. (a) A 3D rendering of a MICE RF 
avity with 
ooling pipes atta
hed to theouter surfa
es. (b) The 201.25 MHz prototype 
avity. (
) A beryllium window used to
lose a MICE RF 
avity.the 
avity frequen
y. A s
heme using external water 
ooling tubes at room temperaturewill give su�
ient 
ooling for the MICE 
avities.4.2.8 Downstream PID dete
torsOriginally the last time of �ight dete
tor should be followed by a �erenkov dete
tor,CKOV2, and a lead and s
intillation �ber 
alorimeter at the very end for identi�
ationand 
lassi�
ation of parti
les. However, work by the author of this thesis led to an im-proved 
alorimeter design whi
h made CKOV2 redundant and a de
ision was taken toremove it from the experimental design. This work and the design of the 
alorimeter ispresented extensively and dis
ussed in 
hapter 8.4.3 Run planThe MICE experiment will be run in six well de�ned Stages, evolving from a very simplesetup to a 
omplete experiment with a full 
ooling 
hannel. The six Stages are illustratedin �gure 4.10 with their prospe
tive dates.The �rst step, Stage 1, is designed to 
hara
terize the beamline and estimate the beam
ontent and 
alibrate dete
tors. For this purpose two time of �ight stations, TOF0 andTOF1 will be installed together with the �erenkov dete
tor and the 
alorimeter. Sin
e afull 
alorimeter 
annot be 
onstru
ted at this time, MICE will use a partial 
alorimeter.In Stage 2, the �rst spe
trometer will be installed in a spe
trometer solenoid andpositioned downstream of TOF1. The third time of �ight dete
tor, TOF2, will be pla
edbetween the spe
trometer and the 
alorimeter. A few months later the se
ond spe
trometer
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Stage1
January 2008  

Stage 2
April 2008

Stage 3
July 2008

Stage 4
May 2009

Stage 5
summer 2009

Stage 6  
early 2010Fig. 4.10: The MICE Stages, with dates given O
tober 2007.with solenoid will be installed in Stage 3. Sin
e there is no other material in the beam thanwhat the spe
trometers themselves introdu
e, the beam properties should be identi
al inboth spe
trometers. This will allow the spe
trometers to be 
alibrated against ea
h other,whi
h will be important for a

urate 
ooling measurements. Stage 3 
on
ludes the �rstexperimental phase, sin
e all experimental fa
tors should be well 
alibrated and understoodby then.With Stage 4, the experiment enters its se
ond phase as the �rst absorber is installedbetween the two spe
trometers. This allows measurements of the energy loss and multiples
attering in liquid hydrogen under a variety of fo
using 
onditions. These parameters arethe basis for the ionization 
ooling prin
iple.A

eleration is introdu
ed in Stage 5, as a �rst 
ooling 
ell is installed whi
h will allowthe �rst experimental measurements of ionization 
ooling. In addition it will be the �rsttime the experiment is exposed to RF indu
ed ba
kground. In the sixth and �nal Stageof MICE, a se
ond 
ooling 
ell is installed, whi
h will provide the experiment with 10%
ooling for a nominal 6π mm 200 MeV/
 beam. In this phase, the experiment will runwith several di�erent beam settings to explore the emittan
e region between equilibriumemittan
e and 10π mm, for 
entral momenta of 140, 170, 200 and 240 MeV/
 respe
tively.The goal of the MICE 
ollaboration is to 
omplete the experiment by 2010, two yearsbefore the anti
ipated 
ompletion of the NF-IDS (http://www.hep.ph.i
.a
.uk/ids/)Con
eptual Design Report.

http://www.hep.ph.ic.ac.uk/ids/
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5. INTERACTIONS AND PROCESSESIn this 
hapter parti
le physi
s pro
esses and intera
tions whi
h are of importan
e for later
hapters are presented. The fo
us has been set on the implementation of these phenomenain Monte Carlo simulations, and spe
ial attention has been put on how the Geant4 software[61℄ models the pro
esses.As the primary s
ope of this thesis is neutrinos and muons, it is natural that greatest
are has been taken for muoni
 pro
esses. However, at the energies given for muon basedneutrino experiments, radiative 
orre
tions and similar high energy physi
s phenomena donot o

ur. At theses energies muons are only semi relativisti
, and a substantial number ofele
trons are thus generated through muon de
ay. Sin
e ele
trons will mimi
 muon signalsin the dete
tors, they are treated as ba
kground and must be 
orre
tly identi�ed. Forthis reason it is important to understand, model and simulate both muoni
 and ele
troni
pro
esses a

urately. Essentially all 
hapters in the se
ond half of this thesis depend onthe Monte Carlo implementations presented here.For photons the most signi�
ant pro
esses are the photoele
tri
 e�e
t, Compton s
atter-ing and ele
tron positron pair produ
tion. There are other quantum me
hani
al pro
essesfor photons su
h as muon pair produ
tion, but due to the energy of the s
enarios presentedhere, these three pro
esses are su�
ient. Figure 5.1 illustrates the absorption 
oe�
ientas a fun
tion of energy, and at very low energy the photoele
tri
 e�e
t dominates whilethe other pro
esses make a signi�
ant 
ontribution at the MeV s
ale.At low energy the atomi
 shell stru
ture be
omes important. The default Geant4pro
ess models are optimized for high energy physi
s and are using parameterization ofatomi
 shell data. Geant4 provides low energy extensions to pro
esses of photons andnegative ele
trons using shell 
ross se
tion dire
tly, and in all simulations presented in thisthesis, low energy extensions are used when available. For ele
trons, see �gure 5.2 for anoverview of the relative importan
e of the intera
tions as a fun
tion of energy.5.1 Muoni
 pro
esses5.1.1 Muon de
ayMuons are essentially heavy ele
trons and will de
ay into lighter parti
les while 
onservingthe lepton number and other 
onserved quantities. The muon 
ouples to a W boson anda muon neutrino in the �rst vertex. If the muon energy is low, the boson produ
es anele
tron and an antiele
tron neutrino in the se
ond vertex.
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Fig. 5.1: The total absorption 
oe�
ient for gamma rays in lead, showing the 
ontributions ofphoto ele
tri
 e�e
t, Compton s
attering and pair produ
tion [69℄.
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Fig. 5.2: Fra
tional energy loss per radiation length in lead as a fun
tion of ele
tron or positronenergy [1℄.
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Fig. 5.3: Feynman diagram of a muon de
ay.
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Fig. 5.4: The energy distributions in the rest frame of muon de
ay produ
ts, 
orresponding to(5.3) and (5.4).In quantum �eld theory, the pro
ess 
an be expressed as
Heff

W =
GF√

2
νµγµ(1 − γ5)µeγµ(1 − γ5)νe (5.1)whi
h after some algebra gives the di�erential de
ay rate, expressed as a fun
tion of ele
tronenergy in the 
enter of mass frame,

dΓ

dEe
=
G2

Fm
2
µ

12π3
E2

e

(

3 − 4
Ee

mµ

) (5.2)if the ele
tron mass is negle
ted.Fierz invarian
e allows the substitution of the ele
tron by the muon neutrino,
dΓ

dEνµ

=
G2

Fm
2
µ

12π3
E2

νµ

(

3 − 4
Eνµ

mµ

)

, (5.3)
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tions and pro
essesbut for the antiele
tron neutrino one must instead of integrating over the ele
tron andmuon neutrino momenta, integrate over the two neutrino momenta, whi
h gives
dΓ

dEνe

=
G2

Fm
2
µ

12π3
E2

νe

(

1 − 2
Eνe

mµ

)

. (5.4)The two neutrino spe
tra are di�erent, as shown in �gure 5.4. The expe
tation value ofthe muon neutrino energy in the 
enter of mass system is 37.0 MeV, while the antiele
tronneutrino has an expe
tation value of 31.7 MeV [3℄.The de
ay rate 
an be 
al
ulated from equation (5.2) by integration over the possibleele
tron energies,
Γ =

∫ mµ/2

0

dΓ

dEe

dEe =
G2

Fm
5
µ

192π3
, (5.5)and with values for the Fermi 
onstant GF = 1.166 × 10−5 GeV −2 and muon mass mµ =

0.1056 GeV one arrives at the life time
tµ = Γ−1 = 2.1948 µs (5.6)where ~ = 6.582 × 10−25 GeV s was used to go from natural units to laboratory units.The experimental value is 2.1970 µs [3℄, hen
e the Standard Model theory of weak inter-a
tions agrees well with experiments. Even better agreement is found if the ele
tron mass
orre
tion and the �ne stru
ture 
onstant is in
luded in the 
al
ulation.Sin
e the muon de
ay pro
ess does not involve any hadrons it is a very 
lean andsimple weak intera
tion pro
ess whi
h is used for determining the strength of the weakintera
tions. It is therefore of great importan
e to measure experimentally the de
ay rateof the muon with high a

ura
y. One su
h experiment is FAST [70℄, in whi
h GenevaUniversity is involved. Kinemati
s of muon de
ayThe lab frame velo
ity of ele
trons resulting from muon de
ay is

βe =
β́e + βµ

1 + β́eβµ

. (5.7)where β́e where is the ele
tron velo
ity in the muon de
ay 
enter of mass and βµ is themuon velo
ity in the lab frame. Using natural units, c = 1,
β =

p

E
(5.8)

E2 = p2 +m2 (5.9)equation (5.7) 
an be expressed as
pe

Ee

=
ṕeEµ + Éepµ

ṕepµ + ÉeEµ

. (5.10)
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esses 73Using 
onservation of energy and momentum in the 
enter of mass frame, while negle
tingpolarization e�e
ts, one 
an 
on
lude that the maximum 
enter of mass energy the ele
tron
an obtain in the de
ay is
Ée =

m2
µ +m2

e

2mµ

≈ mµ

2
(5.11)whi
h together with the relations above give the allowed range of ele
tron momenta in thelab frame, illustrated in �gure 5.5. As a rule of thumb the ele
tron 
an have a maximummomentum in the forward dire
tion equal to the momentum of the muon, and a minimummomentum of zero for ba
kward de
ay. This holds for values of pµ & Eµ, until

pµ ≥ mµ

me
pe ≈ 10.9 GeV/c (5.12)when the muon is as relativisti
 in the lab frame as the ele
tron is in the muon rest frame.
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Fig. 5.5: The kinemati
ally allowed longitudinal momentum of the ele
tron 
oming from muonde
ay as a fun
tion of the longitudinal momentum of the muon. At rest, the maximumele
tron momentum is mµ/2. As the muon be
omes more relativisti
 the ele
tron tendsto have a lab frame momentum in the forward dire
tion. The dashed lines are given by
pe = pµ and pe = 0.The reason for this rather lengthy exer
ise is to 
on
lude some very important propertiesof the muon de
ay ele
trons:

• The ele
trons and muons �ll up the same momentum spa
e.
• The momentum spread of the ele
trons is very large.



74 5. Intera
tions and pro
essesThe �rst of these properties is the reason why the MICE experiment is keeping 
loseattention to this type of ba
kground. The se
ond point indi
ates why a simple time of �ight
omparison between muons and ele
trons might not be enough for parti
le identi�
ation.Chapters 7 and 9 are dedi
ated to this issue.Muon de
ay in Geant4The muon de
ay pro
ess is handled in Geant4 using the G4MuonDe
ayChannel 
lass.G4MuonDe
ayChannel simulates muon de
ay a

ording to V − A theory. Negle
ting theele
tron mass, the ele
tron energy is sampled from
dΓ

dǫ
=
GF

2mµ
5

192π3
2ǫ2(3 − 2ǫ) (5.13)where Γ is the de
ay rate, ǫ = Ee/Emax, Ee is the ele
tron energy and Emax is the maximumallowed ele
tron energy. This is the same equation as (5.2), expressed in ǫ. Geant4 negle
tsthe ele
tron mass so Emax

.
= mµ/2.The neutrino energy is not 
orre
tly modeled in Geant4, sin
e it does not take the V −Adistributions into a

ount. Instead they are generated ba
k-to-ba
k and isotropi
ally inthe neutrinos' 
enter-of-mass frame, with the magnitude of the neutrino momentum 
hosento 
onserve energy in the de
ay. The two neutrinos are then boosted opposite to themomentum of the de
ay ele
tron. In all simulations presented in this thesis, the neutrinosare killed after generation and this simpli�
ation does not a�e
t the results. However fora future study of a neutrino dete
tor this 
ould be a problem that must be solved. Neitherthe polarization of the muon nor the ele
tron is 
onsidered in the implementation of thede
ay pro
ess.If the parti
le energy 
hanges during the step due to energy loss or ele
tromagneti
�elds, its lifetime in the laboratory frame 
hanges. This update is performed after the stepand is given by

∆tlab =
∆x

0.5(v0 + v)
(5.14)where ∆x is the step length travelled by the parti
le velo
ity during the step. This expres-sion is a good approximation if the velo
ity is not allowed to 
hange too mu
h during thestep. 5.1.2 Muon ionizationWhen a muon passes through the ele
tromagneti
 �eld of an atom it 
an intera
t with itsele
trons and thus transfer energy to the atom. If the energy transfer is high enough, theatom is left ionized. If the muon traverses a dense material, several su
h intera
tions takepla
e. Su
h a 
ontinuous energy loss is des
ribed by the Bethe-Blo
k formula,

dE

dx
= 2πr2

emc
2nel

z2
p

β2

[

log
2mc2β2γ2Tup

I2
− β2

(

1 +
Tup

Tmax

)

− δ − 2Ce

Z

] (5.15)
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 pro
esses 75where re is the 
lassi
al ele
tron radius, mc2 is the mass energy of the ele
tron, nel is theele
tron density of the material, I is the mean ex
itation of the material and Tup is theminimum of the maximum transferable energy Tmax

Tmax =
2mec

2 (γ2 − 1)

1 + 2γme

mµ
+
(

me

mµ

)2 (5.16)and an energy 
ut Tcut = 1 keV [71℄.
γ

µ−

e−

µ−

e−

Fig. 5.6: Feynman diagram of a muon ionization. Energy is transferred from the in
oming muonto the bound ele
tron, ionizing the material.The number of ele
trons 
an be expressed as
nel = Znatoms =

Z

A
N ρ (5.17)where N is the Avogadro number, A is the mass of a mole, and ρ is the density. A �rstorder approximation is given by (5.15) and (5.17)

1

ρ

dE

dx
∝ Z

A
(5.18)whi
h de
reases with in
reasing Z due to the in
reased neutron 
ontent in the nu
lei. Thushydrogen has the highest energy loss per density, a property whi
h will be used extensivelylater.At high parti
le energies the muon be
omes more relativisti
 and the ele
tromagneti
�eld of the muon �attens and extends. This 
auses the e�e
tive 
harge density of themedium to in
rease, whi
h explains the logarithmi
 term in (5.15). However at theseenergies, the medium be
omes polarized whi
h trun
ates the �eld extension, and this
orre
tion is summarized as δ. At very high energies, radiative e�e
ts dominate the energyloss of muons. The Bethe-Blo
k 
urve has a minimum where the negative slope makes the
ontribution at larger energies small, while the logarithmi
 rise is not yet dominant. Themomentum where this o

urs is 
alled minimum ionization momentum, and a parti
le atthis point is referred to as minimum ionizing parti
le, or mip.
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5.1. Muoni
 pro
esses 77The last term in (5.15), 2C/Z, is a fun
tion whi
h 
orre
ts for the binding energy of theatoms. This is important for low energy, but there are few good models whi
h des
ribe allmaterials satisfa
torily, and instead the Barkas [72℄ method is used whi
h parameterizes Cas
C(I, βγ) =

a(I)

(βγ)2
+

b(I)

(βγ)4
+

c(I)

(βγ)6
(5.19)where a, b, and c are tabulated. At even lower energies

T < 2
mµ

mproton
≈ 0.2 MeV (5.20)the Bethe-Blo
k formula (5.15) 
an no longer be used, and Geant4 instead uses a spe
ialmodel for the Bragg region. Delta ray produ
tion in Geant4Geant4 uses a 
ut in energy for the produ
tion of se
ondary parti
les. This produ
tionthreshold is denoted Tcut, and was mentioned in the explanation of (5.15). Below the 
utthe ionization of the muons is modeled as a 
ontinuous energy loss, with no se
ondaryparti
les 
reated. For energies above the 
ut, se
ondary parti
les are expli
itly generated,and in the 
ase of muon ionization this is usually in the form of delta ele
trons. The meanrate of energy loss is given by:

dEsoft(E, Tcut)

dx
= n

∫ Tcut

0

dσ(Z,E, T )

dT
T dT (5.21)where n is the number of atoms per volume in the material. At energies above the deltaele
tron produ
tion 
ut, the 
ross se
tion for produ
ing a se
ondary is

σ(Z,E, Tcut) =

∫ Tmax

Tcut

dσ(Z,E, T )

dT
dT (5.22)where Tmax (5.16) is the maximum energy transferable to the se
ondary parti
le. The 
rossse
tion 
an be fa
torized as

dσ

dT
= kf(T )g(T ) (5.23)where

f(T ) =
1

T 2

(

1

Tcut
− 1

Tmax

) (5.24)
g(T ) = 1 − β2 T

Tmax
+

T 2

2E2
(5.25)and k is a Z dependent normalization 
onstant [71℄.



78 5. Intera
tions and pro
essesUsing these two fun
tions, Geant4 performs a two dimensional reje
tion Monte Carlointegration of the di�erential 
ross se
tion by sampling f(T ), and using a sampling on g(T )as a reje
tion fun
tion1.The angle of the delta ele
tron is given by energy momentum 
onservation, and is 
hosenwith respe
t to the dire
tion if the in
ident muon. The azimuthal angle is randomly 
hosenwith a �at distribution. The method of se
ondary tra
k generation outlined in this se
tionis also used in Geant4 for other pro
esses whi
h produ
e se
ondaries.5.2 Ele
troni
 pro
esses5.2.1 Ele
tron ionizationEle
tron ionization is very similar to muon ionization. Ionization with an in
oming positronis however slightly di�erent than the 
orresponding phenomenon for negative ele
trons.Histori
ally the e−e− s
attering is 
alled Møller s
attering and the e+e− s
attering Bhabhas
attering. In addition to ex
hange of a virtual photon, an intermediary Z-boson also
ontributes to the total 
ross se
tion, whi
h 
auses parity violation. The parity violationis not modeled in the software used in this thesis.The maximum energy transferable to a free ele
tron is
Tmax =

{

E −mc2 for e+
1
2
(E −mc2) for e−

(5.26)where the fa
tor of two 
omes from inter
hangeability of the two ele
trons.
e−

e−

e−

e−

(a) t-
hannel e−

e−

e−

e−

(b) u-
hannelFig. 5.9: Feynman diagrams of Møller s
attering.For negative ele
tron ionization the work performed in this thesis uses the Geant4 lowenergy extension, where the energy loss of the in
ident ele
tron expresses as a sum over all1 This method would give an error equal to √2var(g)/N when applied to a two dimensional triangle,while a folding Monte Carlo would only have an error equal to √var(g)/N . Depending on the weightingfun
tion used, a weighting Monte Carlo method 
ould be even more e�
ient by using a nonuniformsampling whi
h is then weighted with the inverse of the distribution density [73℄.



5.2. Ele
troni
 pro
esses 79atomi
 shells s
dE

dx
=
∑

s

(

σs

∫ Tcut

0.1eV
tdσ

dt
dt

∫ Tmax

0.1eV
dσ
dt

dt

) (5.27)where Tcut is the delta ele
tron produ
tion threshold of the material and t is the energy ofthe δ-ele
tron. The emission probability of a δ-ele
tron is
dσ

dt
=
P (x)

x2
with x =

t+Bs

T +Bs
(5.28)where Bs is the binding energy of atom s. The fun
tion P (x) 
ontains �ts on EEDL datawhi
h for high energy (x≫ 1) transforms into Møller s
attering.The sampling of the �nal state pro
eeds in three steps. First a shell is randomly sele
ted,then the energy of the delta-ele
tron is sampled, �nally the angle of emission of the s
atteredele
tron and of the δ-ele
tron is determined from energy-momentum 
onservation, whi
halso takes into a

ount the ele
tron movement in its bound state.Note that a 
orresponding low energy extension for positrons does not exist in Geant4.5.2.2 BremsstrahlungWhen a 
harged parti
le enters a region of ele
tromagneti
 �eld, it 
an be de
eleratedand the energy is lost as a photon. The phenomenon 
alled syn
hrotron radiation isthus a spe
ial 
ase of bremsstrahlung, although the latter term is usually reserved for theintera
tion with atoms in matter.

γ

e−

e−

γ

Fig. 5.10: Feynman diagram of a bremsstrahlung intera
tion for an ele
tron.At energies above minimum ionization, the ionization energy loss in
reases logarith-mi
ally, while the energy loss due to bremsstrahlung radiation rises almost linearly. The
riti
al energy, Ec, is the energy where the energy loss 
ontribution from bremsstrahlungequals the 
ontribution from ionization. A simple estimate is [1℄
Ec ≈

800 MeV

Z + 1.2
(5.29)hen
e the energy loss for ele
trons are dominated by bremsstrahlung at energies above7.8 MeV in lead, or 82 MeV in 
arbon. This feature plays a major role in the 
hapter ofthe 
alorimeter design (
hapter 8).
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Fig. 5.11: The di�erential 
ross se
tion for bremsstrahlung. The markers are values tabulated bySeltzer & Berger [74℄, and the dashed line is a �t using (5.31), while the solid line is apolynomial of the third degree. Close to the 
uto�, the model des
ribed by (5.31) fails.Other 
harged parti
les also have a �
riti
al energy�, but it is mu
h higher than forele
trons. No simple mass s
aling law exists, but for muons in solids [1℄
Eµ

c ≈ 5.7 TeV

(Z + 1.47)0.838 (5.30)gives the energy where the radiative energy loss is equal to the energy loss due to ionization.Throughout this thesis, the term bremsstrahlung is impli
itly understood as brems-strahlung for ele
trons and positrons, but it also applies to other parti
les as muons andprotons. However, sin
e the 
ross se
tion for bremsstrahlung is inversely proportional tothe square of the parti
le mass, the 
riti
al energy for muoni
 bremsstrahlung is found atseveral hundred GeV, and does not 
ontribute to the energy loss in MICE. The low 
rossse
tion for muoni
 bremsstrahlung is the main reason for the high penetration power ofmuons 
ompared to ele
trons.To the �rst order, the 
ross se
tion for emitting a bremsstrahlung photon of energy tis given by
dσ

dt
≈ 4

3

A

X0N t

(

1 − x+ 0.75x2
) (5.31)where N is the Avogadro number, A the atomi
 mass, X0 the radiation length of theabsorber, and

x =
t

T
, 0 ≤ x ≤ 1 (5.32)is the fra
tion of energy transferred to the photon from an ele
tron with initial kineti
energy T .



5.2. Ele
troni
 pro
esses 81The radiation length is both the mean distan
e over whi
h a high-energy ele
tronloses all but 1/e of its energy by bremsstrahlung, and 7/9 of the mean free path for pairprodu
tion by a high-energy photon. A good �t to the data is [1℄
X0 =

716.4A g cm−2

Z(Z + 1) ln(287/
√
Z)

(5.33)and for a mixture or 
ompound the radiation length 
an be 
al
ulated by
1

X0
=
∑

i

wi

X0,i
(5.34)where wi is the fra
tion by weight.As t→ 0, (5.31) diverges, and the formula is no longer appli
able. This infrared diver-gen
e does however not appear in Nature due to the LPM e�e
t (see below), and diele
tri
suppression. A more 
omplete 
al
ulation of the 
ross se
tion 
an be found in Seltzer &Berger [74℄, whi
h uses the s
reened Bohr approximation with Coulomb 
orre
tions. TheCoulomb 
orre
tions be
ome signi�
ant for low energies and high Z2. Furthermore, 
loseto the high energy 
uto�

d

dx

(

t
dσ

dt

)

> 0 , for x→ 1, (5.35)whi
h does not agree with experimental data or Seltzer Berger [74℄. Therefore (5.31) isonly a good des
ription of the bremsstrahlung 
ross se
tion for the midrange of x. E�e
tslike ele
tron�ele
tron bremsstrahlung, multiple photon emission et
, appear in higher order
orre
tions. Bremsstrahlung in Geant4To �rst order Geant4 uses the parameterization
σ(Z, T, kc) = Z(Z + ξσ)(1 − csighZ

1/4)

(

T

kc

)α
fs

N (5.36)for ele
tron kineti
 energy T > 10 MeV, where ξσ, csigh and α are 
onstants and fs is a Zdependent polynomial. The energy 
ut o�, kc, is the point below whi
h photons are treatedas 
ontinuous energy loss without produ
tion of se
ondary parti
les. The user 
ontrols thevalue of kc by giving an estimated minimum range for the se
ondaries, and is thus materialdependent. This model gives a relative error on the energy loss of ∼ 5 − 6% at energiesabove 1 MeV [71℄. Positron 
ross se
tion follows the same 
urve as ele
trons but with adi�erent s
aling. To �rst order this only depends on the energy and the Z of the material.At 1.35 MeV in lead, the energy loss of positrons due to radiation is half of the radiativeenergy loss of ele
trons, and the di�eren
e be
omes larger for lower energies [71℄. However2 2-3% in aluminum for an outgoing ele
tron with kineti
 energy 1 MeV.



82 5. Intera
tions and pro
esseswith de
reased energy, the 
ross se
tion for other pro
esses like ionization in
reases and inpra
ti
e the energy loss observed is rather similar for the two parti
les.In the low energy extension, whi
h only exists for e−,
dE

dx
= σ(T )

∫ Tcut

0.1 eV
tdσ

dt
dt

∫ Tmax

0.1 eV
dσ
dt
dt

(5.37)where σ(T ) is the total 
ross se
tion for a given T . At energies above the 
ut, Tcut, theemission probability of a photon with energy t is
dσ

dt
=
P (x)

x
with x =

t

T
(5.38)where P (x) is a fun
tion whi
h des
ribes the energy spe
tra of outgoing photons and istaken from the EEDL data library. For high energies the fun
tion is 
lose to

P (x) ∝ 1 − x+ 0.75x2. (5.39)Figure 7.12(a) shows the distribution obtained when (5.39) is applied on (5.38).Geant4 also implements the Landau Pomeran
huk Migdal (LPM) e�e
t, whi
h is thedestru
tive interferen
e due to multiple s
attering in the formation zone. This e�e
t be-
omes signi�
ant at
t

T
.

T

ELPM

(5.40)where ELPM is a material 
onstant given by
ELPM =

αm2X0

2hc
(5.41)where α is the �ne stru
ture 
onstant and h is the Plan
k 
onstant. The LPM e�e
tsuppresses the infrared divergen
e whi
h otherwise would o

ur as t→ 0.5.2.3 AnnihilationFree positrons are rarely observed in nature. That is be
ause they qui
kly intera
t withele
trons in their vi
inity and annihilate. Contrary to the literal translation of annihilationinto English from Latin, �to make into nothing�, the energy released by the annihilationme
hanism is 
arried by new parti
les produ
ed in the pro
ess. At low energy, ele
tronpositron annihilation 
an only produ
e a photon pair, sin
e other 
hannels are not kine-mati
ally allowed. Due to 
onservation of momentum and energy, a single photon 
annotbe produ
ed by annihilation in va
uum.In Geant4, the simulation of annihilation assumes that the ele
tron is free and at rest.Furthermore the simulation model treats only two photon produ
tion, sin
e formation ofpositronium is not implemented. The fra
tion of energy transferred to a photon a is

ǫ =
Ea

Etot

≡ Ea

T + 2mc2
(5.42)



5.3. Photoni
 pro
esses 83
e−

e+

γ

γ

(a) e−

e+

γ

γ

(b)Fig. 5.12: Annihilation of an ele
tron and a positron pair into photons.where T = (γ − 1)mc2 is the kineti
 energy of the positron. The kinemati
s of the pro
essgives that ǫ 
an only take values
1

2

[

1 −
√

γ − 1

γ + 1

]

≤ ǫ ≤ 1

2

[

1 +

√

γ − 1

γ + 1

]

. (5.43)The value of ǫ is 
hosen randomly and 
an be used in the formula for the 
ross se
tion [75℄
dσ(Z, ǫ)

dǫ
=

Zπr2
e

ǫ (γ − 1)

[

1 +
2γ

(γ + 1)2
− ǫ− 1

(γ + 1)2

1

ǫ

] (5.44)to 
al
ulate the probability of the pro
ess o

urring. The angle between the in
identpositron and the photon a is given by 
onservation of momentum,
cos θ =

γ + 1 − ǫ−1

√

γ2 − 1
(5.45)while the angle φ is randomly 
hosen isotropi
ally.5.3 Photoni
 pro
esses5.3.1 Photoele
tri
 e�e
tThe photoele
tri
 e�e
t is the eje
tion of an ele
tron from a material after a photon hasbeen absorbed by that material, as shown in �gure 5.13. Beer-Lambert's law gives thetransmittan
e of photons through an absorber,

I = I0e
−µx (5.46)where µ is the absorption 
oe�
ient and x is the thi
kness of the absorber.The photoele
tri
 
ross se
tion depends very strongly on Z and Eγ ,

σp.e. ∝ µp.e. ∝
Zn

E3
γ

(5.47)
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γ

γ

e−

e−

Fig. 5.13: Feynman diagram of photoele
tri
 e�e
t.where µp.e. is the absorption 
oe�
ient due to photoele
tri
 e�e
t. The exponent n is 
loseto 5 for materials with low Z, and de
reasing to around 4 for high Z materials. For thisreason, the photoele
tri
 e�e
t dominates the energy loss and attenuation of photons indense materials and for low energy x-rays. Furthermore, the absorption 
oe�
ient 
ontainssharp peaks at low energies, sin
e the binding energy of high energy atomi
 shells ex
eedsthe energy of the in
oming photon. The energies of the photopeaks are material dependent.The Geant4 implementation of the phenomenon uses least square �ts on experimentaldata for the 
ross se
tion 
al
ulation. In a given material the mean free path, λ, for aphoton to intera
t via the photoele
tri
 e�e
t is given by :
λ(Eγ) =

(

∑

i

nati · σ(Zi, Eγ)

)−1 (5.48)where nati is the number of atoms per volume of the ith element of the material. Aphoton 
an be absorbed if Eγ > Bshell, where the shell energies in Geant4 are taken fromexperimental data. The photoele
tron is emitted with kineti
 energy :
Tphotoelectron = Eγ − Bshell(Zi). (5.49)A related pro
ess is 
alled the Auger e�e
t. It o

urs when the photoele
tri
 e�e
t 
ausesa higher energy level ele
tron to fall into the hole 
reated by the photoele
tron, and theresulting energy release is 
arried away by a se
ond emitted ele
tron instead of the usualphoto emission. 5.3.2 Compton s
atteringCompton s
attering, or the Compton e�e
t, is the intera
tion between an in
oming photonand the ele
tron of a material whi
h results in a de
reased energy and 
hange in dire
tionof the photon. Compton s
attering is a quantum me
hani
al e�e
t whi
h in the 
lassi
allimit is 
alled Thomson s
attering.The absorption 
oe�
ient is linearly proportional to Z and inversely proportional tothe photon energy,

µC ∝ Z

Eγ

(5.50)
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e−

γ

e−

γ

(a) s-
hannel e−

γ

e−

γ

(b) u-
hannelFig. 5.14: Feynman diagrams of Compton s
attering.and the weaker dependen
e on Z and Eγ 
ompared to the photoele
tri
 e�e
t, entailsthat Compton s
attering dominates over the latter when the Z of the material is low, orwhen the energy is large. At high energy, pair produ
tion dominates over both of thesetwo e�e
ts, but as a rule of thumb Compton s
attering always dominates the photoni
intera
tions for Eγ ≈ 1 MeV.The quantum me
hani
al Klein-Nishina di�erential 
ross se
tion per atom is
dσ

dǫ
= πr2

e

mec
2

E0
Z

[

1

ǫ
+ ǫ

] [

1 − ǫ sin2 θ

1 + ǫ2

] (5.51)where re is the 
lassi
al ele
tron radius, mec
2 is the ele
tron mass, E0 is the energy of thein
ident photon, E1 is the energy of the s
attered photon and ǫ = E1/E0 . Assuming anelasti
 
ollision, the s
attering angle θ is de�ned by the Compton formula for the wavelengthshift

∆λ =
h

mec
(1 − cos θ) (5.52)whi
h expressed in energy be
omes

E1 = E0
mec

2

mec2 + E0(1 − cos θ)
. (5.53)Noti
e that this assumes that the ele
tron is free. If the ele
tron is bound to an atom,the expression would be a bit more 
ompli
ated as the nu
leus would also take part in thepro
ess. In the low energy extension, Geant4 uses Hubbel's atomi
 form fa
tor to 
al
ulatethe energy and angular distributions as a produ
t of the Klein-Nishina formula and amaterial dependent s
attering fun
tion. Sin
e the in
oherent s
attering o

urs mostly inthe outermost atomi
 subshells, the binding energy of the atom 
an be negle
ted [71℄.5.3.3 Gamma 
onversion into an ele
tron-positron pairWhen a photon passes through the ele
tromagneti
 �eld of an atom it 
an produ
e anele
tron�positron pair without violating momentum or energy 
onservation. In va
uumthis would not be kinemati
ally possible. Energy in ex
ess of the equivalent rest mass
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essesof the two parti
les (1.02 MeV) appears as the kineti
 energy of the pair and the re
oilnu
leus.
γ

γ

e−

e+

Fig. 5.15: Feynman diagram of ele
tron�positron pair produ
tion.Well above the threshold, the absorption 
oe�
ient for pair produ
tion is independentof the energy and depends only on the radiation length X0 (5.33) of the material.
µpair =

7

9
X−1

0 (5.54)Sin
e the absorption 
oe�
ient does not de
rease with in
reased energy, as in the 
aseof the other photoni
 pro
esses, pair produ
tion is the dominating pro
ess for photons ofenergies higher than a few MeV.The total 
ross se
tion in Geant4 is parameterized as
σ(Z,Eγ) = Z(Z + 1)

(

F1(x) + F2(x)Z +
F3(x)

Z

) (5.55)where
x = ln

Eγ

mec2
(5.56)and F1, F2, F3 are polynomials of the 5th degree whose parameters are determined fromleast square �ts from data. The �t gives an estimated relative error on σ whi
h is approx-imately 2.2%, averaged over all materials [71℄.The low energy implementation of this pro
ess in Geant4 uses a Coulomb 
orre
tedBethe-Heitler 
ross se
tion whi
h also takes s
reening into a

ount. For details of theGeant4 model, see the Geant4 Physi
s Referen
e Manual [71℄.5.4 Ele
tromagneti
 showersIf a 
harged parti
le hits a material and the energy is above the 
riti
al energy3 (5.29), or ahigh energy photon produ
es an energeti
 e+e− pair, the hard bremsstrahlung 
auses mul-tiple photons, whi
h in turn produ
e more ele
trons through the pro
esses outlined in this3 Sin
e the 
riti
al energy for muons and other heavy parti
les is very large, only ele
trons and photonsindu
e ele
tromagneti
 showers, unless extreme 
onditions apply. (Muon 
riti
al energy in lead is 141 GeV.)
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hapter. The energy of the primary tra
k is broken up in a high number of ele
tromagneti
tra
ks. Eventually the energy of the parti
les falls below the 
riti
al energy and they startlosing energy primarily through ionization. Due to the di�erent 
ross se
tions of ele
tronsand photons, the ele
tron number falls o� faster with in
reasing shower depth than thenumber of photons. The longitudinal shower pro�le is thus in
reasing until a maximumis obtained after whi
h a long tail develops as the shower is in
reasingly dominated byphotons.A useful des
ription of the ele
tromagneti
 showers uses
t =

x

X0
(5.57)

y =
E

Ec
(5.58)where X0 is the radiation length (5.33) and Ec is the 
riti
al energy. The shower maximumis found at

tmax =

{

ln y − 0.5 for incident e±

ln y + 0.5 for incident γ
(5.59)so for a 100 MeV positron in lead, the shower maximum would be found at 11.5 mm.4The Moliere radius, RM , is a good �rst approximation to the transverse size of ele
-tromagneti
 showers. It is a 
hara
teristi
 
onstant of a material and is related to theradiation length and the 
riti
al energy by

RM = 0.0265X0(Z + 1.2) ≈ (21 MeV)
X0

Ec

(5.60)where X0 is the radiation length and Z is the atomi
 number. The Moliere radius is the90% 
on�den
e interval for the energy 
ontained in the shower, and approximately 99%of the energy in the ele
tromagneti
 shower is 
ontained within 3.5RM . At large radii theMoliere theory fails to a

urately des
ribe the transverse size of the shower. The Moliereradius of lead is 1.53 
m. 5.5 Multiple s
atteringMultiple s
attering is the phenomenon where the s
atterers are densely distributed, andinstead of a single s
attering, the parti
le undergoes several s
attering pro
esses along itspath. This is a sto
hasti
 pro
ess 
losely related to di�usion.Traditionally the multiple s
attering has been modeled using the Moliere formalism,whi
h approximates the proje
ted s
attering angle of multiple s
attering by a Gaussianwith a width [1℄
θM =

13.6 MeV

βcp
q

√

x

X0

(

1 + 0.038 ln
x

X0

) (5.61)4 This ba
k of the envelope 
al
ulation is a used for the general design of the 
alorimeter presented in
hapter 8.
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Fig. 5.16: Multiple s
attering of muons in liquid hydrogen. Various versions of Geant4 are 
om-pared with MuS
at experimental data [76℄ (bla
k) and ELMS simulations (triangles).The version of Geant4 used in G4MICE is Geant4.8.1 (green), whi
h shows good agree-ment with MuS
at data.where β is the parti
le velo
ity, p the momentum , q is the 
harge of the parti
le, x is thethi
kness of the material traversed, and X0 is the radiation length of the material. TheGaussian approximation fails to des
ribe the tails towards large s
attering angles however.While the Moliere theory only 
al
ulates the angular dispersion of the traje
tory afterea
h step, the slightly more 
omplex Lewis theory also 
al
ulates the lateral displa
ementdue to intermediary s
attering between the end points of the step. Both models are verydependent on the step length whi
h is one of their major drawba
ks. An alternative methodis to 
al
ulate every single s
attering pro
ess in the event, whi
h would give a 
orre
t result,but for most appli
ations this is not feasible even with modern 
omputers.In re
ent years more sophisti
ated models have been developed 
alled mixed modelswhi
h better reprodu
e experimental data [77℄. These models simulate hard 
ollisions oneby one, while treating the soft intera
tions with traditional multiple s
attering models.This gives better agreement with data while the number of operations is still kept at areasonable level. In addition the algorithm is not as dependent on the step length, makingsimulations based on mixed models more robust than the traditional models for multiples
attering.In Geant4, the model used for multiple s
attering has evolved with time followingthese developments. Figure 5.16 
ompares the results of the MuS
at experiment [76℄ withsimulations, using ELMS [78℄ and di�erent versions of Geant4.
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attering 89Sin
e Geant4 is a step based Monte Carlo, the probability for a parti
le to undergo apro
ess is dependent on the path length or time spent on a step. Multiple s
attering notonly displa
es a parti
le from its original path, but it also adds additional path length andtime due to the s
attering between the two end points, thus a�e
ting the e�e
tive prob-ability density fun
tions of others physi
al pro
esses. For this reason multiple s
atteringmust always be invoked before any other physi
al pro
ess.
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6. THE G4MICE SOFTWAREThe main software used for a multitude of tasks in MICE is the program pa
kage G4MICE[50℄. The simulation part of the software is based on Geant4 [61℄, the new standardsimulation program for high energy physi
s, whi
h is developed at CERN and written inthe C++ programming language. G4MICE has the 
apability to simulate the beamline andthe dete
tors, and is widely used by the 
ollaboration to study the general experimentaldesign as well as optimization of individual dete
tors. To a
hieve this, a 
ustom tailoredsimulation of the ele
troni
s and the dete
tor responses has been 
reated, whi
h is entirelyde
oupled from Geant4.In addition to its simulation 
apabilities, G4MICE 
ontains tools to 
al
ulate a

el-erator physi
s quantities su
h as emittan
e, and it 
ontains tra
ker, time of �ight and
alorimeter re
onstru
tion. The re
onstru
tion will be used both for simulated as well asreal data taking of the experiment. This has already su

essfully been performed dur-ing test beams at KEK, Japan, and its fun
tionality is being extended to en
ompass allMICE operational stages. The G4MICE software has been su

essful in dete
ting poten-tial problems with the experimental design and has pointed to new solutions that 
ouldbe implemented in the design before funds and manpower had been 
ommitted. It hasthus been a 
ost e�e
tive tool, and it will help with understanding the systemati
s duringexperimental operation. 6.1 Programs in G4MICEG4MICE allows the user to 
reate their own programs in a very �exible manner, by sim-ply adding the program name and path to a �le whi
h lists all appli
ations and their
orresponding dependen
ies. During 
ompilation, make�les for ea
h program are automat-i
ally generated, with the desired pa
kage dependen
ies. For this reason, it is not feasibleto list all G4MICE programs in this thesis, but only those whi
h are of interest for thegeneri
 user, or those of importan
e for the s
ope of the following 
hapters. The relevant
omponents of G4MICE are des
ribed in this se
tion.6.1.1 SimulationSimulation is the �rst and foremost appli
ation, both in the sense that it is widely usedand that many other appli
ations depend on its results. It is usually the �rst appli
ationany user will run. The appli
ation has also the unfortunate property of being the most
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Fig. 6.1: An absorber as modeled in G4MICE. Like the its real 
ounterpart, the modeled absorber
onsists of a aluminum vessel with 
orresponding poly
one windows, also of aluminum.The absorber vessel is �lled with liquid hydrogen. Outside the absorber windows areva
uum windows, whi
h are modeled in a similar way as the absorber windows. Allwindows have aluminum �anges for me
hani
al mounting. Compare with �gure 4.7.pro
essor time demanding of all G4MICE appli
ations. Simulation is based on Geant4[61℄, and the exa
t version whi
h is used depends on the release version of G4MICE.1Simulation shoots a user de�ned number of parti
les per event through the experiment.The parti
les 
an intera
t with materials and ele
tromagneti
 �elds in a full s
ale parti
lephysi
s simulation. The geometry 
an be freely 
hosen through user friendly text �leswhi
h require no programming knowledge, and all MICE steps and stages, in
luding pasttest beams, are prede�ned as 
on�gurations for easy a

ess. Sin
e every aspe
t of thebeam 
an be arbitrarily 
hosen, Simulation has been used for everything from beamlinestudies using muons to RF ba
kground studies with low energy ele
trons. The defaultvalues of every input parameter have been 
hosen su
h that they 
orrespond to normalrunning 
onditions, while still maintaining �exibility, so the user 
an, for example, swit
ho� physi
al pro
esses. 6.1.2 DigitizationDigitization is an appli
ation whi
h uses the results of Simulation (se
tion 6.1.1) to produ
ethe response of the dete
tors in the form of digits. The implementation of every su
h1 At this writing the supported Geant4 version is v4.8.1.p01, but results in this thesis used Geant4versions as far ba
k as v4.5.2.p02.
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kages 93mapping from Monte Carlo hits to digits is dependent on the dete
tor in question, butmost handle e�e
ts like noise in PMTs, 
onversion of 
harge to ADC 
ounts, et 
etera.6.1.3 Re
onstru
tionThis appli
ation uses the information from the dete
tors to re
onstru
t the event. TheRe
onstru
tion appli
ation takes data from either Monte Carlo simulation whi
h has gonethrough the Simulation-Digitization 
hain, or it works with real experimental data. TheS
iFi tra
ker re
onstru
tion uses the Kalman pa
kage for tra
k �tting and returns there
onstru
ted momenta and positions at the tra
ker referen
e planes, whi
h are lo
atedat the 
ooling 
hannel side of the spe
trometers. The time of �ight re
onstru
tion re
on-stru
ts the time of �ight between the three time of �ight dete
tors, while the 
alorimeterre
onstru
tion summarizes important information of the event, su
h as the traje
tory rangein the dete
tor, with minimal loss of information. See se
tion 9.3.4 for a des
ription of there
onstru
ted 
alorimeter event properties.6.1.4 RootEventWhen the individual dete
tors have been simulated and re
onstru
ted as outlined above,this appli
ation is used to evaluate 
ross dete
tor properties of the event and make a ROOT[79℄ tree of the information for easy analysis in intera
tive or bat
h mode. The RootEventappli
ation 
reates ROOT trees regardless of whether the full 
hain from simulation tore
onstru
tion has been performed; this is useful for debugging the Monte Carlo or in-vestigating a

elerator physi
s phenomenon when one is not interested in the response ofindividual dete
tors. The ROOT trees 
reated in this way, 
an be used for parti
le iden-ti�
ation using ROOT ma
ros. In addition they 
an be used as input to the appli
ationPidAnalysis whi
h 
al
ulates the beam emittan
e and single parti
le emittan
e as a fun
-tion of the weight assigned by the parti
le identi�
ation. The author of this thesis is the
reator and maintainer of RootEvent, and is one of two programmers of the PidAnalysisappli
ation. Later 
hapters use the results given by these appli
ations.6.2 Components and pa
kagesG4MICE is organized in an obje
t oriented ar
hite
ture where 
lasses are 
olle
ted in pa
k-ages. To as large extent as possible the pa
kages are independent both of other G4MICEpa
kages, as well as external pa
kages su
h as Geant4, ROOT, GNU S
ienti�
 Library andCLHEP. 6.2.1 Mi
eModulesThe Mi
eModules pa
kage is an interfa
e between the various other pa
kages and appli
a-tions, and a set of text �les stored in a separate area. The text �les 
ontrol the 
on�gurationof the experiment and do not require any knowledge of programming language, nor do they
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Fig. 6.2: The ar
hite
ture of G4MICE. Pa
kages 
an use other pa
kages if they are 
onne
ted,or if they 
an tra
e a 
onne
tion through other pa
kages in the dire
tion of the arrows.In
luded are the pa
kage managers, who are responsible for maintaining the 
ode andits do
umentation.need to be 
ompiled. Almost all aspe
ts of the physi
al obje
ts and the ele
tromagneti
�elds present in the experiment, are 
ontrolled this way. For easy setup of the di�erentMICE Stages and test beams, every su
h s
enario 
an be loaded as a 
on�guration. Sin
ethis pa
kage is de
oupled from Geant4, it 
an be visualized using HepRep without everrunning the Simulation appli
ation.Sin
e Mi
eModules are independent of Geant4, a 
lass 
alled Mi
eMaterials has beendeveloped whi
h 
ontains pointers to G4Material obje
ts, referen
ed by a string whi
h isthe name of the material. This allows G4MICE to a

ess all NIST database materials, aswell as any user de�ned materials whi
h are added to the Mi
eMaterials 
lass.Another useful 
lass is the Mi
eUnits, whi
h provides an interfa
e to the CLHEP systemof units de�nitions. This allows the text �les used to 
ontrol the Mi
eModules to use lineslike �Dimensions 19.0 100.0 
m�. 6.2.2 DetModelThis pa
kage is responsible for 
reating Geant4 volumes whi
h are used during the simu-lation. Most volumes are 
reated and 
ontrolled by the more user friendly Mi
eModules,however 
ertain spe
ial volumes of high 
omplexity must still be 
reated using DetModel.An example of su
h a volume is the �ber�glue�lead geometry of the preshower layer of the
alorimeter, whi
h is very ri
h in 
omplexity, and where only the �bers are a
tive volumes(sensitive dete
tors) while the rest of the volume is passive material.
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Fig. 6.3: The longitudinal 
omponent of the magneti
 �eld as a fun
tion of longitudinal posi-tion. Three di�erent transverse positions are indi
ated. This �eld map was generatedexternally by Holger Witte, Oxford, and used by G4MICE appli
ations.6.2.3 EngModelEngModel is similar to DetModel in the respe
t that is 
reating physi
al volumes for Geant4simulation, but while DetModel is intended for dete
tor 
onstru
tion, EngModel is usedto 
reate engineering obje
ts su
h as 
oils. The author is the pa
kage manager of thispa
kage. 6.2.4 SimulationThe Simulation pa
kage has dependen
ies on Geant4 libraries and is the G4MICE interfa
eto Geant4. The Simulation pa
kage implements typi
al Geant4 
lasses su
h as the stepmanager and the physi
s list in a fairly 
onventional manner, though the G4MICE Simu-lation pa
kage 
ontains a number of unique features. Due to the nature of the resear
h theauthor has performed using this software, this pa
kage is of spe
ial interest. The author isthe pa
kage manager of the Simulation pa
kage.For debugging purposes the user 
an set a swit
h whi
h 
reates a table of parti
le typesand pro
esses, and 
ounts the number of o

urren
es per event during the simulation. This
an be set to a spe
i�
 physi
al volume of the experiment, or be used globally. Anotherspe
ial feature is the possibility to read in parti
les of any spe
i�
ation using a text �le andstart them at a user de�ned position during the same event as the primary parti
le (usuallya muon). This was used extensively for the RF ba
kground simulation (see se
tion 7.3). Asimilar feature is the option to read in a previous simulation, and start the parti
les withexa
tly the same properties at the boundaries of a given dete
tor. This was also used forthe RF ba
kground simulation, sin
e the spe
trum given by the bremsstrahlung photons
reated in the absorbers was de
oupled from the dete
tor 
on�guration outside the 
ooling
hannel, allowing use of the same ba
kground spe
trum for di�erent 
on�gurations.The poli
y of the physi
s model used for the G4MICE simulations has been to prevent



96 6. The G4MICE softwarethe user from making something unphysi
al, while at the same time not wasting resour
esby simulating pro
esses whi
h are irrelevant to the experiment. For this reason, the authorhas opted for allowing all parti
les whi
h Geant4 wants to produ
e to be generated, butparti
les whi
h are of no interest to the experiment, su
h as ions and π0, 
an only undergothe following pro
esses
• ionization (if 
harged)
• de
ay (if unstable).in addition to
• transportation
• step limiter
• user spe
ial 
utswhi
h all parti
les in G4MICE are subje
t to. Should the parti
le not be 
reated, the re
oilof the primary parti
le would not ne
essarily be 
orre
t, whi
h would bias the simulation.Should the parti
le not have any means of being destroyed, it would be stu
k in an in�niteloop bringing the simulation to a halt. Sin
e neutrinos are both stable and neutral, theyare allowed to be 
reated but are expli
itly killed after their �rst step.2For parti
les of moderate interest, su
h as neutrons, 
harged pions and kaons, thedefault allowed pro
esses are
• multiple s
attering
• hadron ionization (for 
harged hadrons)
• low energy elasti
 s
attering
• low energy inelasti
 s
attering
• de
ay (if unstable)where the inelasti
 s
attering models are unique for the parti
le type and 
harge. For π−there is an additional pro
ess, 
apture at rest, whi
h the other parti
les are not subje
t to.For e− the pro
esses are
• multiple s
attering
• low energy ionization
• low energy bremsstrahlung2 This 
auses a great improvement in the simulation performan
e sin
e for every muon there are twoneutrinos produ
ed, usually in the boundary ri
h 
alorimeter volume.
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kages 97while for e+
• multiple s
attering
• ele
tron ionization
• ele
tron bremsstrahlung
• ele
tron annihilation
• annihilation to muon pair.Noti
e that the models for the ionization and bremsstrahlung are di�erent for e− and e+.That is be
ause the low energy models used for e− are not appli
able to e+, and must notbe used.For muons of both signs the 
orresponding list of pro
esses is
• multiple s
attering
• muon ionization
• muon bremsstrahlung
• muon pair produ
tion
• de
aywhere the user has the option to set the life time of the muon manually. Cru
ially for themuon de
ay ba
kground studies presented in this thesis, the muons 
an de
ay in �ight aswell as at rest. The µ− has an additional pro
ess, 
apture at rest.Photons are the only bosons whi
h are simulated in G4MICE, and their physi
s listis therefore somewhat di�erent from the fermions. In addition to the 
ommon pro
esses(transportation et
), photons are subje
t to
• low energy photoele
tri
 e�e
t
• low energy Compton s
attering
• low energy gamma 
onversion
• low energy Rayleigh s
attering.For all pro
esses listed above, the low energy models use the low energy pa
kage withasso
iated experimental data in
luded as an add-on to Geant4.



98 6. The G4MICE softwareEnergy lossTo 
ross 
he
k G4MICE results, an extrapolation from simulations with the ELMS [78℄program was performed. The ELMS program generates a database of energy loss andmomentum transfer for thin absorbers using modern data on photoabsorption spe
tra ofmole
ular and atomi
 hydrogen. In a se
ond step, ELMS gives the energy loss for �niteabsorbers. In Allison [78℄ energy loss over density is reported as
〈

dE

ρdx

〉

= 4.64 MeV g−1cm2 (6.1)with and RMS of
R

(

dE

ρdx

)

= 0.65 MeV g−1cm2 (6.2)after 10 
m of liquid hydrogen for 180 MeV/
 muons.With ρ = 0.0708 g cm−3 this 
an be expressed as
〈

dE

dx

〉

= 3.285 MeV cm−1 (6.3)
R

(

dE

dx

)

= 0.4602 MeV cm−1. (6.4)Assuming a Poisson distribution for the number of intera
tions and a 
onstant energyloss per intera
tion, it is possible to extrapolate to 35 
m of material. Using the Poisson
hara
teristi
 that the mean is equal to the varian
e, the RMS of the number of intera
tionsis the square root of the mean number of intera
tions. We make the Ansatz
an = k1 (6.5)
a
√
n = k2 (6.6)where k1 and k2 are the ELMS values, a is the energy loss per intera
tion and n is themean number of intera
tions per de
imeter. Solving the set of equations gives

a = 0.09106 MeV (6.7)
n = 50.96 dm−1 (6.8)whi
h was used to extrapolate to the MICE situation by multiplying n by 3.5. For oneMICE absorber, negle
ting windows, the mean energy loss is thus

< ∆E >= 11.50 MeV (6.9)with an RMS of
R(∆E) = 0.86 MeV. (6.10)
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kages 99Tab. 6.1: Energy loss of a pen
il beam. Energy di�eren
es as 200 MeV/
 muons traverse the
ooling 
hannel on axis.After lo
ation ∆E[MeV ]

1st va
uum window -0.1±0.153
1st absorber window -0.2±0.188
1st absorber -11.3±1.045
1st RF lina
 -1.3±1.118all 
ooling 
hannel -13.4±1.983
2nd tra
ker -15.7±2.052The results above should be 
ompared with G4MICE results. Close to 2000 mono
hro-mati
 muons at pz = 200 MeV/
 and pt = 0 starting on the z-axis where �red onto theupstream absorber. Only muons hitting the TOF2 referen
e plane where used for theanalysis. Table 6.1 gives the energy loss as the parti
les go through the 
ooling se
tion.Note that both the mean and the RMS after one absorber are similar to the result ofthe previous se
tion, although the windows were not in
luded in the extrapolation fromthe ELMS result. However, sin
e the energy loss for a �xed initial energy is distributeda

ording to a Landau distribution, the energy loss spe
trum has a long tail toward highloss, and the RMS is not a good quantity for 
omparing the two distributions.The Landau nature of the energy loss is also a problem sin
e there is no su
h thing asa mean value of a Landau distribution, unless one imposes a 
ut�o� somewhere. In realitythe energy loss 
annot ex
eed the initial kineti
 energy, but this property of ionizationmakes the average energy loss in an absorber ill de�ned and hard to predi
t a

urately.Sin
e the phases of the MICE RF 
avities are set to restore the average energy loss of amuon going through an absorber, the problem with the Landau distribution extends tothe phasing of the 
avities. For the 
avity phasing, it might be more useful to use otherquantities of the distribution, su
h as the mode, median or trun
ated mean, whi
h arede�ned for Landau distributions. 6.2.5 DetRespThe DetResp pa
kage simulates the ele
troni
s response of the MICE dete
tors. It is usedby the Digitization appli
ation (see se
tion 6.1.2) and 
reates digits from the Monte Carlodata given by Simulation. It is fully independent of Geant4. Se
tion 6.3 
ontains detailedexamples of the implementation of the DetResp pa
kage and the Digitization appli
ation.6.2.6 Re
onThe Re
on pa
kage 
ontains 
lasses used for event re
onstru
tion on a dete
tor basis usingthe Re
onstru
tion program (se
tion 6.1.3).
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kage 
ontains tools for emittan
e 
al
ulations and other beam related analysistopi
s. It 
an read in Virtual Planes, Spe
ial Virtual Planes, re
onstru
ted tra
ks andRootEvent (se
tion 6.1.4) TTrees [79℄.6.2.8 Con�gThe Con�g pa
kage 
ontains the setup of geometry materials and physi
al data. It handlesthe information in the Mi
eModules (se
tion 6.2.1), and 
ontains the �ts presented in
hapter 9 used in the parti
le identi�
ation analysis.6.2.9 CalibThe Calib pa
kage is similar to the Con�g pa
kage, but handles dete
tor 
alibration datain
luding pedestals, ele
troni
s noise and dead 
hannels.6.2.10 Opti
sThe Opti
s pa
kage 
ontains tools for 
al
ulating betatron fun
tions, periodi
 latti
es et
.For the results presented in this thesis, it was only used to generate mat
hed beams givenan external �eld map. 6.2.11 BeamToolsBeamTools 
ontains tools for implementing 
ooling 
hannel elements (
oils, 
avities, ab-sorbers). This is a Fermilab pa
kage that has been modi�ed for use in G4MICE.6.2.12 Interfa
eThe Interfa
e pa
kage 
ontains 
lasses used for input and output of information to 
om-pressed text �les. It also 
ontains 
lasses whi
h are used for persisten
y purposes, su
has EmCalDigit whi
h is 
reated by Digitization and 
an be read in by any subsequentappli
ation, for example Re
onstru
tion.6.3 Example of implementationsIn this se
tion some of the various implementations that the author has 
reated in G4MICEare presented. For des
riptions of the problems studied using the 
ode presented here, see
hapter 7.



6.3. Example of implementations 1016.3.1 Implementation of the TPGA detailed simulation of the TPG tra
kers was programmed and performed by the authorin order to investigate the momentum resolution of the dete
tor and its sensitivity to RFindu
ed ba
kground (see se
tion 7.3). Sin
e then G4MICE has undergone many iterationsand as the TPG 
ode 
ould not be updated due to la
k of manpower, it was removedfrom the CVS repository. It is still possible for the interested user to retrieve an olderversion of G4MICE with the TPG fully fun
tional. Sin
e the TPG tra
ker shows betterperforman
e than its S
iFi 
ounterpart, this might be of interest for future studies of apossible upgrade of MICE. This se
tion presents the 
ode as it is when it was still part ofthe o�
ial G4MICE distribution, and does not ne
essarily re�e
t the status of G4MICEtoday. Dete
tor 
onstru
tionThe TPG tra
king dete
tor is modeled in G4MICE by using a series of geometri
al obje
tsand materials. First there is a 
ylindri
al mother volume whi
h 
ontains air. Its solepurpose is to be a 
ontainer of all obje
ts stored inside the TPG. One of the obje
ts is akapton tube, whi
h �lls the mother volume radially and along the beam line. Inside thekapton tube are two 
ylinder shaped gas volumes; one of them is the a
tive gas volume,and the other is the gas on the high voltage (HV) side of the dete
tor.The HV gas volume is by default �lled with helium at atmospheri
 pressure, while thedefault for the a
tive gas is 10% 
arbon dioxide and 90% helium at 1 atmosphere. Theonly obje
t whi
h is (logi
ally) pla
ed inside the HV gas is a thin disk of kapton whi
hseparates the two gas volumes. The gas mixtures 
an be de�ned by the user and supportexist for using helium and air as 
omponents of the HV gas, while He, Ne, CH4, C4H10 andCO2 are available for the a
tive region.Inside the a
tive gas volume there are three GEMs, the hexaboard support disk, thehexaboard readout, the sensitive dete
tors and the high voltage plane. The hexaboardsupport disk is made out of kapton, whereas the hexaboard readout is a modeled as a
opper disk. The three GEMs are kapton disks 
oated on both fa
es with thin layers of
opper. The model does not 
ontain the holes whi
h are present in the real GEMs. TheHV plane is modeled as a 
opper 
oated kapton disk.The sensitive dete
tors are modeled as a number of sli
es of the same gas as the gasvolume they are pla
ed in, but they do not �ll up the gas volume radially all the way tothe inside of the surrounding kapton 
ylinder. Their purpose is to supply the simulationwith information on the parti
les traversing this region of interest.SimulationThe 
lass that holds the physi
al and logi
al volumes of the TPG is 
alled TpgTra
ker.The 
lass TpgSensitiveDete
tor inherits from G4VSensitiveDete
tor, and is therefore asensitive dete
tor 
lass with some spe
ial 
ode for the TPG. This 
lass is responsible for
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olle
ting information of the parti
le tra
k. A 
lass 
alled TpgHit is a 
ontainer for thetra
k information that will be written to the output �le.The number of sensitive dete
tors, or gas sli
es as they also are 
alled, 
an be set usingan input parameter to G4MICE. The 
luster assignment pre
ision (page 102) in
reases withthe number of sli
es, but so does the time needed to run both Simulation and Digitization.By default the a
tive gas volume is divided in 600 sli
es, and it is not re
ommended to usefewer sli
es than three or four times the number of samplings for one muon tra
k.DigitizationCreating hits Event.

 is a 
lass shared by all dete
tors in G4MICE. It 
reates an emptyTpgEvent as a member of Event. Thereafter, Event.

 �lls the TpgEvent with a ve
torof TpgMCHits whi
h 
ontains the hit information stored in the output �le of Simula-tion. The 
reation of TpgMCHits belonging to a TpgEvent is performed in the methodTpgEvent::newHits, 
alled from Event.Creating 
lusters of ele
trons Immediately after the 
reation of hits, the method 
re-ateClusters of the hit is 
alled. This method 
reates a number of 
lusters of ele
trons,asso
iated with the hit, depending on whether the hit generating parti
le is a µ+ or an-other 
harged parti
le. If the hit generating parti
le is a positive muon, a random Poissondistributed number of 
lusters are 
reated, using the mean as an input parameter. The de-fault value of this mean is given by Gar�eld [80℄ simulations. If the hit generating parti
leis not a positive muon, the number of 
lusters 
reated is derived from the simulated energyloss in that hit divided by the average energy needed to 
reate an ionization ele
tron. Theele
tron 
lusters are stored in a ve
tor of pointers, belonging to the hit whi
h 
reated the
luster.Next Event 
alls the method Pro
ess in its TpgEvent. The end result of this methodis that all digits have been 
reated and have rea
hed a status that is ready to be writtento the output �le. This is a

omplished by utilizing many intermediate methods andobje
ts whi
h are 
alled on or 
reated from within the s
ope of Pro
ess. The �rst of theseintermediate pro
edures is to put all 
lusters in their 
orre
t spatial positions. This isperformed by taking the hit position and approximating a straight tra
k from that pointin a dire
tion parallel to the momentum ve
tor of the hit. The 
luster is positioned adistan
e equal to a random number (�at distribution) multiplied by the step length of thehit generating parti
le at this parti
ular step. Hen
e, if the step length is too long theapproximated tra
k will be unrealisti
. A step length in the same order of magnitude asthe pit
h of strips on the hexaboard is re
ommended (∼ 1 mm). The same method also setsthe time of the 
luster equal to the time of the hit. This should not make any di�eren
ein performan
e sin
e the ionizing parti
le is very fast 
ompared to the drift velo
ity.Creating drift ele
trons In order to �ll the ele
tron 
luster with drift ele
trons the method
reateEle
trons is 
alled for every 
luster. This 
reates new TpgDriftEle
tron obje
ts a
-
ording to two di�erent models.



6.3. Example of implementations 103For positive muons support exists for using a spe
ial input �le for the distribution ofthe number of drift ele
trons per 
luster. By default this is a �le generated using Gar�eld[80℄, but if no �le is found or the user 
hooses not to use the input �le, a probabilitydensity fun
tion with 1/n2 behavior is used. For other ionizing parti
les, only one ele
tronis assigned to the 
luster. This is due to the way the number of 
lusters was 
reated.On
e the drift ele
trons of a 
luster have been 
reated, the ele
trons are drifted towardthe readout system. This is done by 
alling driftToGEM in TpgDriftEle
tron from themethod driftEle
trons for ea
h 
luster. The method driftToGEM �rst 
al
ulates the dis-tan
e the parti
le has to drift (in the dire
tion parallel to the beam axis). This distan
eis 
omputed by taking the number of the sensitive dete
tor whi
h spawned the hit in thesimulation, and multiplying that with the length along the beam axis one su
h gas sli
e
orresponds to. This is then 
orre
ted by adding the di�eren
e in positions of the 
lusterand its 
orresponding hit. This pro
edure takes the orientation (up- or downstream of the
ooling 
hannel) of the TPG into a

ount.The drift distan
e is used to 
al
ulate the transverse and longitudinal drift a

ordingto equation 6.11.
σDrifted
⊥ = σ⊥

√

zdrift/cm (6.11)Here σ⊥ is given as an input parameter, with the default given by Gar�eld [80℄ after 100 
mdrift. The formula for the longitudinal drift is identi
al to (6.11). The standard deviationas 
omputed by (6.11) is used to position the drift ele
trons on the readout, in terms and
x and y. The longitudinal di�usion is in a similar way used to set the time of arrival atthe readout in global time, and it uses the drift velo
ity of the TPG gas as a parameterto do this. Both di�usion e�e
ts assume that the distributions are Gaussian, with meansdepending on the 
luster time and position.Creating digits After the drift ele
trons have arrived at the GEMs, the method 
reateDig-its of the TpgDriftEle
tron 
lass is 
alled. First this method 
al
ulates a region of intereston the hexaboard. This is de�ned as all hexaboard strips that are within a radius equal to
5σDrifted

T , the drift spread as de�ned in (6.11). This 
ut is rounded upward to the nearestinteger number of strips. For every strip in the three layers that are inside the region ofthe �ve sigma 
ut of a parti
ular drift ele
tron, a TpgDigit is 
reated. The method Pro
essin TpgDigit 
al
ulates how many ele
trons end up on the strip after ampli�
ation in theGEMs. The additional transverse spread due to the GEMs is assumed to be Gaussian, sothe 
harge distribution of ampli�ed ele
trons is given by in
omplete gamma fun
tions:
P (x1 < X < x2) =

1

2

(

1 + erf

(

x2 −X√
2σ

))

− 1

2

(

1 + erf

(

x1 −X√
2σ

)) (6.12)where X is the position of the drifted ele
tron and x1 and x2 are the boundaries of thestrips' e�e
tive region. It is assumed that these boundaries are exa
tly between the stripson the hexaboard, so there is no "dead" spa
e between strips. Equation (6.12) is for aone dimensional distribution, but sin
e the di�erent layers are rotated with 120 degrees
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t to ea
h other, they are 
onsidered as independent proje
tions. In order to getthe number of ele
trons that arrive at a hexaboard strip, the probability is multiplied bythe GEM ampli�
ation fa
tor, whi
h in turn is a Gaussian with a �xed mean. These twoparameters 
an both be user spe
i�ed in the dataCards.Dead strips The user 
an spe
ify that a 
ertain fra
tion of strips on the hexaboard shallbe dead, meaning that they never return any signal. If this fra
tion is set to non-zero,a 
orresponding number of random strips will be 
onsidered dead and they are writtento a �le. This allows Re
onstru
tion to use the same map of dead strips as Digitization.The user 
an also write su
h an input �le by hand using the real 
hara
teristi
s of thehexaboard. The dead strip map only supports binary quality, i.e., good�bad.Ele
troni
s response So far the digits have all information of the strips, layers et
, aswell as the number of ele
trons that hit it. The next step is to take into a

ount howthe signal shape of a 
harge deposited on a read out strip behaves. To get the signal, thedrift ele
tron 
lass 
alls TpgDigit::Get1eAmplitude together with the o�set in samplingnumbers as a parameter. This o�set is de�ned as zero for the �rst sampling after the driftele
tron arrived at the strip, and every 
onsequent sampling in
rements this number by 1.The global time of arrival at the hexaboard is then used to 
ompute the time elapsed sin
esampling number n, whi
h is here 
alled t. Unless t < 0, the amplitude is given as
a = N

(

t

τ

)2

exp

(

− t

τ

) (6.13)where N is a normalizing 
onstant between 
harge and ADC 
ounts and τ is the ele
troni
sde
ay time. Both are given as input parameters. After this amplitude has been 
omputed,random noise is added to the �nal amplitude. The noise level 
an be spe
i�ed by the userin units of ADC 
ounts.In order to speed up this pro
ess of 
reating a set of digits that span time, a 
ut atone tenth of the threshold has been introdu
ed. This means that unless the signal shapehas an amplitude of at least the threshold divided by ten, or that the signal is in
reasing,the algorithm 
onsiders this signal �nished/uninteresting, and looks at next strip instead.The reason why we do not simply take the threshold immediately is that several smallermagnitude digits 
an 
ombine, and the sum of the individual amplitudes 
an rea
h thethreshold. The downside of this is that it prevents a 
ompletely empty strip, or a stripwith very low 
harge, to give a signal above threshold due to a pure ele
troni
 noise e�e
t.Combining the digits Next TpgEvent 
ombines the digits o

upying the same strip in thesame sampling slot. This is performed in the method 
ombineDigits. It uses a templatedhelper 
lass 
alled C4DVe
tor whi
h resides in the header �le. The C4DVe
tor obje
t stores



6.3. Example of implementations 105pointers to TpgDigits and the indexes of the obje
t 
orrespond to the positional identi�ersof the digits (strip number, layer number, dete
tor number and sampling number).3The 
ombination of two digits is performed by �rst looking if its 
orresponding elementof the C4DVe
tor obje
t is a null pointer, in whi
h 
ase the pointer to the digit is assignedthat element. In 
ase the element already 
ontains a pointer to another digit the methodmergeWithOther of TpgDigit is 
alled. This ensures that the amplitudes of the two digitsare summed up, and that their asso
iated drift ele
tron is added to the list of drift ele
tronswhi
h spawned the digit. One of the two digits is hen
e not used any longer and is
onsequently deleted from memory, and the set of digits in this event is updated to re�e
tthe 
hanges. On
e this has been done for all digits belonging to the event, every strip at agiven sampling 
ontains none or one digit. This redu
es the amount of memory 
onsumed
onsiderably.Che
king against threshold The very last method 
all from the Pro
ess method of Tpg-Event is 
he
kAgainstThreshold. This method goes through all digits in the event, and ifit �nds a digit with an amplitude whi
h does not rea
h the threshold, the digit is deletedand the ve
tor of digits is updated.Printing digitization output Inside the method Print, Event fet
hes all digits from theTpgEvent and 
alls the WriteDigit method for ea
h of them. This method is inheritedfrom the TpgHitBank whi
h handles all input and output.The 
luster and hit information only refer to one obje
t respe
tively, whereas in thedigitization a digit may have several hits and 
lusters asso
iated to it. In the presentversion of G4MICE this has been solved by persisten
y, and should one 
hoose to rerunthe TPG simulation with the present G4MICE release, one of the �rst things to do wouldbe to 
hange the TPG output from text �le to persistent 
lasses. There is also an optionavailable to write the output to a spe
ial output �le used by the HARP re
onstru
tionframework. Re
onstru
tionThe tra
k re
onstru
tion was developed and its performan
e evaluated by Olena Voloshynat Geneva University. The goal of the re
onstru
tion is to extra
t the physi
al information
ontained in the strip signals, to build a 
omplete three dimensional pi
ture of the event,and re
onstru
t the transverse and longitudinal momentum of the tra
k.The re
onstru
tion of the TPG events 
onsists of three steps:1. Cluster re
onstru
tion: digitized hits with neighboring strip numbers at the samesampling are grouped into 
lusters.3 This avoids using a nested loop whi
h would typi
ally take three orders of magnitude more 
omputingtime to step through.
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e point de�nition: spa
e points are re
onstru
ted as a 
rossing of three asso
iated
lusters from di�erent layers.3. Tra
k �tting: tra
k parameters and momentum of the parti
le are re
onstru
ted.The 
enter position of the 
luster is obtained using a weighted average,
nw =

∑

i niai
∑

i ai
(6.14)where ai is the ADC amplitude, and ni is the strip number, of digit i.The strip 
rossings of 
lusters in 
ombinations of two of the proje
tions are used toform two dimensional spatial points. The 
lusters in the third proje
tion are added toform a triplet, whi
h ex
ludes fake spa
e points where the χ2 is larger than a threshold.The longitudinal 
oordinate, z, of the spa
e point is re
onstru
ted using

z = ts(ns − 0.5)v (6.15)where ts is the sampling period, ns is the sampling number and v is the drift velo
ity inthe gas.The tra
k �tting starts by extrapolating a straight line from the �rst two neighboringspa
e points. A window in the transverse plane de�nes the area where 
andidate tra
kmembers 
an be found, and if no suitable spa
e point is found in the window the sear
hpro
eeds to the next sampling number, thus leaving a hole in the tra
k. A 
harged parti
lemoving parallel with a homogeneous magneti
 �eld forms a helix. The tra
k �t �rst �ts thehelix proje
ted on the transverse plane as a 
ir
le, then a �t in the xy − z plane gives thedip angle of the tra
k. The tra
k radius given by the �rst of these two �ts is proportional tothe transverse momentum, while the longitudinal momentum is extra
ted from the se
ond�t. Performan
eUsing the methods des
ribed above, the TPG was evaluated using
• helium based gas mixture, 100 
m drift length
• neon based gas mixture, 100 
m drift length
• neon based gas mixture, 18 
m drift lengthwhere the sampling period for the helium option was 500 ns. The neon based gas optionused di�erent ele
troni
s with a sampling period of 100 ns. The resulting resolutions aresummarized in table 6.2. Sin
e the tra
k �tting prin
iple is the same as for the S
iFitra
ker, σpt

is expe
ted to be independent of the momentum, while σpz
should diverge forstraight tra
ks (small pt). No su
h study has been performed for the TPG, however, (9.8)is likely also valid for the TPG4.4 Values quoted in table 6.2 agrees well with this statement.



6.3. Example of implementations 107Tab. 6.2: The resolutions of the TPG tra
ker [66℄. The values are for a 200 MeV/
, 6π mmemittan
e beam.long HeCO2 TPG short NeCO2 TPG long NeCO2 TPG
σx [mm℄ 3.82 0.41 0.31
σy [mm℄ 3.74 0.40 0.30
σpt

[MeV/
℄ 3.59 0.53 0.37
σpz

[MeV/
℄ 12.89 1.63 1.27These results are superior to the resolutions obtained by the S
iFi tra
ker [81℄, and evenbetter results were obtained with a prototype using radioa
tive sour
es [67℄. Unfortunatelythe performan
e has never been evaluated in the presen
e of event pile up, nor in thepresen
e of RF indu
ed ba
kground. T2K TPCAlthough the TPG was not built for MICE, the lessons learned during the R&D of thedevi
e has been to a great help for the design of the T2K near dete
tor TPC. See se
tion3.3.2. The TPC used in ND280 is based on argon as a primary gas instead of neon. Themain reason for this 
hoi
e was lower 
ost, and the reasonable number of primary ionizationele
trons per tra
k length. The simulation of the T2K TPC is similar to the simulationsperformed for the TPG, however the T2K TPC does not rely on ele
tron produ
tion tablesgiven by Gar�eld [80℄, but is 
al
ulated by the simple formula
ne =

∆E

WI
(6.16)where ∆E is the energy loss and WI is 26 eV [82℄. Another simpli�
ation 
ompared to theTPG simulations is that the drift velo
ity is assumed to be 
onstant at 6.5 
m/µs5 with nospread. The T2K TPC will operate at lower drift �eld voltage, 200 V/
m, whi
h togetherwith the lower magneti
 �eld strength and di�erent gas will give the di�usion parameters[82℄

{

σT2K
⊥ = 240 µm
σT2K
‖ = 290 µm

(6.17)for use in (6.11). The 
orresponding values for MICE TPG at four tesla are shown intable 4.1 and sin
e the drift lengths are 
omparable for the long neon based TPG andthe T2K TPC, one should expe
t the latter to show a slightly worse resolution than theresults for the neon based gas mixture with the long drift length presented in table 6.2.However the parti
le momentum and magneti
 �eld strengths are di�erent between thetwo experiments. Results using the full ND280 re
onstru
tion software have not yet beenpublished.5 The TPG helium gas mixture has a drift velo
ity of 1.68 
m/µs, while the neon based mixture was3 
m/µs [66℄.



108 6. The G4MICE software6.3.2 Implementation of the 
alorimeterThe simulation of 
alorimeter is vital for the studies presented in this thesis, and the 
hoi
eof geometry is presented and motivated in 
hapter 8 and 10. The analysis is dependent onthe simulation results and is presented in 
hapter 9.Dete
tor 
onstru
tion and SimulationThe 
alorimeter is 
onstru
ted using MICEModules (se
tion 6.2.1), 
on�gured by 
onven-tional text �les. The �spaghetti layers� (the preshower layer in 
ase of a Sandwi
h design,or all four layers in 
ase of a KLOE light design) 
ontain a 
ompli
ated geometry of s
in-tillating �bers, glue and grooved lead foils. Due to this 
omplexity, the lead is 
reated asstandard MICEModules, and the glue and �bers use the property string G4Dete
tor andmodeled as G4AssemblyVolume's6 pla
ed in the DetModel area of G4MICE.The �bers and plasti
 bars are made sensitive, using the same sensitive dete
tor im-plementation EmCalSD. On
e the 
hoi
e of material, shape and ele
troni
s have been�nalized, it would be wise to separate the di�erent a
tive regions by individual sensitivedete
tor models.If a parti
le loses energy in a sensitive volume, the energy loss is re
orded togetherwith other hit information, su
h as volume number, position and time, tra
k number andparti
le identi�
ation number. This information is used to digitize the data, and to 
ross
he
k the re
onstru
tion and parti
le identi�
ation performan
e.DigitizationThe purpose of digitization is to simulate the dete
tor response. It relies on Monte Carlohits as input, stored as EmCalHits. Later, the digits generated by Digitization are usedfor event re
onstru
tion and pattern re
ognition.The hits in the 
alorimeter are 
onverted into digits 
ontaining ADC and TDC infor-mation. The average energy required to produ
e a s
intillation photon is assumed to be125 eV. This value is used together with the energy deposited in the hit to pull a Poissondistributed number of s
intillation photons out of the hat. However, only 3.1% of thephotons are 
aptured in a �ber. This value for the light 
olle
tion 
omes from a datasheetfor the �bers. The same value was used for larger s
intillator slabs, whi
h should be belooked at more 
arefully in the next iteration of this study.The photons are attenuated by an experimental formula from the KLOE 
ollaboration;
a = 0.655e−

l
2400 + 0.345e−

l
200 . (6.18)where l is the distan
e in millimeters. Also here, the attenuation of the �bers and slabsare treated alike.6 The 
alorimeter would probably 
onsume less memory should the volumes instead use parameterizedvolumes, but the �nal simulation result would still be the same.
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ien
y is assumed to be 85%, and the quantum e�
ien
y 18%. Thenumber of ele
trons this results in is ampli�ed by a Gaussian fa
tor 106 with a standarddeviation of 1000. The 
harge as a fun
tion of time is given by
q(t) =

(

t

τ

)2

e−
t
τ neqe (6.19)where τ is 8 ns, ne is number of ele
trons after ampli�
ation, and qe is the ele
tron 
harge
onstant. For ADC 
ounts, this value is integrated using in
omplete gamma fun
tions(9.22), while for TDC 
ounts the value is given by the equation dire
tly. The integrationlimit is given by a 100 ns gate, whi
h is opened by a trigger. For all results presented inthis thesis, the trigger was de�ned as a hit in TOF2, apart from the Stage 1 simulationswhi
h does not have a TOF2 dete
tor. One ADC 
ount 
orresponds to 0.25 pC, whi
h isalso the threshold for the TDC. A digit not rea
hing at least 2 ADC 
ounts will be reje
ted.The TDC is assumed to have 12 bits, and one 
hannel is 25 ps.The number of ADC 
ounts for a given PMT is written to �le together with a ve
tor ofTDC information, where every entry 
ontains the 
hannel when the signal �rst went overthreshold and for how long it stayed over threshold. A TDC signal spanning to the end ofthe 12 bits is trun
ated. Te
hni
al details of DigitizationThe digitization of the 
alorimeter hits is started by a 
all from Event in the Appli
a-tions/Digitization folder. For every event, it 
alls the EmCalDigitisation::Pro
ess method.It is from this method that the 
alorimeter digitization is managed.Pro
ess 
reates one digit per side (PMT) of a 
ell for every hit in the event. A digit
orresponds to one PMT, and by default every 
ell is read out at two ends, thus every hit
reates a pair of digits. The program thus 
alls the 
onstru
tor of the EmCalDigit, whi
hadds the hit whi
h 
aused the 
reation of the digit, to the list of hit mothers. Sin
e thislist is initially empty, the added hit will, at this stage, be the only element in the list.Next the 
onstru
tor of the digit 
alls GetDistan
eToReadout, whi
h returns the dis-tan
e between the hit and the readout. The distan
e is used to 
all Cal
TimeAfterTrigger,whi
h returns the arrival time of photons with respe
t to the time of the trigger. Thephotons are assumed to travel at a �xed velo
ity; smearing 
ould be applied if a higherlevel of detail would be desired.After this, the 
onstru
tor 
alls Cal
ulatePEAtPMT to get the number of photoele
-trons at the readout. This method returns the number of photoele
trons (unampli�ed)at the PMT. It takes energy deposition, light 
olle
tion e�
ien
y, attenuation, light guidee�
ien
y and quantum e�
ien
y into a

ount. The photoele
trons are then ampli�ed witha Gaussian smeared fa
tor, whose mean and varian
e are given by the PMT 
hara
teristi
s.The arrival time and number of ele
trons at readout are added to a 
lass member ve
tor,if a) there are ele
trons in the PMT



110 6. The G4MICE softwareb) the signal starts during or before sampling.Digits not ful�lling these requirements will be removed by the same 
ode that 
reated it.If the digit survived this 
he
k, it is assigned to the hit by EmCalHit::AssignDigit. Thatis the end of the digit 
onstru
tor, whi
h takes the program ba
k to the Pro
ess methodof EmCalDigitization, where digits whi
h are out of the time s
ope are removed.The CombineDigits method is 
alled, in order to merge digits whi
h belong to thesame PMT. In 
ase two digits belong to the same PMT in the same time window, EmCal-Digit::MergeWithOther is 
alled. MergeWithOther adds the hit mothers of the digit to beremoved, to the hit mothers of the digit that will remain. In the end, the method deletesthe digit it took as argument. The end result of this method is that for a given timewindow, every digit 
orresponds to a unique PMT. Typi
ally there is no longer a 1 to 2relation between hits and digits, but rather every digit is asso
iated with many hits, sin
ethere is more than one energy depositing hit per 
ell.The program is now ready to 
al
ulate how the 
harge of a 
hannel 
hanges over time.This is performed by a 
all from Pro
ess to EmCalDigit::Cal
ulateAmplitudes, whi
h 
re-ates an ADC amplitude and a ve
tor of TDC information. In order to do so, it uses atemporary ve
tor to store amplitudes, in a toy Flash ADC style, where ea
h bin is the sizeof the TDC binning. The 
ontribution from multiple hits is summed up, so the ve
tor isequivalent to amplitude as a fun
tion of time. For this TDC information, and possibly laterFlash ADC implementation, the amplitude in a bin is 
al
ulated in the private methodCal
FlashCharge. This method returns the unintegrated amplitude at a given time, for agiven number of ampli�ed ele
trons, a

ording to (6.19). In the 
ase of ADC 
ounts, theamplitude is proportional to the integrated 
harge, and this 
al
ulation is performed inthe private method Cal
IntegratedCharge. That method returns the integrated amplitudeat a given time for a given number of ampli�ed ele
trons, a time window, and a fun
tionparameter whi
h gives the signal width. To perform the integration it uses in
ompletegamma fun
tions (9.22) from GSL, GNU S
ienti�
 Library.By this stage, all digits are asso
iated with an amplitude in ADC 
ounts. The Pro
essmethod now 
alls Che
kAgainstThreshold, whi
h removes low level digits against a userde�ned threshold. The digitization is 
ompleted after all surviving digits are added ba
kto the same MICEEvent from whi
h the EmCalHits was read.Re
onstru
tionThe re
onstru
tion of the 
alorimeter assumes that the event 
ontains only one primaryparti
le tra
k, whi
h is modeled in the interfa
e 
lass EmCalTra
k. Should e�e
ts of eventpileup be studied, this assumption would hen
e no longer hold.The 
alorimeter re
onstru
tion interprets the set of digits as observables in the 
alorime-ter su
h as to energy loss, range et
. This often involves a parameterization given by a�t, whi
h is stored in the Con�g 
lass PidFits, thus methods in PidFits are often 
alledduring the re
onstru
tion. The parti
le identi�
ation variables, presented in se
tion 9.3,whi
h depend only on 
alorimeter information are re
onstru
ted and written to output �les
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tor parti
le identi�
ation variables are re
onstru
tedduring the global re
onstru
tion. The global re
onstru
tion appli
ation does not yet exists,but the appli
ation RootEvent (presented in se
tion 6.1.4) �lls its purpose until an o�
ialappli
ation has been 
ompleted.A 
omment about persisten
yAn EmCalHit 
orresponds to an energy depositing hit in a sensitive volume, su
h as a�ber. An EmCalDigit 
orresponds to one photo multiplier tube. Sin
e there are twoPMTs 
onne
ted to every 
ell, there 
an never be more than twi
e as many EmCalDigitsas EmCalHits. Sin
e there 
an be more than one hit per 
ell, one digit is often 
reated bymore than one hit. Also, sin
e there is a threshold for when a digit is kept, there 
an beplenty of hits and no digits. Hen
e, there is no lower limit to how many digits per hits one
an have.Sin
e there is no simple 1 to 1 relation between hits and digits, every hit keeps tra
k ofa list of digits it has parti
ipated in 
reating. Similarly every digit remembers whi
h hitstook part in its 
reation. In 
ase a digit is removed for one reason or another, that digit isunassigned from all hits asso
iated with it.Sin
e a digit is asso
iated to a parti
ular PMT, whi
h in turn is asso
iated to a parti
ular
ell, layer et
, one should ask one of the asso
iated hits for its 
ell number or equivalent ifthat information is desired. Sin
e a digit has always at least one hit asso
iated to it, andall hits asso
iated to a parti
ular digit have identi
al 
ell parameters, it is best to ask the�rst hit in the list of hits for this kind of information.
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7. BACKGROUNDS AND THEIR SIMULATIONThere are a number of experimental 
hallenges fa
ing the Muon Ionization Cooling Ex-periment, and some of the hardest to 
ope with are ba
kgrounds the in form of beam
ontamination. The reasons for the 
ontaminations vary, but the main 
ontributors tothe impurities are intrinsi
 
ontamination, whi
h is a remnant of the parti
le produ
tion,muon de
ay ba
kground, whi
h 
annot be avoided at these low velo
ities, and RF indu
edba
kground, whi
h 
auses massive exposure to X-rays for the dete
tors.7.1 Pion 
ontaminationSimulations using G4BeamLine [62℄ and TURTLE [63℄ have shown that the beamline
on�guration MICE will use will produ
e a rather pure muon beam. However due tothe similar masses of muons and pions, some pions whi
h have not de
ayed in the de
aysolenoid will survive the momentum sele
tion in the bend and thus remain in the beam asit enters the straight se
tion of the experiment. There are 
ontributions from protons andele
trons as well, but their transmission rate through the 
ooling 
hannel is very small, andany remaining parti
les at the downstream end of the experiment 
an easily be reje
tedusing the downstream parti
le identi�
ation analysis.Sin
e pions are hadrons, the energy loss in the absorbers does not mat
h the energy lossof muons, and pion 
ooling performan
e will hen
e di�er from muons. Some of the pionswill de
ay in the 
ooling 
hannel whi
h is even worse, sin
e the upstream dete
tors willmeasure the amplitude of a pion, and the downstream dete
tors will measure the emittan
eof a muon with an in
reased single parti
le emittan
e due to the de
ay pro
ess. In this
ase the downstream parti
le identi�
ation will 
orre
tly identify the parti
le as a muon,but it is insensitive to the pion de
ay pro
ess that has produ
ed the event.Upstream parti
le identi�
ation is a
hieved by the time of �ight measurement betweenTOF0 to TOF1 (se
tion 4.2.3), and a dedi
ated �erenkov dete
tor, CKOV1 (se
tion 4.2.4).The time of �ight 
an be 
ompared with the measured momentum in the upstream spe
-trometer, and is hen
e a measurement of the parti
le mass. This pro
edure shows goodperforman
e, but due to the presen
e of a lead di�user and the TOF1 material, there is anadditional un
ertainty on the momentum measurement in the upstream region. Further-more as the beam momentum in
reases, the separation in time of �ight between pions andmuons approa
hes the dete
tor resolution, and the performan
e of this parti
le identi�
a-tion pro
edure de
reases as a result. The double aerogel �erenkov dete
tor will 
ompensatefor these short 
omings sin
e it shows an ex
ellent pion to muon separation 
apability inthe high momentum region.
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kgrounds and their simulationTab. 7.1: The ratio of parti
le types in the beam at the target and TOF1 respe
tively, using theSept�04 beamline design [58℄.Parti
le Target TOF1
p+ 51% 0.4%
π+ 4.6% 0.4%
µ+ 0.01% 99.1%
e+ 0.3% 0.1%
n 36% 0%
γ 6.6% 0%
π− 1.5% 0%
µ− 0.01% 0%
e− 0.4% 0%Other <0.01% <0.1%The pion 
ontamination was intended to be measured during MICE Stage 1, whereonly TOF0, TOF1 and the 
alorimeter are installed. Simulations regarding this s
enariohave been performed by the author and are presented in se
tion 8.6.1. It was intendedto update these results using the more evolved Sandwi
h 
alorimeter design, as was donefor ele
tron identi�
ation in Stage 6. However it appears that the full 
alorimeter will notbe delivered in time for Stage 1, and the measurement of the pion 
ontent in the beamwill likely be performed using only a partial 
alorimeter, and hen
e the planned simulatione�ort was 
an
elled. For all other studies presented in this thesis, the upstream parti
leidenti�
ation analysis is assumed to be perfe
t and the muon beam 100% pure at TOF1.7.2 Muon de
ay ba
kgroundEven if the in
oming beam to the experiment would be absolutely pure, the nature of theparti
les MICE will use 
auses an irredu
ible ba
kground. When a µ+ de
ays it produ
estwo neutrinos, whi
h do not intera
t with the dete
tors, and a positron. The positronwill have a similar but signi�
antly di�erent momentum 
ompared to the muon (shown in�gure 7.1), and will hen
e indu
e a bias in the measured tra
k properties. See se
tion 5.1.1for des
ription of muon de
ay and its kinemati
s.As �gure 7.2 shows, in general a de
ay ele
tron will have a larger single parti
le emit-tan
e (se
tion A.2.2) than a muon of the same bun
h, sin
e the angular freedom in the
enter of mass frame is only limited by the polarization. This 
auses not only the singleparti
le emittan
e measured for ea
h event to be �awed, but also the measured beam emit-tan
e will be larger for a muon beam 
ontaining de
ay ele
trons than for a beam purely
onsisting of muons. Furthermore sin
e the muon de
ay is a Poisson pro
ess, the num-ber of ele
trons present in the beam in
reases exponentially with time, and hen
e there is
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Fig. 7.1: Normalized distributions of longitudinal momentum for MICE Stage 6, a
tive 
ooling
hannel in the 200 MeV/
 beam setting. The red histogram shows the momentumdistribution of muons at the entran
e of TOF2, while the blue is the momentum ofba
kground events 
ausing hits in TOF2 and the 
alorimeter. The green area illustratesthe momentum of ba
kground events measured at the downstream tra
ker referen
eplane. Sin
e many of the ba
kground events are de
aying inside the tra
ker the lastdistribution shows signi�
ant overlap with the two other distributions. All values of pzare unsmeared Monte Carlo truth.an apparent heating of the beam if measured at two di�erent lo
ations even though theemittan
e of the muon sample is 
onserved.This problem and how it is handled takes up a large part of this thesis, and is mainlypresented in 
hapters 8 and 9. The �ndings presented in the latter 
hapter show that adete
tor dedi
ated to separating muons from ele
trons is ne
essary, and that the proposeddete
tor with asso
iated analysis program is su�
ient for a
hieving the MICE obje
tives(see se
tion 4.1). 7.2.1 PID and emittan
e measurementThe performan
e of the PID 
an be quanti�ed in a number of ways; the separation of thesignal and ba
kground samples, the e�
ien
y of 
orre
tly identifying a ba
kground eventat some referen
e signal e�
ien
y, or the impa
t on the emittan
e redu
tion measurementof the experiment. Of these alternatives the latter is the most attra
tive quantity to obtain,but it is also the hardest to extra
t from the analysis.Let 〈ǫs〉 denote the average single parti
le emittan
e of the signal sample, and 〈ǫb〉 isthe average single parti
le emittan
e of the ba
kground sample. Furthermore let ns and
nb be the number of signal and ba
kground events in ea
h respe
tive sample. The average
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Fig. 7.2: Single parti
le emittan
e distribution for signal and ba
kground events respe
tively.Sin
e the input beam was Gaussian distributed in four dimensional phase spa
e, thesingle parti
le emittan
e is distributed a

ording to a 
hi-square distribution with fourdegrees of freedom. The ba
kground, whi
h mainly 
onsists of positrons produ
ed inmuon de
ay, �lls a larger phase spa
e volume and thus introdu
es a systemati
 error onthe emittan
e measurement. The average single parti
le emittan
e of the signal samplein this �gure was 23.40 mm and the 
orresponding value for the ba
kground sample32.66 mm.single parti
le emittan
e thus measured is
〈ǫ′〉 =

〈ǫs〉ns + 〈ǫb〉nb

ns + nb
(7.1)whi
h 
an be expressed in purity (see se
tion A.1.8)

p =
ns

ns + nb
(7.2)as

〈ǫ′〉 = p 〈ǫs〉 + (1 − p) 〈ǫb〉 . (7.3)The relative systemati
 error on the emittan
e measurement is thus
δ ≡ 〈ǫ′〉 − 〈ǫs〉

〈ǫs〉
= (1 − p)

〈ǫb〉 − 〈ǫs〉
〈ǫs〉

. (7.4)With the assumption that the average amplitude of ba
kground events are 50% higher thanthe 
orresponding quantity for signal events, this leads to a minimum purity of p > 99.8%in order to meet the experimental requirement that δ < 0.1%. Due to un
ertainties onwhether more ba
kground events will survive through the 
ooling 
hannel in non-�ip mode1,a safety fa
tor of 3 is adopted, equivalent to in
reasing the purity requirement to 99.933%.1 Studies performed by the author showed that half of the positron 
ontent of the beam is lost in threeempty absorbers, most likely due to the diverging magneti
 �eld lines in the �ips.
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e it was not known a priori how the single parti
le emittan
e of signal events whi
hwere in
orre
tly reje
ted as ba
kground di�ers from a

epted signal events, a 
onservativeassumption that they have twi
e as large amplitude as the remaining events was used.Using the same argument as above, this led to a signal e�
ien
y requirement of 99.9% orbetter.The purity after ba
kground reje
tion depends on the e�
ien
y of the parti
le iden-ti�
ation and the intrinsi
 purity of the sample, i.e., the purity before any analysis isperformed. The intrinsi
 purity is higher for higher energy beams, making the requiredreje
tion e�
ien
y higher for the lower momentum beams than for the higher momentumbeams. 7.2.2 Simulation of muon de
ayThe problem of the muon de
ay ba
kground was modeled and simulated in G4MICE[50℄. The muon de
ay pro
ess was 
ontrolled by the default 
lass in Geant4. Pure muonbeams of various beam parameters were started at the downstream end of TOF1, and werepropagated through the experiment toward TOF2 and the 
alorimeter. Depending on whatstage was simulated, the material and ele
tromagneti
 �elds between the two time of �ightdete
tors di�ered, but in general the average muon travelled the distan
e in 40 to 50 ns ata β of 0.88. Comparing that to the muon life time, the expe
ted ele
tron impurity at theend of the experiment was approximately one per
ent, though the various obje
ts and �eld�ips en
ountered between the time of �ight dete
tors redu
ed the net ele
tron impurityby a fa
tor of two. Sin
e a full simulation of muon de
ay in �ight is time and resour
e
onsuming, a se
ond setup was prepared where the same muon de
ay pro
ess was used butwith the life time set to 40 ns. This ensured that muons de
ayed su�
iently often to givethe desired in
rease in number of ba
kground events, while not signi�
antly distorting thelongitudinal distribution of the muon de
ay whi
h 
ould arise should one de
ide to use aneven shorter life time.2 Should any su
h fast de
aying muons still be left at the entran
eof TOF2, they were �ltered out and not used in the analysis.The Simulation exe
utable was run for about a week on the GRID whi
h produ
ed asignal sample of approximately 90000 signal events, and a ba
kground sample of about 9000events3. The Monte Carlo data were digitized and spe
ial parti
le identi�
ation variableswere 
reated for every event. Half of the events were used to train an Arti�
ial NeuralNet, and the other half were used for performan
e evaluation. This pro
ess was repeatedfor every beam setting and experimental stage studied, generating hundreds of gigabytesof data. The analysis is presented in detail in 
hapter 9.2 This would 
ause a bias in the parti
le identi�
ation performan
e evaluation sin
e parti
les whi
hde
ay early are easier to 
orre
tly identify than ba
kground events produ
ed further downstream.3 Every setup used 120000 normal de
aying muons and an equal amount of fast de
aying muons, butmany parti
les were lost due to s
raping or not ful�lling the good event requirements.
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kgrounds and their simulation7.3 RF indu
ed ba
kgroundThe Muon Ionization Cooling Experiment uses 201.25 MHz RF 
avities in an inhomoge-neous magneti
 �eld of 1-3 T in 
ombination with liquid hydrogen absorbers to redu
e theemittan
e of a muon beam. Even though MICE will operate below the Kilpatri
k limit,the ele
tri
 �eld gradient in the 
avities 
auses ele
trons to be emitted. When the ele
-trons intera
t with the surrounding material, photons are 
reated through bremsstrahlung.These photons 
ause a ba
kground in the dete
tors of MICE.This se
tion presents the origin of the ele
trons, 
al
ulations of their a

eleration, anda model for the number of bremsstrahlung photons per ele
tron emitted from the 
avity.Together with photon rates measured in the MTA, this gives a predi
tion of the number ofele
trons emitted in MICE. Together with a simulation, this gives the predi
ted ba
kgroundrates in the MICE dete
tors.Towards the end a semi-empiri
al model is presented that explains the gradient depen-den
e on ele
tron emission and photon rates observed in a large number of experimentsduring the last 
entury. 7.3.1 Field emissionWhile MICE will operate at 8 MV/m, the expe
ted peak surfa
e �eld is 12 MV/m [58℄,whi
h should be 
ompared with the Kilpatri
k limit for breakdown
f(MHz) = 1.64E2e8.5/E (7.5)whi
h is E ≈ 15 MV/m for a 201.25 MHz 
avity. At lo
al �eld gradients of 6�7 GV/mthe tensile stress be
omes equal to the tensile strength of 
opper, and the material failswhi
h results in a breakdown event. This pro
ess is illustrated in �gure 7.3. The Kilpatri
klimit uses the Fowler-Nordheim theorem from 1928 whi
h states that the 
urrent density ofele
trons tunneling through a potential barrier is proportional to the square of the ele
tri
�eld times an exponential in
rease with inverse �eld strength,

ne(E) =
A(βFNE)2

φ
exp

(

−Bφ
3/2

βFNE

) (7.6)where A and B are 
onstants [83℄. The work fun
tion φ is the energy required to move anele
tron from a metal to a point immediately outside its surfa
e, while
βFN =

Elocal

Esurface

(7.7)is a lo
al �eld enhan
ement fa
tor due to impurities and asperities of the surfa
e (see �gure7.4). This model assumes that the free ele
tron model is valid in the metal and that thetemperature is zero Kelvin. The Fowler-Nordheim tunneling is also known as �eld emissionand was �rst observed by Robert W. Wood in 1897.
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Fig. 7.3: An illustration of material failure in an asperity 
ausing a breakdown event. The originalasperity is destroyed in the pro
ess, leaving behind a 
rater and a number of smallerasperities. From ref [83℄.

Fig. 7.4: At high lo
al ele
tri
 �eld gradients, �eld emission o

urs. If the me
hani
al stressex
eeds the tensile strength a breakdown event o

urs. From ref [84℄.
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kgrounds and their simulationAt lo
al ele
tri
 �eld gradients just below the 
riti
al tensile stress, ele
trons arestripped o� MICE RF 
avity surfa
es and a

elerated along magneti
 �eld lines. Shouldthe ele
trons hit the dete
tors, they would 
reate ba
kgrounds to muon tra
king and iden-ti�
ation. However, the material in the absorbers halts the ele
trons before they hit thespe
trometers. The main 
ontributions to energy loss of ele
trons are ionization and brems-strahlung. Bremsstrahlung will produ
e photons, to whi
h the absorber material is mostlytransparent.An additional e�e
t not a

ounted for in this 
hapter is multipa
toring, whi
h is aresonan
e phenomenon when the impa
t of the primary ele
tron on a surfa
e generates anavalan
he of ele
trons, whi
h in turn are a

elerated in the other dire
tion. A ne
essary
ondition is that the �eld should be dire
ted in the opposite dire
tion when the primaryele
tron hits the far surfa
e, and the most e�e
tive resonan
e is obtained when the �eldis at maximum strength. In other words, when the travel time for the primary ele
tron
orresponds to exa
tly half an RF period.7.3.2 RF a

elerationSin
e emission depends very strongly on the ele
tri
 �eld strength, it is assumed that theele
trons are emitted from the RF 
avity surfa
es almost ex
lusively at maximum ele
tri
�eld, generating sharp peaks in the time distribution of emission. The time for ea
h su
hpeak depends on the phase shift between di�erent 
avities in an RF se
tion. The phasesare optimized for a µ+ beam at 200 MeV/
, as des
ribed in table 7.2. The resultinga

eleration of 
onstant phase shift phasing (
olumn A table 7.2) is shown in �gure 7.5.This gives a distribution in time for the dark 
urrent, whi
h is shifted with respe
t tothe muons. The distribution of ele
tron emission results in mono
hromati
 peaks in the
orresponding energy distribution, where the energy depends on from whi
h 
avity theele
tron was emitted, and the muon momentum for whi
h the 
avities was optimized. Theenergy spe
trum of the ele
trons is independent of whether the experiment is 
ooling µ−or µ+, while the time distribution is shifted by half an RF period, 2.5 ns, with respe
t tomuons of the opposite sign.The RF 
avities have 0.38 mm thi
k beryllium windows with a radius of 21 
m at theboundaries. The windows give an energy loss to the RF indu
ed ele
trons. The energygained by an ele
tron when it has been a

elerated to the outside of the RF se
tion was
al
ulated using Matlab, while the energy loss was 
al
ulated from NIST data.These 
al
ulations resulted in six peaks in energy and time per lina
 for ele
trons goingin the downstream dire
tion. The 
orresponding number of RF ba
kground peaks in theupstream dire
tion is two per lina
. The reason for this behavior is that some ele
trons areturning around in the 
avities, if they are emitted at positive �eld due to the phasing ofthe 
avities. Previously 466 mm 
avities were 
onsidered for the MICE experiment, and inthis 
ase, the point where the kineti
 energy approa
hes zero o

urs 
lose to the berylliumwindows so these ele
trons are killed in the windows and do not reverse in the dire
tiontowards where they were emitted. The results in terms of �ight time and kineti
 energyfor the ele
trons are given in table 7.3. Should the 
avities be phased using a G4MICE
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Tab. 7.2: The phasing of individual RF 
avities in a MICE lina
, with respe
t to the most up-stream RF 
avity (
avity 1). The phases listed in 
olumn A 
orrespond to a 
onstantin
rement between neighboring 
avities, and is the phasing that was used for 
al
ulat-ing the energy used in the simulation. Column B is the result of a referen
e parti
le at200 MeV/
 a

ording to G4MICE. The e�e
t on the a

eleration of muons is virtuallynegligible, but the di�erent phasings a�e
t the dark 
urrent energy spe
trum.Cavity phase A [rad℄ phase B [rad℄1 0 02 2.049 2.06333 4.098 4.12074 6.147 6.1705
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Fig. 7.5: Top: The ele
tri
 �eld as seen by a µ+ at 200 MeV/
, assuming all phases are set fora muon at 
onstant momentum (
olumn A in table 7.2). Bottom: The kineti
 energyof the same parti
le. The energy in
reases due to the a

eleration in the ele
tri
 �eld,but also loses a fra
tion of the energy at the beryllium windows lo
ated at the 
avityboundaries.
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Fig. 7.6: Ele
trons a

elerated in time dependent RF ele
tri
 �eld of a 430 mm long 
avity. En-ergy loss in the windows is in
luded. Top: Ele
trons emitted at negative peak �eld(a

elerated downstream). Bottom: Ele
trons emitted at positive peak �eld (a

eler-ated upstream). Left: Time dependen
es. Right: z dependen
es.
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Fig. 7.7: Same as �g 7.6 but with two 
avities. The phases of the 
avities were set a

ording to
olumn B in table 7.2.
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Fig. 7.8: Same as �g 7.6 but with three 
avities. The phases of the 
avities were set a

ordingto 
olumn B in table 7.2. Note that the dire
tion of the ele
trons emitted upstream isreversed.
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Fig. 7.9: Same as �g 7.6 but with four 
avities. The phases of the 
avities were set a

ordingto 
olumn B in table 7.2. Note that the dire
tion of the ele
trons emitted upstream isreversed.
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Fig. 7.10: Same as �g 7.6 but with four 
avities. The phases of the 
avities were set to a

elerate amuon at p = 140 MeV/
. The dire
tion of ele
trons emitted upstream is reversed twi
e,resulting in equal number of parti
les arriving in upstream absorber as downstreamabsorber.referen
e parti
le, as presented in table 7.2, the minute di�eren
es in relative phases haveno impa
t on the energy spe
trum for ele
trons whi
h are not reversed. However, the �nalkineti
 energy of reversing ele
trons is very sensitive to the RF phases, as 
an be seen by
omparing table 7.3 with table 7.4. As illustrated in �gure 7.10, the ele
tron a

elerationfor a lina
 optimized to a

elerate a 140 MeV/
 muon makes the upstream emitted ele
tronreverse twi
e in the third 
avity, thus resulting in an equal number of ele
trons arriving atboth ends of the lina
s.Figures 7.6 to 7.9 show that the �eld with opposite polarity as a parti
le hits a window isnever larger than half of the �eld strength on 
rest. The 
on
lusion drawn from this is thatthe multipa
toring e�e
ts are negligible 
ompared to the initial �eld emitters, due to thestrong dependen
e on the ele
tri
 �eld strength. However, a similar avalan
he me
hanism
an take pla
e in the window belonging to a subsequent 
avity, espe
ially for ele
tronsemitted at negative peak �eld, sin
e the �eld of the subsequent 
avity is nearly maximalin the a

elerating dire
tion at the time of the ele
tron's arrival. This e�e
t has not beena

ounted for, and 
ould further in
rease the bremsstrahlung photon ba
kground emittedin the upstream dire
tion. 7.3.3 Photon produ
tionThe fra
tion of the ele
trons emitted from the RF 
avities making it through the ab-sorbers is heavily suppressed due to energy loss in the liquid hydrogen. The energy loss
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Tab. 7.3: Kineti
 energy and time of �ight from emission to exit of RF system as 
al
ulated inMatlab, using 
olumn A in table 7.2 for setting the phases of the 
avities. The tablealso shows how many 
avities the ele
tron would have to traverse to rea
h the otherside of the RF system, and if the parti
le dire
tion was reversed due to the sign of theele
tri
 �eld.Initial �eld sign Cavities Reversed Ekin[MeV ] TOF [ns]-1 1 no 1.125466 1.657-1 2 no 2.626274 3.120-1 3 no 4.629612 4.5635-1 4 no 7.037191 6.0015+1 1 no 1.125466 1.657+1 2 no 2.036122 3.1815+1 3 yes 2.224277 10.1535+1 4 yes 4.706079 8.7085
Tab. 7.4: Same as table 7.3, but with the phases of the RF 
avities set by a referen
e parti
lein G4MICE (
olumn B in table 7.2). Smaller step length in the numeri
al 
al
ulationand a more re
ent version of Matlab are responsible for the small di�eren
es 
omparedto table 7.3 in the one 
avity 
ases. Reversing ele
trons spend longer time in the lina
system, and are thus more sensitive to small di�eren
es in the phasings of individual
avities.Initial �eld sign Cavities Reversed Ekin[MeV ] TOF [ns]-1 1 no 1.123351 1.6422-1 2 no 2.628161 3.1050-1 3 no 4.650005 4.5484-1 4 no 7.102850 5.9862+1 1 no 1.123351 1.6422+1 2 no 2.064848 3.1656+1 3 yes 7.068071 10.1204+1 4 yes 4.645628 8.6752
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Fig. 7.11: The radiation yield as a fun
tion of ele
tron energy, for four of the most importantmaterials in the beamline. The radiation yield is the fra
tion of kineti
 energy of theprimary ele
tron whi
h is 
onverted into photons through bremsstrahlung. The 
al
u-lations are based on NIST data, whi
h in turn is using Seltzer�Berger parameterization[74℄.is dominated by ionization, but there is a 
ontribution due to photons 
reated throughbremsstrahlung. These photons 
an in turn generate hits in the dete
tors. However sin
ethe energy is well below the 
riti
al energy, the 
onversion probability is small, as shownin �gure 7.11. However, sin
e the bremsstrahlung 
ross se
tion in
reases with de
reasingradiation length, the radiation yield in
reases for denser materials. This is important toMICE sin
e the radiation length of aluminum is shorter than that for beryllium and liquidhydrogen, a fa
tor 100 for aluminum 
ompared to liquid hydrogen. This results in morethan an order of magnitude higher radiation yield per unit length in the absorber windowsthan in the liquid hydrogen. Thus, thin low Z absorber windows not only redu
e themultiple s
attering of muons, but also minimize the RF indu
ed ba
kground.Sin
e the 
ross se
tions for pair produ
tion, and subsequent annihilation, are mu
hsmaller than the 
ross se
tions for Compton s
attering and photoele
tri
 e�e
t at the rele-vant energies, it is valid to assume that all photons are generated through bremsstrahlung,and that no se
ondary photons are produ
ed by intera
tions between the material anda bremsstrahlung photon. Hen
e the radiation yield illustrated in �gure 7.11 should betaken as an upper limit to the photoni
 ba
kground in the spe
trometers per RF emittedele
tron.Sin
e the parameterization (5.38) 
ontains infrared divergen
ies, it is not meaningful todis
uss the number of photons below a 
ertain energy. The energy density fun
tion however
tdσ/dt does not 
ontain the divergen
ies and 
an thus be employed to 
al
ulate the fra
tionof photoni
 energy above a 
ertain energy threshold. As 
an be seen in �gure 5.11, the
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Photon energy at upstream tracker reference plane

E [MeV](b) Spe
trum from simulationFig. 7.12: (a) The energy spe
trum of photons using data from referen
e [74℄, �tted with y(x) =
p0 + p1(x

−1 − 1+0.75x). (b) The energy distribution at the upstream tra
ker referen
eplane of bremsstrahlung photons from RF indu
ed ba
kground.
ross se
tion depends rather modestly on the fra
tion of the ele
tron energy with whi
h thephoton is 
reated. Sin
e the radiation yield and the initial ele
tron emission shows mu
hmore dramati
 dependen
ies on the experimental observables, it 
an be 
on
luded thatun
ertainties in the energy distribution only 
ontributes in higher order when 
omparedto other e�e
ts. For example, in the example shown in �gure 5.11, 51% of the photoni
energy is above one quarter, 24% above one half, and 8% above three quarters of theele
tron energy.A 1 MeV ele
tron has a CSDA range of 2 mm in aluminum, and the absorber andva
uum windows ea
h are 0.18 mm thi
k in the 
enter, and thi
ker toward the windowboundaries. This infers that a signi�
ant part of the energy loss of an RF ele
tron willo

ur in the windows. With the higher radiation yield for low X0 materials, many of thebremsstrahlung photons will be produ
ed in the absorber and va
uum windows. Sin
ethe radiation yield in
reases with ele
tron energy, while the fra
tion of energy lost inthe aluminum windows de
reases with ele
tron energy, the e�e
tive photon produ
tion issubje
t to energy straggling, impa
t position and dire
tion, and is di�
ult to a

uratelypredi
t.Assuming that all photons are produ
ed in the inner absorber window of an outerabsorber, the photon ba
kground is attenuated by 35 
m of liquid hydrogen, two thinaluminum windows and approximately 2 m of air before hitting the spe
trometers. UsingBeer's law (5.46) with tabulated NIST data, at 1 MeV the intensity is redu
ed by less thanhalf a per
ent in the aluminum and approximately 1.5% in the air. The only signi�
antattenuation o

urs in the liquid hydrogen itself, where the intensity is redu
ed to approx-imately 73% of its original value. The total attenuation is therefore 
onsidered to give afa
tor of 0.7 to the original photon output, and less for lower initial energies.
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kgrounds and their simulation7.3.4 MTA measurementsIn order to study the breakdown pro
esses and evaluate the prototype 201.25 MHz 
avity,an experiment has been setup in the MuCool Test Area, MTA, at Fermilab. Among thetopi
s studied are the in�uen
e of material and 
oating on the breakdown pro
esses, andthe maximum a
hievable ele
tri
 �eld gradient as a fun
tion of the magneti
 �eld strength.Experimental te
hniqueThe setup 
onsists of two di�erent RF 
avities, a 201.25 MHz MICE prototype 
avity andan 805 MHz pillbox 
avity. The latter is installed in a 5 T solenoid, and a set of spe
ialbuttons with di�erent shapes and 
oatings have been manufa
tured whi
h are mounted inthe 
enter of the 
avity window. This allows fast and un
ompli
ated 
hange of experimental
onditions ne
essary for studying the impa
t of magneti
 �elds and materials. The testedbuttons used molybdenum-zir
onium alloy, tungsten, 
opper and titanium nitride 
oatingon 
opper base, but buttons using tantalum, niobium, niobium-titanium alloy and stainlesssteel has been manufa
tured and will also be tested.The 201.25 MHz 
avity is sandwi
hed between two thi
k aluminum plates to withstandatmospheri
 pressure. Due to the larger size of this 
avity 
ompared to the 805 MHz 
avity,it 
annot �t inside the bore of the solenoid. The magneti
 �eld is instead supplied by anexternal 
oil. It is not known exa
tly how mu
h the inhomogeneous magneti
 �eld resultingfrom the positioning of the 
oil a�e
ts the experimental results. In the �rst quarter of 2009a MICE 
oupling 
oil will be installed to reprodu
e the operational 
onditions of the MICEexperiment. The experimental setup is illustrated in �gure 7.13.Contrary to the smaller 
avity, the 201.25 MHz 
avity does not have the option toex
hange buttons to test the e�e
ts of di�erent materials and 
oatings. Instead two sets ofwindows have been manufa
tured and tested. The �rst used �at titanium nitride 
oated
opper windows, and the se
ond set used 
urved titanium nitride 
oated beryllium windowssimilar to the MICE RF 
avity window design. A total of 0.635 
m of 
opper and 3.6 
m ofaluminum is found in the path of the parti
les emitted from the 
avity. In addition, a diskof stainless steel of similar thi
kness to the 
opper va
uum window was pla
ed betweenthe 
avity and the dete
tors. The stainless steel disk 
ontained ports, whi
h makes it hardto a

urately estimate the amount of material a parti
le en
ounters as it is emitted fromthe 
avity. Sin
e the attenuation e�e
t is limited, the stainless steel disk was not in
ludedin the analysis. This is equivalent to assuming that all parti
les are traversing the diskthrough the ports.Photons emitted from the 
avities are dete
ted using nine s
intillating 
ounters withlight guides and photomultiplier tubes. They are lo
ated in various lo
ations around the
avities and provide information on the emission angles. A tenth dete
tor is a two in
hthi
k, 1.5 in
h diameter, NaI 
rystal with a photomultiplier tube (named PMT16), whi
h ispositioned on the beam axis 4.7 meters from the 
enter of the 201.25 MHz 
avity. The NaIdete
tor is used for measuring the energy spe
trum of the photons, and was 
alibrated usingthe 1.17 MeV peak from a 60Co sour
e. At 13.29 meters distan
e from the 
enter of the
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Fig. 7.13: The layout of the RF ba
kground measurements in the MuCool Test Area.
avity, a 1 
m thi
k 10 by 10 
m plasti
 s
intillator dete
tor was positioned, approximatelyone meter below the NaI dete
tor. This last dete
tor was named PMT8 and was used tomeasure the photon 
ounting rates.As �gures 7.12 and 7.14 show, the energy spe
tra agree well with the assumption thatthe photon produ
tion is dominated by bremsstrahlung in the material between the RF
avity and the dete
tor. The kineti
 energy gained by an ele
tron emitted on 
rest given a�eld strength of 10.5 MV/m is T = 1.811 MeV and should be 
ompared with the endpointin �gure 7.14. However the 
ross se
tion for produ
ing su
h an energeti
 bremsstrahlungphoton is very small a

ording to (7.20).Maximum a

elerating gradient a
hievedThe 201.25 MHz 
avity rea
hed 18 MV/m using the �at 
opper windows in the absen
eof magneti
 �eld, produ
ing very little spark damage. The same 
avity rea
hed 19 MV/musing the 
urved beryllium windows. The MICE operating gradient is 8 MV/m in thepresen
e of 2�3 T magneti
 �eld. Measurements using magneti
 �eld will be performed forele
tri
 �eld strengths up to 16 MV/m and beyond.The maximum a
hievable gradient as fun
tion of the magneti
 �eld strength was eval-uated with the 805 MHz 
avity for a number of di�erent button materials. Most of thetitanium nitride 
oating was ripped o� the surfa
e due to a yet unknown me
hanism, andthe results are therefore not reliable. The molybdenum button 
onsistently a
hieved higher
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Fig. 7.14: The energy spe
trum measured in the MuCool Test Area for the 201.25 MHz 
avity.gradients than the tungsten button for almost all magneti
 �eld settings. The di�eren
ewas of the order of 10%. From this it was 
on
luded that molybdenum was a bettermaterial than tungsten. Photon ratesFor the photon 
ounting rates, the button tests did not produ
e any statisti
ally signi�
antdi�eren
e between di�erent materials. At high ele
tri
 �eld gradients the �eld emissionfollows the Fowler-Nordheim model for both 
avities, and the results are 
ompatible withprevious measurements at LabG. At lower gradients resonan
e stru
tures have been ob-served whi
h are likely due to multipa
toring. These e�e
ts 
ould only be observed whenthe 
avities were exposed to magneti
 �elds.7.3.5 Photons per emitted ele
tron in MTAThe photons are assumed to be generated by bremsstrahlung in 
opper, a

ording toSeltzer�Berger parameterization for the energy distribution [74℄. By reading o� values in�gure 7.11, the radiation yield in 
opper is py = 3.21% for a mono
hromati
 ele
tron beamof T = 1.811 MeV kineti
 energy. Sin
e
〈t〉 = py · T (7.8)together with

〈t〉 =

∫

t
dσ

dt
dt (7.9)



7.3. RF indu
ed ba
kground 131

 [MeV]γE

-3
10

-2
10

-1
10 1 10

p
h

o
to

n
 t

ra
n

sm
is

si
o

n

0

0.2

0.4

0.6

0.8

1

Attenuation, 0.635 cm Cu + 3.8 cm Al + 4.4 m air

 [MeV]E

-3
10

-2
10

-1
10 1 10

0

0.2

0.4

0.6

0.8

1 Air

Aluminum
Copper

Total

Fig. 7.15: Attenuation of photons from RF ba
kground in the MTA experiment.the probability of generating a photon with fra
tional energy x = t/T is
pgen(x) =

4

3
T 2py

(

1

x
− 1 +

3

4
x

) (7.10)if the parameterization from (5.31) is used.Due to material in their path, the photons are attenuated. As �gure 7.15 shows,the 
ontribution to the attenuation form 
opper and aluminum is almost identi
al, whilebremsstrahlung photons are produ
ed in the 
opper. For high energies more than 50% ofthe photons survive to the dete
tors, while lower energy photons are qui
kly absorbed inthe media, mostly due to the photoele
tri
 e�e
t. Figure 7.16 shows the energy spe
trumafter attenuation from photons from bremsstrahlung in 
opper. Note that the infrareddivergen
ies are 
an
elled by the attenuation, though toward the high energy end of thespe
trum, the fun
tion resembles the unattenuated 
ross se
tion. In the simpli�
ationthat all photoni
 energy in one event is gathered in only one photon, pgen&att = 4.2% ofthe ele
trons produ
e photons whi
h survive the full distan
e to the dete
tors. With therequirement that the photon energy should ex
eed the dete
tor threshold of 420 keV, the
orresponding value would be 2.4%.Assuming that the bremsstrahlung photons are emitted isotropi
ally in a hemisphere,the dete
tors 
orrespond to relative solid angles of
pPMT8

Ω =
0.12

2 · 132π
≈ 9.42 · 10−6 (7.11)

pPMT16
Ω =

(0.0254 · 0.75)2 π

2 · 4.42π
≈ 9.37 · 10−6 (7.12)with distan
es of 13.0 m and 4.4 m respe
tively from the bremsstrahlung vertex.
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Fig. 7.16: The energy spe
trum of bremsstrahlung photons, with attenuation e�e
ts in
luded.Sin
e the density of polystyrene is 1.060 g/cm3, and the mass attenuation 
oe�
ientis 0.06847 cm2/g at a photon energy of 1.0 MeV, the intera
tion probability, pint, in the1 
m thi
k s
intillator paddle is, a

ording to Beer's law, 7.00%. At this energy Comptons
attering is the dominating pro
ess. By approximating the Compton spe
trum as �atuntil the Compton edge
ECompton = Eγ

2Eγ

mec2 + 2Eγ

, (7.13)the probability of the intera
tion energy deposition in the dete
tor ex
eeding the thresholdis
pcut = 1 − Ecut

ECompton
= 1 − Ecut

Eγ

(

1 +
mec

2

2Eγ

)

. (7.14)For the 
ase of Eγ = 1.811 MeV 
ut at Ecut = 0.42 MeV, pcut is 65.9% 4. The NaI dete
toris thi
ker, and made of denser material. Therefore, all photons arriving at the dete
tor areassumed to intera
t with the 
rystal, and deposit all their energy in the sensitive region.Together, these e�e
ts results in a translation from dete
ted photons to emitted RFele
trons,
nγ

ne

(PMT8 ) = pgen&att · pΩ · pint · pcut ≈ 1.04 · 10−8 (7.15)
nγ

ne
(PMT16) ≈ 2.25 · 10−7 (7.16)whi
h should be 
ompared with MTA measured data, whi
h is about 15 events in PMT8per pulse at 10.5 MV/m �eld strength. Sin
e the length of a pulse is 125 µs, and an RF4 The real threshold of PMT8 is unknown, this 
hoi
e of Ecut implies an assumption that the thresholdis identi
al to the one of PMT16.
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Fig. 7.17: The photon rates for PMT8 and PMT16 as a fun
tion of the gradient. BelowE=4.5 MV/m the energy for an ele
tron emitted on 
rest is at the PMT16 thresh-old. The threshold of PMT8 is unknown, but should it be identi
al to the prior, any
ounts below 4.5 MV/m would be due to noise and 
osmi
 rays. At very high �eldstrength, the dete
tors are saturated and the data are not reliable. PMT16 is saturatedat lower �eld strength than PMT8.period is 4.97 ns, there are 25 thousand RF periods per pulse, resulting in an average RFba
kground event rate of 6.0 · 10−4 photons per RF period. A

ording to (7.15), this infers
5.8 · 104 ele
trons emitted per RF period5 at this parti
ular �eld strength.Simulations of the MTA experimentIn order to 
ross 
he
k the results presented earlier, the MTA setup was modeled inG4MICE as two slabs of 
opper and aluminum, with the thi
knesses 0.635 
m and 3.6 
mrespe
tively. The surrounding volume was �lled with dry air, and all parti
les rea
hingvirtual planes 
orresponding to the dete
tor positions were registered.

3.54·106 ele
trons were �red parallel to the surfa
e normal with a mono
hromati
 kineti
energy of 1.811 MeV, 
orresponding to the ele
tron a

eleration if emitted on 
rest at10.5 MV/m. This resulted in 56971 photons leaving the aluminum on the other side of thetwo slabs, hen
e the average number of photons per ele
tron is 1.6%. This is smaller thanthe 
al
ulated pgen&att. One reason for this dis
repan
y is that the attenuation 
al
ulationdid not take into a

ount the longer path length of parti
les whi
h are emitted at largeangles from the surfa
e normal. Sin
e the dete
tor is lo
ated on the beam axis and its5 A
tually half period, sin
e an equal amount of parti
les are emitted in the opposite dire
tion, butthere are no dete
tors on the opposite side of the 
avity.
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Fig. 7.18: The dire
tion of bremsstrahlung photons leaving the metal surfa
e, a

ording to aG4MICE simulation of the MTA experiment. The solid line indi
ates the e�e
t ofin
reased attenuation for photons emitted at large angles, assuming no s
attering andan isotropi
 angular distribution.solid angle is very small, this e�e
t would not be seen experimentally, unless the dete
toris moved.Due to the large bremsstrahlung angles, only 5092 of the photons hit an area givenby a 
ir
le of 1 m radius at the position 
orresponding to the NaI dete
tor, of whi
h2111 photons had energy ex
eeding the PMT16 threshold of 420 keV. Assuming that thephoton density at this virtual disk is homogeneous, together with the dimensions of theNaI dete
tor, the number of photons above threshold per initial ele
tron hitting the NaIdete
tor is
nγ

ne
(PMT16) ≈ 2.16 · 10−7. (7.17)Using the same assumptions regarding the intera
tion probability in the dete
tor as pre-sented earlier, the 
orresponding quantity at PMT8 is

nγ

ne

(PMT8) ≈ 1.05 · 10−8. (7.18)whi
h should be 
ompared to (7.15). Hen
e, the 
al
ulations indi
ate 4% higher e�e
tivephoton gain in PMT16 than the simulation, whi
h given the many un
ertainties involved is
onsidered more than an adequate agreement. For PMT8 the agreement is even better; the
al
ulations produ
ed less than 0.4% lower gain than what was obtained by simulation.However, the PMT8 data is very sensitive to the poorly known threshold energy, theintera
tion probability in the dete
tor and other assumptions that were made for both the
al
ulated rate and the analyzed data. In addition, the experimenters have stated that
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Simulated photon spectrum emitted from metals

Fig. 7.19: The energy spe
trum of bremsstrahlung photons, leaving the metal surfa
e, a

ordingto a G4MICE simulation of the MTA experiment. The spe
trum was generated by3.7 million mono
hromati
 ele
trons in
ident towards the metals at a kineti
 energyof 1.811 MeV. The distributions resembles the 
al
ulated distribution shown in �gure7.16, but higher energy photons are less numerous than 
al
ulated.PMT16 data is more reliable than PMT8 data, as long as it is not saturated. For thesereasons, the PMT16 data is 
onsidered the most reliable and 
an be used to estimate thenumber of ele
tron initially emitted from the 
avity.The same simulation also produ
ed the energy spe
trum for photons leaving the metalslabs. By 
omparing �gure 7.16 with �gure 7.19, it is 
lear that the number of high energyphotons is overestimated in �gure 7.16. There are two reasons for this:
• The 
al
ulations assumes the photon does not su�er energy loss, it is either absorbedor not. In reality, Coulomb s
attering produ
es photons with lower energy, thusshifting the spe
trum to low energy.
• The in
reased path length in the material for photons at large angles, implies a largerintegrated 
ross se
tion for pro
esses giving energy loss.The agreement between �gure 7.14 and �gure 7.19 is, however, quite good.Sin
e the radiation yield and the energy spe
trum depend on the energy of the pri-mary ele
tron, an identi
al simulation run was laun
hed with ele
tron kineti
 energy of1.226 MeV, whi
h is the energy of an ele
tron emitted at peak �eld for 8 MV/m �eldstrength6.6 This is slightly higher than the value given in table 7.3 sin
e these ele
trons are not subje
t to energyloss in a beryllium window.
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kgrounds and their simulationOf 3.48 million initial ele
trons, 1969 produ
ed photons in a one meter radius virtualplane 
orresponding to the pla
ement of PMT16. Of these photons, 549 had energy ex-
eeding the dete
tor threshold 0.42 MeV. This resulted in an e�e
tive number of photonsdete
ted per initial ele
tron,
nγ

ne

(PMT16)

∣

∣

∣

∣

8 MV/m

≈ 5.72 · 10−8 (7.19)hen
e only a quarter of the same quantity 
orresponding to 10.5 MV/m. A

ording to MTAmeasurements, there are 4.03·10−5 photons per RF period7 at 8 MV/m. This value dividedby the ba
kground e�
ien
y (7.19) resulted in 705 ele
trons emitted from the 
avity perRF half period. Expressed in frequen
y this is 142 GHz of ele
trons per dire
tion.To validate the Geant4 results, an additional study using EGSnr
 [85℄ was planned.Sin
e the manuals of the respe
tive Monte Carlo pa
kages des
ribe the implementation ofbremsstrahlung almost identi
ally, the bene�t of this endeavor was 
onsidered not worththe e�ort. 7.3.6 Simulation of RF ba
kground in MICEThe RF indu
ed ba
kground was studied in 2004, by G4MICE [50℄ based on Geant4.5.2.p02[61℄. The initial energy spe
trum of the ele
trons was given by table 7.3. Due to the lowe�e
tive photon yield, the problem was simulated for two weeks on one hundred 
omputersat a new 
omputer farm at RAL. The implementation of many important pro
esses 
hangedwith a new Geant4 release a year later, and the same simulation setup was resimulated withGeant4.6.2.p02. Sin
e this se
ond study had to be performed lo
ally, the number of eventswas limited. The resulting rate of photons in the downstream tra
ker was 11% higher.Other rates were also somewhat higher, but those results su�er from small statisti
alsamples. GeometryThe ba
kground ele
trons were generated at the four beryllium windows next to an ab-sorber. The absorbers, the absorber and va
uum windows had spheri
al shapes in G4MICEas shown in �gure 7.20. The parti
les were read out at the tra
ker referen
e planes, whi
hwere pla
ed at the entry to the tra
kers on the side whi
h is 
losest to the 
ooling 
hannel.Simulation resultsAs expe
ted, the most numerous ba
kground parti
les in the spe
trometers were photons,even though the photon rate is attenuated by the absorbers and other material in thebeamline. See tables 7.5 and 7.6. Photons have a relatively small probability to 
reate a7 The data were derived from data 
olle
ted during the 88.6 µs long RF �at top, not the full 125 µslong pulse.
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Fig. 7.20: Cut pi
ture of an absorber in the G4MICE version used for the RF ba
kground studies.The liquid hydrogen is invisible here. The default absorber design in G4MICE-0.9.17used spheri
al windows of a 
urvature radius of 30 
m for absorber windows, and 32 
mfor va
uum windows.hit in the dete
tors, making the experiment more sensitive to ba
kground in the form ofele
trons.Simulations show that, due to geometry, less than 20% of the photons leaving theva
uum windows toward the spe
trometers will arrive at the tra
ker referen
e planes, andthose that do will have a radial distan
e from the beamline whi
h is typi
ally a fa
tor twolarger 
ompared to the same distan
e when leaving the va
uum windows. Ele
trons leavingthe 
avities will hit the spe
trometers sin
e they follow the magneti
 �eld lines.Due to the phase asymmetry, up- and downstream shown in �gures 7.6 to 7.10, the par-ti
les hitting the downstream spe
trometer are more numerous and have higher energiesthan in the upstream 
ase. The expe
ted upstream to downstream photon rate is approx-imately 28% higher than what was expe
ted based on arguments presented in previoussubse
tions.The energies of the bremsstrahlung photons follow approximately the distribution givenby (5.31), sin
e the low mass of intermediate material makes the ba
kground only modestlyattenuated. As �gure 7.12 shows, this resembles an exponential fun
tion. In the MICElina
 the energies of the ele
trons as they intera
t with the absorbers depends on how many
avities they have travelled through, thus the photon energy distribution is a sum over the
i energy states.

dσ

dt
∝
∑

i

wi

(

1

xi

− 1 + 0.75xi

)

, xi =
t

Ti

(7.20)
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Fig. 7.21: RF ba
kground event visualized in G4MICE. Ele
trons are emitted at the berylliumwindows and follow the �eld lines to the absorber. There they lose energy and some-times produ
e bremsstrahlung photons. The photons have a fair 
han
e of rea
hingthe spe
trometers. The parti
le rate 
orresponds to the average over 3.9 ns, using ini-tial ele
tron energies as 
al
ulated in Matlab. Red: negative parti
les. Blue: positiveparti
les. Green: neutral parti
les.
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ed ba
kground 139where wi is a relative weight between di�erent ele
tron energy peaks. As (7.20) shows themaximum photon energy whi
h 
an be obtained is equal to the maximum initial energy Tiof the generated RF ele
tron (here approximately 7 MeV).Tab. 7.5: Rates of RF indu
ed ba
kground at the tra
ker referen
e planes, G4MICE 
ompiledwith Geant4.5.2.p02. The rates are given per total number of initial ele
trons generatedin the MICE 
ooling 
hannel, Stage 6.Parti
le Downstream Upstreamper generated per generatede- 5.76 · 10−6 1.72 · 10−7gamma 8.315 · 10−4 6.934 · 10−5Tab. 7.6: Rates of RF indu
ed ba
kground at the tra
ker referen
e planes, G4MICE 
ompiledwith Geant4.6.2.p02. The rates are given per total number of initial ele
trons generatedin the MICE 
ooling 
hannel, Stage 6. These values were obtained using lower statisti
sthan the values presented in table 7.5.Parti
le Downstream Upstreamper generated per generatede- 1.03 · 10−5 1.14 · 10−6gamma 9.02 · 10−4 1.04 · 10−4Using the number of ele
trons emitted from an RF 
avity derived from the MTA mea-surements as outlined earlier, the total number of ele
trons emitted during a MICE RFperiod 
an be 
al
ulated. With two lina
s, ea
h 
onsisting of four 
avities, and two halfperiods per period, the total number of emitted ele
trons is
ne = 2 · 4 · 2 · 705 ≈ 1.13 · 104 (7.21)per RF period, equivalent to

fe ≈ 2.27 THz. (7.22)Using the MICE nγ/ne = 9.02·10−4 in the downstream dire
tion from table 7.6, the photonrate in the downstream tra
ker referen
e plane is thus 2.0 GHz, and between a fa
tor 9to 12 lower in the upstream dire
tion (depending on whi
h simulation to rely on). Thestatisti
al sample for ele
trons arriving at the tra
ker referen
e planes is limited, and theresults are thus less reliable, but the worst rate obtained is in the downstream dire
tion ataround 23 MHz. 7.3.7 The dependen
e on �eld gradientLooking at the MTA PMT16 data in �gure 7.17 three general regions 
an be identi�ed. Atvery low gradients noise and 
osmi
 ray ba
kground dominate the 
ounting rate, e�e
tively
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Fig. 7.22: This �gure is a G4MICE snapshot of the RF indu
ed ba
kground, with a rate 
orre-sponding to 3.9 ns. A large number of ele
trons and photons are intera
ting in theabsorbers. Some of these bremsstrahlung photons are making hits in the spe
trometersand time of �ight dete
tors. As explained in the text, the highest rate of ba
kgroundis in the downstream dire
tion.masking the RF indu
ed ba
kground. At high gradients the dete
tor is saturated and doesnot give useful information on the rate of bremsstrahlung photons. In the 
entral range,
5.95 ≥ E ≥ 9.32 [MV/m], the rate depends very strongly on the gradient E

nγ ∝ E16.5 (χ2/ndf = 0.3752/2). (7.23)Over the last 
entury a large number of experiments have reported often 
on�i
ting reportsof the value of the exponent in (7.23). Values between 9 and 20 have been published [86℄.This se
tion shows that the ambiguities are due to e�e
ts des
ribed in previous se
tionswhi
h have not been a

ounted for, thus resolving the 
on�i
t between di�erent sets ofdata. Photon to ele
tron ratio as fun
tion of gradientMost importantly, the energy to whi
h an ele
tron is a

elerated depends on the a

eler-ating �eld gradient. As �gure 7.23 illustrates, there is a sharp 
ut o� at low �elds. Thisis be
ause the parti
le is not a

elerated enough to rea
h the opposite side of the 
avitybefore it is de
elerated. These ele
trons will in va
uum be trapped inside the 
avity, os
il-lating ba
k and forth. In reality they 
ould 
ause resonan
e e�e
ts when 
olliding with thesurfa
e from whi
h they were emitted. The 
ut o� implies that the exponent is initiallyvery large and at higher gradients the ele
tron kineti
 energy is proportional to the ele
tri
�eld gradient.Another 
ontributing fa
tor is that both the radiation yield (�gure 7.11) and the photontransmission probability (�gure 7.15) in
rease with higher energy, thus with in
reasingele
tri
 �eld gradient. In addition the average energy of photons hitting the dete
torin
reases, giving a larger fra
tion of photons whi
h are above the dete
tor threshold. Whenall these e�e
ts are 
ombined the photon per initial ele
tron ratio depends on the �eld
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Fig. 7.23: Ele
tron a

eleration as a fun
tion of ele
tri
 �eld gradient in one 201.25 MHz 
avity.Cal
ulated in numeri
ally in Matlab.
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Fig. 7.24: The number of photons hitting the NaI dete
tor (PMT16) per number of ele
tronsemitted from the 
avity as a fun
tion of the �eld gradient. The verti
al s
ale takes thedete
tor solid angle into a

ount.
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kgrounds and their simulationgradient as
nγ

ne
∝ E7.65 (χ2/ndf = 4.445/1077), (7.24)�tted8 from 
al
ulations presented in �gure 7.24.The remaining exponent 16.5 − 7.65 ≈ 8.85 
annot be explained by the e�e
ts givingthe gradient dependen
y of the nγ/ne ratio. Instead, this fa
tor is most likely 
aused bythe 
reation of new emitting sites and the a
tivation of old emitting sites, both e�e
tsadding to the number of ele
trons emitted from the 
avity, ne. A number of experiments[83, 86, 87℄ have published

flux ∝ E9.6 (7.25)for 
avities operating at mu
h higher �eld gradients. At these gradients the ele
tron energyis almost linear with the gradient and the resulting photon energy is large enough thatvirtually all photons are above the dete
tor thresholds, while the attenuation of photonsis only modestly depending on the photon energy. Thus the only remaining fa
tor is theradiation yield, whi
h when dedu
ted gives an exponent of approximately 8.9. This value is
lose enough to the estimated exponent due to �eld emission ne ∝ E8.85 that we 
on
ludethat the 201.25 MHz data at 8 MV/m is 
onsistent with 805 MHz data at 100 MV/m[83, 86℄. This model should be universally appli
able.E�e
tive �eld emission as fun
tion of gradientIf the number of emitting sites and their respe
tive �eld enhan
ement were 
onstant theleading term in (7.6) suggests that the emission of ele
trons should be proportional to thesquare of the ele
tri
 �eld gradient. The surfa
e of a 
avity is however laden with asperitiesof varying βFN . As the surfa
e �eld gradient E in
reases asperities at subsequently lower
βFN be
ome �a
tivated� as Elocal approa
hes the �eld emission region. By performing alog-log plot on �gure 7.25 the density of asperities depends on βFN as

ρ(βFN) ∝ β−3.09
FN (7.26)whi
h implies that the e�e
tive �eld emission due to pre-existing emitting sites in
reaseswith E as

ne(pre − existing βFN) ∝ E2·3.09 (7.27)where the exponent 2 
omes from the leading term of Fowler-Nordheim tunneling.When a very high lo
al ele
tri
 �eld 
auses the me
hani
al stress to ex
eed the tensilestrength a breakdown o

urs and the asperity is destroyed, as illustrated in �gure 7.3. Ithas been observed [84, 88, 89℄ that breakdown events 
ause 
raters to be 
reated on thesurfa
e, surrounded by a large number of smaller asperities. When 
onditioning a 
avity,the asperities with the largest enhan
ement fa
tors are burned o�, allowing in
reasinglyhigher maximal gradient to be maintained [90℄. Unfortunately this also produ
es newasperities with lower βFN .8 This is based on the assumption of the existen
e of a dete
tor threshold. The 
orresponding s
alinglaw in the same interval for 100% dete
tion e�
ien
y is E6.23, χ2/ndf = 1.204/1077.
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Fig. 7.25: The density of asperities 
ausing �eld enhan
ement. From ref [84℄.Although the relation between 
reation of new low βFN asperities and the annihilationof high βFN asperities is far from straightforward, it is reasonable that the pro
ess shouldbe proportional to the o

urran
e of breakdown events. Quoting Döbert [89℄�The slope of the �tted 
urve is one de
ade in breakdown rate for 7 MV/mof average gradient. . . �gives a fa
tor
ne(new βFN) ∝ E2(1/ log10 7) = E2·1.18 (7.28)due to the 
reation and destru
tion of emitting sites.The 
ombined e�e
t of the a
tivation of pre-existing asperities and the 
reation of newasperities thus gives an exponent 8.5, whi
h should be 
ompared with 8.9 in the previousse
tion. When the model for nγ/ne(E) is multiplied by the model for ne(E) the resultingphoton rate in the dete
tor nγ a

ording to this model shows good agreement with PMT16data. This is shown in �gure 7.26.Magneti
 �eld e�e
tIf the 
avity is subje
t to magneti
 �eld the Lorentz for
e [84℄ 
reated by the ele
tron
urrent in
reases the 
han
e of breakdown. This is expe
ted to further in
rease the ba
k-ground rates. Unfortunately the 201.25 MHz 
avity 
ould not yet be tested in a magneti
�eld. The 805 MHz 
avity was however operated at a number of �eld settings, and it wasfound [91℄ that the 
ounting rate was proportional to e0.9251B , where B is the magneti
 �eld
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PMT 16 data

Fig. 7.26: Comparison between MTA PMT16 data with the predi
ted number of photons usingthe bremsstrahlung model 
ombined with the empiri
al �eld emission model. At low Enoise and 
osmi
 ray ba
kground dominates, and the dete
tor is saturated at high E.The 
entral region shows good agreement. The rate given by the model was s
aled byan overall 
onstant 2500.strength in tesla. If this law is also valid for the 201.25 MHz 
avity, whi
h will operate inapproximately three tesla, the rates 
al
ulated here would in
rease by an additional fa
torof 16. Heating of absorbersIf the rates of RF indu
ed ele
trons is extremely large, a temperature in
rease in theliquid hydrogen absorbers 
ould be observed. Sin
e the 
entral absorber is exposed to halfof the total number of RF indu
ed ele
trons, independent of whether the ele
trons arereversing in the lina
s, it would be the absorber most at risk. The average kineti
 energyof the ele
trons in table 7.4 is 3.80 MeV, and assuming that the energy 
arried away bybremsstrahlung photons is negligible, the average power is
〈Pheat〉 =

fe

2
〈Ekin〉 d ≈ 4.317 · 1015 eV/s ≈ 0.691 mW (7.29)where the RF duty fa
tor d = 10−3 was used. When magneti
 �eld is applied the �ux ofele
trons, and thus the heat, is expe
ted to in
rease by an order of magnitude. This isnegligible 
ompared to the heat removal 
apa
ity of the absorber design (page 65), andthus not a problem for the experiment.In a full s
ale Neutrino Fa
tory 
ooling 
hannel the gradient is approximately 16 MV/m[28℄. Using the model des
ribed in this se
tion the emission of ele
trons will rise by
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22(1.18+3.09) ≈ 372, while the average ele
tron energy in
reases by a fa
tor 2.6. In addi-tion the duty fa
tor of a Neutrino Fa
tory is d = 0.19% [28℄. The e�e
tive heat is thusexpe
ted to be approximately 1.3 W, not 
ounting the additional �eld emission due tomagneti
 �eld. The heat dissipation of a Neutrino Fa
tory absorber will be approximately300 W [28℄. The absorbers will thus be able to 
ope with the RF indu
ed heat, even if therates are in
reased by an order of magnitude due to the magneti
 �eld.7.3.8 Con
lusionsWhile it is possible to a
hieve a

elerating gradients mu
h higher than required for theMICE experiment, the ba
kground in terms of bremsstrahlung photons qui
kly be
omes amajor obsta
le. The heat in the absorbers due to �eld emission is, however, not a problem.Prior to the MTA measurements, it was assumed based on LabG data that the numberof ele
trons emitted from an RF 
avity was 8 per period and dire
tion. The analysis showsthat the previously expe
ted number of ele
trons emitted from the 
avity was underesti-mated, by a fa
tor 88. The many approximations introdu
e un
ertainties in the estimate.A parti
ular problem is the sensitivity to the ele
tri
 �eld strength, whi
h implies that itmust be measured very a

urately if one is to estimate the ba
kground rates in a MICEworking 
ondition.As previously mentioned, another sour
e of ba
kground in MICE is the avalan
he e�e
twhi
h o

ur if an ele
tron kno
ks o� more ele
trons in an adja
ent 
avity. This is similarto multipa
toring, but with the additional problem that it is not restri
ted to low �eldstrengths, sin
e the RF 
avity phases are set to a

elerate relativisti
 parti
les. Based ona di�erent 
avity, the ba
kground rates are expe
ted to in
rease by an order of magnitudewhen the magneti
 �eld is applied.There are a number of te
hniques available to redu
e the �eld emission. If the numberasperities with high enhan
ement fa
tors 
an be redu
ed by 
hemi
al, me
hani
al or ele
-tri
al polishing prior to 
onditioning the ba
kground rates would de
rease. If the tensilestrength of the surfa
e would in
rease by titanium, molybdenum or tungsten 
oating thebreakdown rates would de
rease, and thus also the 
reation of new asperities. However theshape of the asperities strongly in�uen
es the �eld emission, and it is not 
lear the shapeis related to the tensile strength. A third route to de
rease �eld emission is to use highpressured gas in the 
avities. This 
auses low energy ele
tron to re
ombine before they 
anbe a

elerated in the lina
.Sin
e dete
tors su
h as the time of �ight stations, are designed to measure muonswhi
h deposit a few MeV of energy loss, while the RF indu
ed ba
kground o

upies thelow energy region, mu
h of the ba
kground e�e
ts 
ould be avoided by setting a high energythreshold. However this would redu
e the performan
e of the muon tra
k measurements.If the rates are high enough, the photon energy integrated over an open gate 
an obs
urethe muon signal and pose a real problem. Even though only about a few per
ent of thephotons intera
t with the dete
tor, and the average energy deposition is very low, the totalphotoni
 energy deposition is 
omparable to, or ex
eeding that of a muon tra
k. This 
anbe demonstrated by the following Gedankenexperiment: Assume 2 GHz photon �ux in the
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kgrounds and their simulationdownstream tra
ker referen
e plane, and that 10% of these arrive at TOF2. Of the photonshitting the dete
tor only 10% intera
t and give an energy deposition of 0.5 MeV. The opengate of TOF2 is 500 ns, whi
h gives a total photoni
 energy deposition of 5 MeV, whi
h isabout half the energy deposition of a muon tra
k.Simulations of the s
intillating �ber tra
ker have shown [92℄ that it is more sensitiveto ba
kground in the downstream tra
ker sin
e the dire
tion of the ele
trons is parallel tothe muons. The same simulations were based on mu
h lower ba
kground rates, and theproblem would need to be resimulated with the new re
onstru
tion software before any�rm 
on
lusions 
an be drawn.



8. CALORIMETER DESIGNAs dis
ussed in se
tion 7.2, the presen
e of ele
trons produ
ed by de
aying muons in-trodu
es systemati
al errors on the emittan
e and 
ooling measurements. The parti
leidenti�
ation was originally intended to be performed using a dedi
ated �erenkov dete
torfollowed by a sampling 
alorimeter. The total 
ost of these devi
es was 
onsiderable, andthe 
alorimeter was not optimized for the MICE running 
onditions. A study was per-formed in an attempt to improve the performan
e, while at the same time minimizing the
ost of the 
alorimeter.This 
hapter is a summary of the 
on
eptual design of the 
alorimeter, and the workperformed to 
ompare the performan
e of the original 
alorimeter design with a new design,invented by the author and Jean-Sebastien Grauli
h, Geneva University. The performan
eimprovement showed that the latter design is superior in all 
ases studied, and was thus
hosen as the base line 
alorimeter for the Muon Ionization Cooling Experiment.8.1 Prin
iples of 
alorimetryThere are various methods of measuring the energy of a parti
le, and in MICE we relyon the s
intillation me
hanism in plasti
 s
intillators. The �nal amplitude in the readoutdepends on a number of parameters. The most important feature is that the number ofs
intillation photons produ
ed is proportional to the energy lost by the parti
le in thedete
tor. Both the number of parti
les produ
ed in an ele
tromagneti
 shower and thenumber of s
intillation photons per 
harged parti
le tra
k follow Poisson distributions.Therefore the varian
e σ2
E is proportional to the energy E, and the energy resolution isgiven by

σE

E
(Poisson) =

a√
E

(8.1)where a is a 
onstant whi
h 
hara
terizes the 
alorimeter performan
e. It follows thatlow energy loss gives worse relative energy resolution, ultimately diverging for zero energybeams. In addition to this e�e
t, ele
troni
 noise gives a 
ontribution to the resolutionindependent of the energy,
σE

E
(noise) =

b

E
(8.2)but this is usually a se
ond order e�e
t whi
h be
omes signi�
ant only at high energy.At high energy, resolution is lost due to longitudinal leakage, i.e., the parti
le or theasso
iated daughters spill out of the a
tive volume at the ba
k end of the 
alorimeter.Su
h longitudinal leakage gives larger σE than transverse leakage for identi
al fra
tional



148 8. Calorimeter designloss. To �rst order the longitudinal leakage depends on the energy loss at the showermaximum, tmax, whi
h in turn is proportional to the energy. In this approximation theenergy resolution due to leakage s
ales as
σE

E
(leakage) = c. (8.3)Thus a useful parameterization for the energy resolution of a 
alorimeter is

σE

E
=

a√
E

+
b

E
+ c (8.4)where ea
h of the 
onstants a, b and c have a physi
al meaning.In order redu
e the leakage term in a �nite size dete
tor, the stopping power 
an bein
reased by interleaving the sensitive volumes with dense material. Su
h mixed dete
torsmade of a
tive parts with low stopping power and passive parts with high stopping power,are 
alled sampling 
alorimeters. However, the geometry of the sampling 
alorimeters in-trodu
es a substantial loss of energy in the passive parts, whi
h usually dominates theenergy resolution of sampling 
alorimeters. The energy deposition in the material is domi-nated by low energy ele
trons, whi
h have a very short range and are often 
on�ned to thepassive material. While the varian
e in the number of photons produ
ed is proportional tothe 
riti
al energy Ec (5.29), whi
h is inversely proportional to Z, the range is proportionalto the radiation length X0, hen
e proportional to A/Z2. The relative energy resolutionis thus proportional to the square root of tZ/A, where t is the thi
kness of the passivematerial. The passive material in a sampling 
alorimeter should therefore be

• as thin as possible
• made of as dense material as possiblein order to improve the energy resolution. Furthermore it is important how the mi
rostru
-ture is arranged in a sampling 
alorimeter in order to redu
e 
hanneling e�e
ts1.8.2 KLOE 
alorimeterThe ele
tron positron 
ollider DAΦNE was designed to study CP violation in the neu-tral kaon system, and operated with a 
enter of mass energy around 1 GeV. The KLOEexperiment was 
onstru
ted to dete
t KL produ
ed in Φ de
ay and measure its de
ay
hannels. Sin
e photons are produ
ed in the de
ay of π0 as well as in Φ related pro
esses,the 
alorimeter was optimized to measure the energy and vertex of photons.The KLOE 
alorimeter was a sampling 
alorimeter with grooved lead sheets and glueds
intillating �bers [61℄. Studies had shown that a better performan
e 
ould be obtained bythis �spaghetti� stru
ture of �bers, than with a �lasagna� stru
ture of lead and s
intillator1 Tra
ks at 
ertain angles might en
ounter di�erent amounts of passive material than the average tra
k,leading to undesired resonan
es in sampling fra
tion and energy loss.
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tion of the dete
tor was 13%, and the energy resolution of the
alorimeter was2
σE

E
≈ 5%
√

E[GeV]
(8.5)a

ording to a test beam at PSI using ele
trons, muons and pions in the momentum range100 to 450 MeV/
. The presen
e of lead in the 
alorimeter made it opaque to photons andthus it was a good at measuring the energy of photon events whi
h would otherwise belost in a more transparent material su
h as plasti
 s
intillator. The drawba
k was that alarge fra
tion of parti
le energies were lost in the lead, thus limiting the energy resolutionfor muons and other parti
les of interest.8.3 The 
alorimeter's role in MICEIt is important to remember that the so 
alled 
alorimeter in MICE is not primarily in-tended to be used for energy measurement. Its main obje
tive is to provide separation
apability between muons and de
ay positrons. In addition to this primary task, it shouldalso be able to separate muons from pions, x-rays and ele
trons. As a bonus, it would beuseful if the 
alorimeter 
ould give independent information on the parti
le momentum,through means su
h as range or bary
enter in the 
alorimeter.Having said that, there is indeed an interest for good energy resolution with the
alorimeter, sin
e parti
les 
an be identi�ed by 
omparing the momentum measured inthe tra
ker with the energy measured in the 
alorimeter. As was shown in the previousse
tion, the relative energy resolution gets worse for lower energy, so relying on mat
hingthe energy to the momentum will not be a good PID method for low momentum. As anexample; at the lowest momentum beam setting a

ording to the run plan, the momentumof the muons is

p = 140 ± 14 MeV/c (8.6)in the 
enter of the 
entral absorber, whi
h means that the three standard deviation lowerlimit will o

ur at around 98 MeV/
, i.e., 38.5 MeV kineti
 energy. There is one halfabsorber worth of energy loss to dedu
t from that, and at 40 MeV
− dE

dxρ
= 6.539 MeVcm2g−1 (8.7)

ρ = 0.07080 gcm−3 (8.8)
x = 17.5 cm (8.9)hen
e the kineti
 energy after the 
ooling 
hannel is 30.4 MeV. At this velo
ity, a muonloses approximately 4 MeV in the spe
trometer. It has therefore 27 MeV kineti
 energy atthe entran
e of TOF2. A muon at 30 MeV has a CSDA range in polystyrene of 4.6 
m[93℄, and even shorter for lower energies. The baseline design of TOF2 is 5 
m thi
k, so2 Can be 
ompared with ATLAS ECAL σE

E
= 0.10

√
GeV√

E
+ 0.28 GeV

E
+ 0.0035.



150 8. Calorimeter designthe slowest muons are a
tually stopped in TOF2. Performing this exer
ise on a nominal200 MeV/
 muon, the resulting energy of the parti
le hitting the 
alorimeter is 97 MeV,or 173 MeV/
.This exer
ise tells one very important thing: Parti
le identi�
ation should be performedon muons whi
h have momentum starting from zero as they enter the 
alorimeter! Equa-tion (8.5) diverges, and relying ex
lusively on the energy deposited in the 
alorimeter forparti
le identi�
ation would hen
e not work. Typi
ally the muon momentum in the KLOE
alorimeter was mu
h higher than in MICE, for example the K± → µ±ν gives a muon mo-mentum between 280 and 320 MeV/
, and the experimental te
hnique must be adjusteda

ordingly to suit the MICE 
onditions.8.4 Two 
alorimeter designsIn the original MICE proposal, the separation between µ+ and e+ was performed usinga 
alorimeter and a �erenkov dete
tor, 
alled CKOV2. Together with the informationgiven by the spe
trometers and the time of �ight system, this was thought to be enoughto remove any signi�
ant bias to the emittan
e measurement.8.4.1 KLOE-lightThe baseline design for the 
alorimeter was a lead and �ber �spaghetti� design, similar towhat was used in the KLOE experiment. Sin
e the energy of the parti
les is lower than inKLOE, the ratio of �ber to lead has been adjusted by making the lead foils thinner. Thisdesign is hen
eforth 
alled KLOE-light, or KL for short.A KLOE-light layer was segmented transversally in thirty di�erent 
ells. Ea
h 
ell was4 by 4 
m, and 120 
m long.3 There were four identi
al layers, and ea
h layer was orientedperpendi
ular to its 
losest neighboring layers. Every 
ell was read out at both ends byPMTs, thus making the total number of 
hannels equal to 240. When the study presentedin this 
hapter was performed, there was no de
ision taken for the front end ele
troni
s,but it was assumed that ADC and TDC information would be available.8.4.2 Sandwi
hDue to the low energy of the muons, and the limited parti
le identi�
ation performan
eobtained in simulations using the KLOE-light 
alorimeter (se
tion 8.6), an alternativedesign has been proposed. This design is made of a front layer identi
al to the KLOE-light, and ten layers of fully a
tive plasti
 s
intillator. The thi
knesses of the plasti
 layersare 1, 2, 3, 4, 6, 8, 10, 12, 12, 12 
m respe
tively. The thi
knesses were 
hosen su
h that theresolution of the range of the muons is still reasonable at low momentum. The transversesegmentation of the plasti
 has been 
hosen su
h that the total number of 
hannels isidenti
al to the KLOE-light baseline. This design was 
alled Sandwi
h, or SW for short.3 The transverse dimensions of the 
ells have been 
hanged in the �nal design to 4.4 by 92.4 
m.



8.4. Two 
alorimeter designs 151

Fixed by shaping disk pitch0,1  mm

0,88 mm

(Nominal Value)

1.35 mm

0,97 mm

Average
Exp value

Beam axis 
perpendicular
to lead layers

0,35 0,35 0,35

1,0 1,0 1,0 1,0
becomes

( not on scale )
Single sheet 0,3 mm thick 

Fig. 8.1: The mi
rostru
ture of the KLOE-light. The s
intillating �bers are glued to grooved leadfoils, and read out on both ends by photomultiplier tubes.

Fig. 8.2: The Sandwi
h 
alorimeter design as implemented in G4MICE (grey and yellow). Duringthe design evaluation presented in this 
hapter, the iron shield (orange) en
asing TOF2was not yet invented. See 
hapter 10 for dis
ussion on related topi
s.



152 8. Calorimeter designAn in
oming positron or ele
tron will lose most or all of its energy in the preshower layer,and generate an ele
tromagneti
 shower in the pro
ess, as des
ribed in se
tion 5.4. Thephotoni
 
ontent of an ele
tromagneti
 shower in
reases with shower depth, but sin
e theabsorption 
oe�
ient for pair produ
tion is inversely proportional to the radiation length,the low Z of the 
hemi
al 
omponents of plasti
 s
intillator makes the layers following thepreshower mostly transparent to the photons. Thus an ele
tromagneti
 shower event willhave a very di�erent longitudinal pro�le 
ompared to a muon event in the 
alorimeter,whi
h makes it possible to distinguish between signal and ba
kground events, even whenthe energy of the in
oming parti
le is only a few times the 
riti
al energy in lead.The prin
iple advantages of the SW over the KL are that the prior samples more ofthe parti
le energy, muons are not pun
hing through, and the range resolution is better.In addition to this, it is easier and 
heaper to manufa
ture.8.4.3 Longitudinal size and segmentation of SWSin
e the radiation lengths of the �bers and the glue is mu
h longer than the radiationlength of lead, 41 
m 
ompared to 0.56 
m, the lead 
ontent in the preshower layer domi-nates the ele
tromagneti
 shower produ
tion. The preshower layer has the same stru
tureas the four layers in the KL design, and by reading �gure 8.1 one 
an 
on
lude that thepreshower layer volume 
onsists of approximately 33.9% lead. With a preshower thi
k-ness of 4 
m as in the KL design, the average amount of lead traversed by a straighttraje
tory is thus 1.35 
m, or 2.42 radiation lengths. Using (5.59) with the 
riti
al energy
Ec(Pb) = 7.79 MeV implies that the thi
kness of a 4 
m preshower layer 
orresponds tothe depth of the shower maximum for ele
trons with the kineti
 energy

E = Ece
∆z
X0

+0.5 ≈ 145 MeV. (8.10)Hen
e the shower maximum of most ba
kground events is lo
ated inside the preshowerlayer, while only very high energy showers still develop in the ba
k of the preshower layer.This suits the experimental 
onditions of MICE.The total thi
kness of the Sandwi
h 
alorimeter was 
hosen with the muon range inmind. A ba
k of the envelope 
al
ulation of the range gave that 70 
m of plasti
 after thepreshower layer would be enough.4 This was later 
ompared with simulation, and in �gure9.12, the stopping depth of the muon is plotted as a fun
tion of the βγ cos θ of muons inplasti
5. See also �gure 9.9. 70 
m of plasti
 were 
on
luded to be enough to stop muonsup to around 270 MeV/
. Simulations show that only 1.9% of all good muon events forthe highest momentum beam will have pz ≥ 270 MeV/
 at the entran
e of the 
alorimeter.For the nominal momentum of 200 MeV/
 the muon will likely stop in the 
enter of the
alorimeter, and the tra
k will be even shorter when the energy loss in upstream volumeshas been a

ounted for.4 A preshower layer of 4 
m followed by 70 
m of polystyrene 
orresponds to a total of 4.2 radiationlengths, and the polystyrene 
orresponds to 1.4 times the mean free path length of photons 
reated in thepreshower layer.5 The volume 
ontained only 70 
m of plasti
 s
intillator so the graph is 
ut o� at very high momenta.
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alorimeter designs 153The longitudinal segmentation was 
hosen to have a relative resolution on the rangeas 
onstant as possible, or at least that the resolution would be a monotoni
 fun
tion ofthe parti
le range. That means thinner layers in the beginning and thi
ker towards theend of the 
alorimeter. Ideally the �rst plasti
 layer should be in�nitesimally thin, butone 
entimeter was 
onsidered the thinnest pra
ti
al thi
kness. Ten layers were 
onsideredrequired to re
onstru
t the range. The argument that the Sandwi
h 
alorimeter shouldnot use more PMTs than the KL meant that nine s
intillator slabs per plasti
 s
intillatorlayer 
ould be employed.
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layerFig. 8.3: The relative resolution of the range of parti
les in the plasti
 part of the Sandwi
h
alorimeter depends on the thi
kness of the layer at the stopping position and the pla
e-ment of the last hit layer. X-axis: layer number. Y-axis: a quantity proportional to therelative resolution.8.4.4 History and naming 
onventionThe original design was named KLOE-light by Ludovi
o Tortora, sin
e it is similar to thedesign used for KLOE but with thinner lead sheets. The Sandwi
h design was originallyplasti
 layers sandwi
hed between two layers identi
al to those used for KLOE-light. Asimilar design without the ba
k end layer was 
alled Smörgås6, whi
h means open sandwi
hin Swedish. The ba
k end layer was intended for 
apturing photons from ele
tromagneti
showers generated in the preshower layer. However the performan
e to 
ost ratio was toolow, and the original Sandwi
h design was s
rapped. Sandwi
h was already the establishedname of the 
ontender to KLOE-light, so the Smörgås design inherited its name.To add to the 
onfusion, the abbreviations KL and SW are often in
orre
tly used todes
ribe the preshower layer and the plasti
 part of the Sandwi
h design. In addition6 Webster's: Main Entry: smorgasbord Fun
tion: noun Etymology: Swedish smörgåsbord, from smörgåsopen sandwi
h & bord table



154 8. Calorimeter designthe name EMCal, originally meaning ele
tromagneti
 
alorimeter, was also re
y
led asEle
tron�Muon 
alorimeter.In this thesis and in any publi
ations by the author, SW and KL are two di�erent
on
eptual designs of the physi
al EMCal, and not physi
al sub
omponents of the samedete
tor. 8.5 Des
ription of methodologyThe purpose of this study was threefold; it aimed to
• evaluate the performan
e of the baseline 
alorimeter design
• �nd ways to improve the performan
e
• redu
e the total 
ost of the parti
le identi�
ation system.The �rst obje
tive was obtained by implementing the KLOE-light design in as mu
h detailas possible in a series of realisti
 simulations. This was performed in G4MICE, 
ompiledwith Geant4.7.1.p01 libraries. It was performed in steps, as outlined in se
tion 6.1. Thefo
us on was the running 
onditions for MICE Stage 6, as it is the �nal Stage for theexperiment and will give the most relevant information for the 
onstru
tion of a NeutrinoFa
tory 
ooling 
hannel. A smaller e�ort was made to study the separation of muons andpions in Stage 1, sin
e the beam 
omposition and properties must be understood beforethe experiment 
an enter the 
ooling measurement phase.The se
ond obje
tive was met by reasoning based on physi
al prin
iples, whi
h led toan alternative 
on
eptual design. This was evaluated in a manner identi
al to the baselinedesign in order to allow for a fair 
omparison between the two designs.The third obje
tive was a
hieved by imposing a 
ost restri
tion on any alternativedesign that was equal to or less than that of the baseline design. Due to the un
ertaintyon the available frontend ele
troni
s and their 
ost, the same ele
troni
s and number of
hannels were assumed. As a last step towards the 
ost redu
tion, the improvement on theglobal experimental performan
e by adding CKOV2 were reviewed.8.5.1 Simulation inputs and geometryFor Stage 1, only TOF0, TOF1 and the 
alorimeter were present in the beamline7. In thesimulation, this was modeled by setting the distan
e between TOF1 and TOF2 to 648 
m,
enter to 
enter, and all ele
tri
 and magneti
 �elds were turned o�. The beamline was�lled with air. The 
alorimeter was pla
ed immediately downstream of TOF2, but therewas a distan
e left between them, 
orresponding to the spa
e needed for CKOV2. Thebeam was started just upstream of TOF0, with pions and muons with �at pz distributionsbetween 100 and 300 MeV/
.7 Sin
e this study was performed, a spe
trometer without its solenoid will, in addition, be present forStage 1.



8.5. Des
ription of methodology 155For Stage 6, the full MICE 
ooling 
hannel was modeled. However, we did not want to
ompli
ate the issue with re
onstru
tion of phase in the RF, whi
h requires sophisti
ateduse of re
onstru
ted momentum and TOF, so the absorbers were left empty and the RF�eld was turned o�. The 
alorimeter was pla
ed at the same distan
e to TOF2 as the
orresponding distan
e to TOF1 in Stage 1.A series of beams 
orresponding to the run plan of MICE was used. The beams usedwere unmat
hed 6π mm beams of longitudinal momenta of 140, 170, 200, 240 MeV/
 witha standard deviation of 10%. There was also a beam generated in TURTLE by KevinTilley for the 
ollaboration meeting at RAL in 2005. This beam was di�used by a 7.6 mmlead di�user positioned 6078 mm upstream of the 
enter of the 
entral absorber. The�TURTLE beam� had pTOF1
z = 236 ± 26 MeV/
.The Simulation exe
utable gives the Monte Carlo truth values, but before pro
eedingwith a performan
e measurement, one must take errors and biases introdu
ed by the frontend ele
troni
s into a

ount. This was handled in the G4MICE appli
ation Digitization(see se
tion 6.3.2). 8.5.2 AnalysisThe performan
e analysis of the two 
alorimeter designs was also a test bed and devel-opment area for the downstream parti
le identi�
ation. The �nal analysis is presented in
hapter 9, though some features were di�erent or missing during the work presented in this
hapter.Before any analysis 
ould begin, beams of ten thousand events were simulated anddigitized, in order to �nd good variables for doing parti
le identi�
ation. These beams hadvery wide distributions so as to map all beam 
onditions. The variables should providemaximal data redu
tion while keeping the loss of information minimal, and were sele
teda

ording to the prin
iples des
ribed in se
tion 9.3.4.On
e the variables had been 
hosen, �ts were made for all expe
ted values. The �tswere used to 
reate �dis
repan
y variables�8
D = (measured− expected)/measured, (8.11)where zero means very muon like. An event whi
h has both the expe
ted and the measuredvalue at zero (or below a 
ertain threshold) is assigned D = 0, while an event whi
h has themeasured but not the expe
ted value at zero, was assigned D = 1. Naturally, the inversesituation also results in D = 1 by applying equation 8.11.Sin
e the rest of the analysis was performed in ROOT, the output �les of Digitizationwere 
onverted to ROOT trees using the RootEvent appli
ation (se
tion 6.1.4). Thisappli
ation also tagged the events as good or bad.Sin
e simple 
uts proved useless for pion-muon separation as well as ele
tron-muonseparation, the problem was analyzed with an Arti�
ial Neural Network (see se
tion D.2).For every s
enario, the muon sample was merged with the ba
kground sample, and an8 This quantity was later repla
ed with asymmetry (see se
tion A.1.6).
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Fig. 8.6: The number of ADC 
ounts 
orresponds to the energy lost in the 
alorimeter, and 
anbe mat
hed with the time of �ight of the parti
le. Using the measured time of �ight, it ispossible to give an expe
ted amplitude in the 
alorimeter, sin
e the mass of a muon is aknown quantity. The dis
repan
y variable (8.11) is 
hosen su
h that an event whi
h lookslike a muon should have the value 0. This �gure illustrates how the pion distribution(bla
k) peaks at a di�erent value, due to its di�erent mass. Naturally, pions de
ayinginto muons between the TOF dete
tors are positioned between the muon and pion peaks.Green is pions de
aying into muons between the TOFs.Arti�
ial Neural Network was trained on half of the merged and �ltered sample (
alled thetraining sample). The Arti�
ial Neural Network performs a �t to a fun
tion whi
h is equalto one for signal events and zero for a ba
kground event. The �tted value it assigns theevent is a �oating point number and 
an thus be interpreted as a signal weight. The �tparameters obtained from the Arti�
ial Neural Network were written to dis
, su
h that itis easy to go ba
k to an older �t if ne
essary.Using the �t parameters a
quired by the Arti�
ial Neural Network, a weight was as-signed to all the events whi
h were not part of the training. This sample is 
alled the testsample and it is used for evaluating the performan
e. By making 
uts along the signalweight, the signal e�
ien
y and the purity tra
e out a 
urve. Ideally, the purity after theanalysis should be at 100% while not losing any e�
ien
y.The analysis method is more thoroughly explained in 
hapter 9, whi
h also 
ontains theresults of the more re�ned analysis method whi
h was performed after this initial study.There are di�eren
es between the method presented here and in 
hapter 9 however:
• The method presented here did not have 
alorimeter hits as a requirement for goodevent.
• The method presented here did not have tra
k 
on�nement in the tra
ker a
tiveregion as a requirement for good event.
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Fig. 8.7: The PID performan
e in Stage 1. Solid bla
k line indi
ates SW, dash-dotted red lineindi
ates KL, while dashed purple line is the performan
e using time of �ight informationonly. Pions de
aying to muons between the time of �ight stations are ignored in thisplot.
• The method presented here used dis
repan
y instead of asymmetry for multi dete
torvariables.In addition, all �ts have been updated due to 
hanges in the �eld map, positions of dete
torset
. 8.6 Performan
eThe obje
tive of the parti
le identi�
ation analysis, for whi
h the 
alorimeter is a key
omponent, is to redu
e the bias on the 
ooling measurement to an a

eptable level. Asdis
ussed in se
tion 9.6, this requires a high performan
e expressed as a minimum purityof 99.8% at a referen
e signal e�
ien
y of 99.9%. This se
tion therefore evaluates theba
kground reje
tion e�
ien
y for both 
alorimeter designs at the given referen
e signale�
ien
y. 8.6.1 Stage 1In Stage 1, the obje
tive is to measure the pion 
ontent in the muon beam. The momen-tum is 
onsidered unknown, so all the longitudinal momentum is distributed with a �atdistribution between 100 and 300 MeV/
. Parti
les with larger longitudinal momentumhave a larger probability to rea
h the end of the experiment, and be tagged as good events,so the �atness is not 
onserved in the �nal analysis.



8.6. Performan
e 159The network ar
hite
ture used for the Arti�
ial Neural Network was 6:7:19. The sixinputs were:
• tof
• ad
Dis
repan
y
• rangeDis
repan
y
• ad
Q(0)
• ad
Prod(0)
• highQOne di�eren
e for Stage 1 
ompared to Stage 6 was that there were no spe
trometerspresent, but the absen
e of 
ooling 
hannel makes the time of �ight a good substitutefor the longitudinal momentum. Thus, the time of �ight was used for re
onstru
ting thelongitudinal momentum, and then the analysis 
ontinues exa
tly as in the Stage 6 
ase.The resolution of the time of �ight was a Gaussian with 70 ps standard deviation. Therewere no transverse variables, whi
h is something whi
h 
ould be improved later. As �gure8.7 shows, the SW design performed better than the KL design, and time of �ight alonewas not enough to give an adequate parti
le identi�
ation.Similar to what was done for Stage 6 in 
hapter 9, the parti
le identi�
ation performan
ein Stage 1 would bene�t from the more developed and optimized analysis algorithms.However, the produ
tion of the 
alorimeter will likely only be partially 
ompleted by thetime MICE starts taking data in Stage 1. It is unknown how many layers will be presentwhen the �rst beam is delivered, so it is hard estimate the a
tual performan
e of the devi
e,and any new simulation would be subje
t to arbitrary assumptions.8.6.2 Stage 6Just like in Stage 1, simple 
uts on the variables did not help mu
h and were thereforenot used in Stage 6. Instead Arti�
ial Neural Networks were used to �t the parti
le ID asa fun
tion of the input variables. For the lowest momentum a 9:5:2:1 ar
hite
ture wasused, and for all other 
ases 8:7:1 was used. The bary
enter is strongly 
orrelated withthe range, and it is usually not ne
essary to in
lude them both, but for the 140 MeV/
beam, having a bary
enter dis
repan
y variable did improve the results slightly.Comments on resultsThe most striking property of the results for Stage 6 was that over the full spe
trum, theSW design performed better than the KL 
ounterpart.9 That means there were six input variables, one hidden layer of seven variables, and the single parti
leID tag variable as output.



160 8. Calorimeter design

Correctly ID muons (%)
99.8 99.85 99.9 99.95

C
o

rr
e

ct
ly

 ID
 b

a
ck

g
ro

u
n

d
 (

%
)

50

55

60

65

70

75

80

85

bb:ss {ss>99.8&&bb>50}Stage 6, 140 MeV/c, [black=SW, red=KL, dashed=no TOF, purple=no cal]

99.93%

99.80%

Fig. 8.8: The PID performan
e in Stage 6, pTOF1
z = 140±14 MeV/
. The solid bla
k line indi
atesthe performan
e using SW, while the dash-dotted red line is the performan
e using KL.The dashed red and bla
k lines are the performan
e using KL and SW without TOFinformation respe
tively, and the purple solid line is the performan
e when no 
alorimeteris used. The blue lines 
orrespond to 99.8% and 99.933% purity respe
tively.
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Fig. 8.9: The PID performan
e in Stage 6, pTOF1
z = 170±17 MeV/
. The solid bla
k line indi
atesthe performan
e using SW, while the dash-dotted red line is the performan
e using KL.The dashed red and bla
k lines are the performan
e using KL and SW without TOFinformation respe
tively, and the purple solid line is the performan
e when no 
alorimeteris used. The blue lines 
orrespond to 99.8% and 99.933% purity respe
tively.
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Fig. 8.10: The PID performan
e in Stage 6, pTOF1
z = 200 ± 20 MeV/
. The solid bla
k lineindi
ates the performan
e using SW, while the dash-dotted red line is the performan
eusing KL. The dashed red and bla
k lines are the performan
e using KL and SWwithout TOF information respe
tively, and the purple solid line is the performan
ewhen no 
alorimeter is used. The blue lines 
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orrespond to 99.8% and 99.933% purity respe
tively.
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mom.
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KL, with 

TOF

SW, with 

TOF

140 14 

MeV/c
47.8% 56.2% 79.5% 58.2% 79.5%

170 17

MeV/c
54.1% 48.8% 56.4% 59.0% 67.8%

200 20

MeV/c
59.0% 57.3% 74.2% 79.4% 87.6%

240 24

MeV/c
64.5% 65.0% 91.4% 80.0% 92.2%

TURTLE 83.5%

Not meeting req. Meeting basic req. Meeting safety req.Fig. 8.12: Summary table for Stage 6. The numbers 
orrespond to how mu
h of the ba
kgroundis reje
ted at 99.9% signal e�
ien
y. Slide from presentation by Rikard Sandström atMICE 
ollaboration meeting 2006 in Osaka.
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mom.

No cal.,

with TOF

KL, no 

TOF

SW, no 

TOF

KL, with 

TOF

SW, with 

TOF

140 14 

MeV/c
0.24% 0.20% 0.093% 0.19% 0.093%

170 17

MeV/c
0.17% 0.19% 0.17% 0.16% 0.12%

200 20

MeV/c
0.14% 0.15% 0.091% 0.073% 0.044%

240 24

MeV/c
0.089% 0.088% 0.022% 0.050% 0.020%

TURTLE 0.070%

Not meeting req. Meeting basic req. Meeting safety req.Fig. 8.13: Summary table for Stage 6. The numbers 
orrespond to the impurity after PID at 99.9%signal e�
ien
y. Slide from presentation by Rikard Sandström at MICE 
ollaborationmeeting 2006 in Osaka.



8.6. Performan
e 163The general tenden
y is that for higher momentum, not only does the intrinsi
 purityin
rease, but also the ba
kground reje
tion 
apability improves. Thus, at higher momen-tum, identifying muon de
ay is not a problem. The problem resides at lower momentum.If the momentum is low enough however, a muon will never traverse the �rst lead-�berlayer but will be 
ontained within it. Sin
e this is not true for a positron, that gives a vetoon the parti
le identi�
ation. At slightly higher momentum, a muon sometimes spills overinto the se
ond layer, and the behavior looks dangerously similar to an ele
tromagneti
shower. With the experimental setup simulated here, this dip in performan
e o

urs around150 MeV/
 at the entry to the 
alorimeter. A

ording to (8.10) ele
trons at 145 MeV/

ause ele
tromagneti
 showers with the shower maximum on the boundary between thepreshower layer and the �rst plasti
 layer. Due to energy loss on the way from the TOF1exit, the 170± 17 MeV/
 beam momentum is 148± 22 MeV/
 at the exit of TOF2, hen
ewe should expe
t to see this minima in performan
e for this beam. Looking at the results,this was also the 
ase.It is hard to remove the behavior by 
hanging geometry; if one tries to push it to lowermomentum by making the �rst layer lighter or thinner, more primary in
ident positronswill penetrate the �rst layer and make tra
ks in the following layers. If one would makethe �rst layer thi
ker or heavier more muons would be stopped in the �rst layer and thuspush the dip into the 
entral momentum region at 200 MeV/
. It is possible to get ridof this by improving the analysis itself rather than the geometry, but this e�e
t must betaken into a

ount when optimizing the segmentation of the 
alorimeter. With the modularapproa
h to tra
k propagation used in the more re�ned analysis presented in 
hapter 9,and with updated �ts whi
h took this transition region into spe
ial 
onsideration, the dipin performan
e for the 170 MeV/
 beam disappeared.8.6.3 Analysis of PID failureThe main problem with the downstream ele
tron�muon identi�
ation in Stage 6 is tomaintain the very high e�
ien
y of 99.9%. By looking at �gure 9.25 one does noti
ethat some signal events re
eive a muonness weight su
h that they look very mu
h likeba
kground events. Sin
e 99.9% of the signal is supposed to be a

epted, this implies thatthe 
ut must be done in the 
lose vi
inity of the ba
kground peak at 0, and hen
e a lot ofba
kground events are also a

epted as signal events.In order to study the severely misidenti�ed signal events, the 200 MeV/
 beam wasstudied in 
loser detail. In the test sample of this beam (the half not used for neural nettraining), there were 49786 good signal events, of whi
h 112 had a severe mis-PID. Thosevalues 
orresponds to e�
ien
y = 99.78%. Of these, 54 were muons de
aying so 
lose intime to the parti
le tra
k in the 
alorimeter, that it was not possible to distinguish twoseparate peaks based on TDC information. The only possible remedy to this is to 
hangethe TDC threshold. However it is hard to imagine how misidentifying these events willintrodu
e a bias on the emittan
e measurement.There were also 14 positrons and 6 ele
trons at the �rst 
alorimeter hit of the event.Those numbers 
ould be redu
ed by making the distan
e between TOF2 and the 
alorime-



164 8. Calorimeter designter smaller, preferable as small as possible. The same 
on
lusion is valid for the 38 eventswhi
h never hit the 
alorimeter. Some of these are muons without the ne
essary kineti
energy to traverse TOF2, others are muon de
ays inside or after TOF2.This prompted two a
tions to solve the problem of parti
le identi�
ation failure:
• The 
alorimeter was pushed as 
lose as possible to TOF2.
• Good event was rede�ned as an event that gives reasonable hits in the tra
kers & tofs& 
alorimeter.The �rst point 
ould be a
hieved if CKOV2 were absent, but this more upstream positionalso put the photomultipliers in a higher magneti
 �eld. The se
ond point 
ould in prin
ipleintrodu
e a bias sin
e the e�e
tive 
ut o� at low energies is in
reased. However as the studyin 
hapter 10 showed, these extremely low energy parti
les are very problemati
 to 
olle
tanyway, and 
an safely be tagged as bad events.8.6.4 Impli
ations of this studyAlthough the main obje
tives of this study were to make a de
ision on the general designphilosophy of the 
alorimeter and evaluate its performan
e, the good parti
le identi�
ationperforman
e obtained suggested that the downstream �erenkov dete
tor, CKOV2, wasredundant. A de
ision was taken to remove CKOV2 and �x the 
alorimeter design to SW.This allowed the 
alorimeter to be pla
ed 
loser to TOF2.



9. PARTICLE IDENTIFICATION ANALYSISOne of the sour
es of ba
kground with the potential to impose a systemati
 error larger thanthe spe
i�ed experimental pre
ision is muon de
ay, whi
h produ
es an ele
tron of similarbut di�erent tra
k properties as the original parti
le (see se
tion 5.1.1). If the de
ay o

ursupstream of TOF1, the event 
an easily be reje
ted using the �erenkov dete
tor and themeasured time of �ight. For muon de
ay further downstream this is not so easy, and amore sophisti
ated analysis is ne
essary to meet the experiment requirements. This 
hapterdes
ribes the analysis developed by the author to 
ope with muon de
ay ba
kground inthe downstream region of MICE.9.1 Energy loss predi
tionsIn order to predi
t the parti
le energy and momentum at a given dete
tor, the momentummeasured in the spe
trometers was used together with the Bethe-Blo
k fun
tion,
− dE

dx
=

4π

mec2
· nz

2

β2
·
(

e2

4πε0

)2

·
[

ln

(

2mec
2β2

I · (1 − β2)

)

− β2

] (9.1)whi
h was used to �t the energy loss seen in the simulation. Due to problems with 
on-vergen
e of the �tting pro
edure when using logarithmi
 dependen
ies, equation (9.1) wasTaylor expanded before the �t,
dE

dx
=
k−2

β2
+
k−1

β
+ k0 + k1β + k2β

2 + O(β3). (9.2)Sin
e the tra
k is not always perpendi
ular to the surfa
e of the volume for whi
h theenergy loss is supposed to be 
al
ulated, a path length 
orre
tion due to the angle mustbe a

ounted for,
l =

∆z

cos θ
(9.3)where ∆z is the thi
kness of the volume in the longitudinal dire
tion, and θ is the measuredor predi
ted in
ident angle of the tra
k to the surfa
e.In addition to losing energy, the parti
le dire
tion is 
hanged by a small amount bytransverse magneti
 �elds, multiple s
attering and other pro
esses. The analysis used avery simple model for this s
attering sin
e the e�e
t on the parti
le identi�
ation 
apabilityis limited, and relied mostly on the mean value of ∆θ for rotating the Lorentz ve
tor. Thesevalues are listed in table 9.2, and two of the �ts are shown in �gures C.5 and C.6. For



166 9. Parti
le identi�
ation analysisTab. 9.1: Energy loss �tted with Taylor expanded Bethe-Blo
k fun
tion (9.1). The �t for volumesmarked with † is the energy loss in MeV per 
m, where the length l is de�ned in equation(9.3). For the other �ts, the thi
kness of the volume and the path length 
orre
tion dueto in
ident angle are already in
luded. One might expe
t the energy loss of the twospe
trometers to be identi
al, but one very important di�eren
e is that the input β inthe upstream spe
trometer 
ase is measured after the energy loss. Furthermore, thedependen
y on β is fairly linear in this region, and β is 
lose to 1, whi
h 
ause thedi�erent terms to 
an
el in the Taylor expansion. The �ts are shown in �gures B.1 toB.5.Volume k−2 k−1 k0 k1 k2TOF1→di�user 0.5946 -1.434 0.6556 0.9006 -0.6432Di�user† -57.7 162.2 -24.85 -188.1 121.4S
iFi0 1.344 0.2889 -0.2327 -0.1245 0.6842S
iFi1 -8.49671 48.1395 -85.2172 65.6883 -18.1637TOF2† 112.494 -520.188 917.926 -722.081 213.905EMCal0 119.106 -175.564 -37.1309 164.933 -50.0836high density volumes like the 
alorimeter, the dominating 
ause of the 
hange in angle isphysi
al pro
esses, while between the tra
ker referen
e plane and time of �ight station,magneti
 �eld e�e
ts dominate.Several su
h volumes, su
h as the spe
trometers, TOF2 and the preshower layer of the
alorimeter, had individually �tted parameters in order to predi
t the energy loss. Forpredi
ting the Lorentz ve
tor after volume number n, the predi
ted Lorentz ve
tor was
al
ulated after volume number 1, whi
h gave input to the predi
ted Lorentz ve
tor �tsafter volume 2 et
. The advantage of this modular method 
ompared to a global �t is thatshould one 
hange the design of a volume, only the �ts of that volume must be 
hanged.Better still, should only the thi
kness of a module 
hange, equation (9.3) shows that noTab. 9.2: The di�eren
e in angle from beam axis due to the muon intera
ting with passive materialand nonzero transverse magneti
 �elds. The s
attering in TOF2 and the di�user isnegle
ted in the analysis. The di�user in question is a 4.2 mm thi
k lead di�user.Volume ∆ cos θ = Corre
tionTOF1→Di�user −0.003917 ± 0.008971 -0.390 + 0.3929 cos θDi�user −6.11 · 10−4 ± 0.01189 −0.3219 + 0.3272 cos θDi�user→S
iFi0 −0.01467 ± 0.01682 −0.511 + 0.5131 cos θS
iFi1→TOF2 0.02376 ± 0.03481 0.7174 − 0.7241 cos θTOF2 0.00104 ± 0.00904 -EMCal0 −0.02778 ± 0.06724 −0.2572 + 0.234 cos θ
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ker resolutions 167
hange at all in the energy loss �t needs to be performed.The predi
ted Lorentz ve
tor assumed that the mass of the parti
le was one muonmass, while the momentum was the experimental momentum given by the spe
trometersor propagated through volumes with energy loss. Thus the quantities used were
βµ =

1

1 +
m2

µ

Eµ

(9.4)and
Eµ =

√

p2 +m2
µ , p = |p|. (9.5)The beam used for extra
ting these �t parameters was a 
ustom made beam designedto �ll the full phase spa
e. The 10 MeV/
 binning is visible as an artifa
t in �gures B.1and B.2. The beam is more extensively des
ribed in se
tion 10.1.9.2 TOF and tra
ker resolutionsSin
e at this writing there is no fun
tioning tra
ker or TOF re
onstru
tion, tra
ker andtime of �ight information were smeared using Gaussian values. For the time of �ight, theMonte Carlo truth value was used smeared with a 70 ps standard deviation.For the spe
trometer, the transverse position resolutions were set to

σx = σy = 0.5 mm (9.6)and the transverse momentum resolutions were
σpx

= σpy
= 2.0 MeV/c. (9.7)These values were used for smearing the longitudinal momentum resolution. In orderto make the values agree with the presentations given by Mal
olm Ellis at the MICE
ollaboration meeting at LBNL in 2005 [81℄, the simple formulae used were res
aled by a
onstant fa
tor. The �nal resolution that was used was

σpz
= 0.209

√
2σpx

pz

pt

(9.8)where
pt =

√

p2
x + p2

y. (9.9)From equation (9.8) it 
an be noted that for straight tra
ks the resolution be
omes worse.For many of the expe
ted values of measurables in the 
alorimeter, the resolution onlongitudinal momentum in the downstream spe
trometer is 
ru
ial for the performan
eof the PID. In other words, the mat
hing of measured momentum to other dete
tors willsu�er from poor tra
ker resolution for 
ertain tra
ks.The software whi
h performs the parti
le identi�
ation analysis is already preparedto use the a
tual re
onstru
ted quantities from the spe
trometer and the time of �ight
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Fig. 9.1: The tra
ker resolution was synthesized by Gaussian pt resolution and equation (9.8) for
pz resolution. Plotted here is the longitudinal momentum resolution as a fun
tion of thetrue value of transverse momentum in a tra
ker for a 200 ± 20 MeV/
, 6 π mm beam.

Tab. 9.3: Preliminary tra
ker resolutions with updated Re
onstru
tion software [68℄. Results are
onsistently better than the old study suggested [81℄, in parti
ular for the transversemomentum resolution. The �gure of merit is the resolution divided by the standarddeviation of the sample. These results should be 
ompared with the results obtainedwith a TPG (table 6.2).Tra
ker resolution �gure of merit
σx = σy 0.37 mm 1.7%
σpt

1.06 MeV/
 7.4%
σpz

3.89 MeV/
 13.7%
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e the re
onstru
tion 
omes online. Preliminary results show 
onsistently betterresolutions [68℄ than the previous results, thus the tra
k predi
tion at the 
alorimeter andthe expe
ted time of �ight should be better than what has been assumed for the resultspresented in this thesis. The most re
ent tra
ker resolutions are shown in table 9.3. Whilethe position resolution is almost identi
al to the 
orresponding values of a short neon basedTPG, the momentum resolutions still have a long way to go before they are 
omparablewith a TPG. 9.3 PID variablesAny experiment 
olle
ts an amount of data. Sin
e the information in
reases with numberof observations, given that the information is 
onditional on what we want to learn fromthe experiment and that the information is related to the pre
ision1, it is desirable to uselarge amounts of data. In order to make the 
olle
ted data useful one must �nd a methodto maximize the data redu
tion while minimizing the loss of information [94℄. In thisanalysis this is a
hieved by expressing the data in spe
ial variables. A variable whi
h isa fun
tion of the data is 
alled by statisti
ians a statisti
. The task of �nding a suitableparti
le identi�
ation algorithm 
an therefore be expressed as �nding su�
ient statisti
swith minimal loss of information. 9.3.1 signalThis variable is the parti
le identi�
ation Monte Carlo truth and is what the analysis istrying to re
onstru
t using measured dete
tor variables. It is set to 0 for ba
kgroundevents and 1 for signal events. A signal event is de�ned as a muon in TOF1, TOF2 and the
alorimeter. This 
an be referred to as a probability density fun
tion f(signal) whi
h is adelta fun
tion at signal = 1 for signal events, and at signal = 0 for ba
kground events.9.3.2 badnessThe badness variable is a tag assigned to ea
h event whi
h des
ribes whether the event 
anbe interesting for data taking or not. If an event is a good event, i.e., an event whi
h willnot immediately be reje
ted before analysis, the badness is set to 0. If, however, any of there
onstru
ted event properties indi
ate that the event is bad, badness is in
remented by 1.Should any of the Monte Carlo truth event properties �ag the event as bad, it is insteadin
remented by 2. Thus should both re
onstru
ted and MC truth event properties agreethat the event is bad it will have badness = 3. This allows sele
ting MC truth taggedgood events by requiring that the badness is less than two, and re
onstru
tion tagged goodevents by 
hoosing events where badness is even.The list of requirements for 
lassifying an event as a good event is this:
• The time of �ight between TOF1 and TOF2 must be larger than 10 ns.1 This is the Fisher de�nition of information [94℄.
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• The time of �ight between TOF1 and TOF2 must be larger than the 
orrespondingaverage velo
ity of half light speed in va
uum.
• The time of �ight between TOF1 and TOF2 must be smaller than the 
orrespondingaverage velo
ity of light speed in va
uum.
• The longitudinal momentum in both spe
trometers must be larger than 50 MeV/
.
• The longitudinal momentum in both spe
trometers must be smaller than 400 MeV/
.
• If the �rst hit in the 
alorimeter is a muon, there must be a muon hit in TOF2 aswell.2
• The tra
k must be 
ontained inside the a
tive radius of both spe
trometers. This isensured by equation (9.10).

ρ0 +R < ρmax (9.10)
ρmax is the tra
ker a
tive radius (15 
m), R the gyroradius

R =
pt

|q|B (9.11)and ρ0 the Larmor 
enter of the tra
k
ρ2

0 = ρ2 +R2 + 2s1s2R(xpy − ypx) . (9.12)
s1 is the ele
tri
 
harge sign of the muons and s2 the polarity of the magnets.The values used for these 
uts were not 
hosen su
h that they would remove any of theba
kground, but to remove undesired events whi
h would not be used for emittan
e 
al
u-lations anyway. In order to not introdu
e unne
essary bias, the 
ut values are 
onservativeand pass most uns
raped events through as good events.9.3.3 Out0When signal is re
onstru
ted the resulting value is 
alled Out0. It 
an take any real valuebetween minus and plus in�nity. The events sum up to give a probability density fun
tion
g(Out0), whi
h should look like the 
orresponding fun
tion with signal as argument, i.e.,have a peak at 0 for ba
kground events and a peak at 1 for signal events. By making a se-le
tion, su
h as a simple 
ut, on this variable it is possible to divide the spa
e ℜ in a 
riti
alregion w and a region of a

eptan
e ℜ−w. The standard deviation of the ba
kground and2 If TOF2 is too small, some muons will miss it while still hitting the 
alorimeter. This 
auses the eventto look like a muon event in the 
alorimeter but it will still be tagged as a bad event. Sometimes there arehits in TOF2 from ba
k propagation of se
ondary parti
les from the impa
t in the 
alorimeter, introdu
inga bias on the time of �ight measurement. This observation prompted a study of the optimal dete
tor sizes,presented in 
hapter 10.
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riminating power of the parti
leidenti�
ation algorithm, but looking at the separation, or simultaneous e�
ien
ies of bothdistributions for a given value of Out0, is usually more interesting to the experiment. Anexample of su
h a fun
tion is shown in 9.22.Using the signal event as the null hypothesis, the level of signi�
an
e of the test, whi
his the probability that Out0 falls in the 
riti
al region when the null hypothesis is true,
oin
ides with the signal ine�
ien
y. Usually the level of signi�
an
e is de�ned by theexperimenters, whi
h gives the power of the test for the spe
i�
 level of signi�
an
e. Thepower of the test is the probability that Out0 falls in the 
riti
al region, or in this spe
i�

ase, the fra
tion of ba
kground events reje
ted.9.3.4 Variables used for �ttingIn order to make the parti
le identi�
ation algorithm both powerful and e�
ient a numberof input variables must be 
arefully sele
ted to be used as parameters for �tting the PIDfun
tion signal(x). A good 
andidate 
an be identi�ed by its separation (se
tion A.1.4) ofsignal and ba
kground events; a separation 
lose to 1 is a very good 
andidate, where asif the separation is 
lose to zero the overlap of the two probability density fun
tions is toolarge to provide meaningful information of the di�eren
es between the two samples.Another 
riterion is the 
orrelation (se
tion A.1.5) between the statisti
 and otherstatisti
s used for the �t. Should the 
orrelation be very high between two variables,one of the variables is likely not needed. Figure 9.2 shows an example of the 
orrelationmatri
es used for spotting signi�
ant 
orrelations between PID variables.Some of the variables used are single dete
tor variables, meaning that the statisti
depends on information given by one single dete
tor only. Other variables depend on twoor more dete
tors in su
h a way that given the information in dete
tor A, the variabledes
ribes how 
onsistent the response of dete
tor B is with the hypothesis that the eventwas a signal event. The asymmetry between the measured value and the expe
ted valueis de�ned as in se
tion A.1.6, but with the additional option of using thresholds, thusavoiding the divergen
e when the denominator is zero. The de�nition of the asymmetrywith threshold be
omes
d ≡























0 if ae = am
am−ae

am+ae
if ae > T & am > T

0 if ae < T & am < T
1 if ae < T & am > T
−1 if ae > T & am < T

(9.13)where am is the measured quantity, ae is the expe
ted, and T is a threshold. In otherwords, this says that d = 0 if both are the same, regardless of threshold, d = ±1 if oneof the two is below threshold but not the other, and �nally if both are above threshold, ddes
ribes the fra
tual di�eren
e between the expe
ted and measured quantities.It is usually hard to �nd a set of un
orrelated variables with high separation for all thebeam settings of the experiment. The variables based on 
alorimeter values are naturally
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Fig. 9.2: Example of 
orrelation matrix, in this 
ase the signal sample for the setup 200 MeV/
.Ideally this matrix should be zero in all o� diagonal elements. When looking at the ba
k-ground sample the 
orrelations for the 
alorimeter spe
i�
 variables have disappeared.Due to te
hni
al reasons two of the variables used in the analysis were not in
luded inthis �gure.better for higher energies sin
e the parti
le intera
ts more with the dete
tor, while for asetup with time dependent RF �elds, the time of �ight gets worse. In this study identi
alvariables were used for all the studied samples, while at a later stage it would be reasonableto adapt the 
hoi
e of variables to every 
ase individually.tofThis statisti
 is the time of �ight between the downstream end of TOF1 and the upstreamend of TOF2. It uses the Monte Carlo truth value, smeared with a Gaussian fun
tion withstandard deviation equal to the resolution spe
i�ed in the Te
hni
al Referen
e Do
ument[58℄, 70 ps. tofAsThe asymmetry between the time of �ight and the expe
ted time of �ight uses assumptionsand motivations dis
ussed in appendix C. The expe
ted time of �ight uses the longitudinalvelo
ity
βz =

pz
√

p2 +m2
µ

, p = |p| (9.14)where the mass mµ is always assumed to be the muon mass, and the momentum is givenby the expe
ted momentum given the measured momentum in the spe
trometers. To �rst
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Fig. 9.3: The time of �ight for a 200 MeV/
 beam.
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Fig. 9.4: The time of �ight asymmetry for a 200 MeV/
 beam.
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ation analysisTab. 9.4: The 
orre
tions to the expe
ted time of �ight, based on a �eld map with an empty
ooling 
hannel and optimized for β = 42 
m and pz = 200 MeV/
.Volume x = sin θup tan θup x = sin θdn tan θdn x = ∆ sin θTOF1→Di�user - 0.001429 -- −0.1468x -- −0.6993x2 -Di�user - - -Di�user→S
iFi0 - −0.002466 -- +0.4185x -- +0.7192x2 -S
iFi1→S
iFi1 0.2274 0.2386 −0.6512

−2.966x −1.651x +0.491x

−2.927x2 −14.64x2 -- +14.2x3 -- −4.281x4 -S
iFi1→TOF2 −0.006438 - -
+0.48614x - -
+0.94976x2 - -order the expe
ted time of �ight is given by

t′ =
∆z

c(βup
z − βdown

z )
(ln(cβup

z ) − ln(cβdown
z )) (9.15)for all regions. A number of 
orre
tions are added to this initial expe
ted time of �ight,whi
h are summarized in table 9.4. See appendix C for their motivation.ad
Prod.At(0)This statisti
 is the produ
t of the ADC 
ounts of the left and right side of the 
alorimeter,divided by the sum of the left and right side

ap = 2
aLaR

aL + aR
. (9.16)A fa
tor of two is present for normalization. The produ
t of the two sides of the sames
intillator negates the attenuation e�e
t of the hit position when energy deposition isre
onstru
ted.

√
aLaR ∝ ∆E

√
e−x/λ+(x−l)/λ (9.17)

= ∆E
√
e−l/λ ∝ ∆E
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Fig. 9.5: The ADC produ
t in the preshower layer of the 
alorimeter for a 200 MeV/
 beam.Experimentally it is usually better to divide by the mean value of the two sides than takethe square root [95℄, thus arriving at equation (9.16).If there are hits in more than one 
ell of a layer of the 
alorimeter, the energy depositedin layer l is proportional to the sum of the ap,i over all 
ells i of the layer,
Al =

{

2
∑

i
aL,iaR,i

aL,i+aR,i
if aL,i + aR,i 6= 0

0 if aL,i + aR,i = 0.
(9.18)The variable adcProd.At(0) is the value Al for layer 0, the preshower layer.totalProdADCThis statisti
 is proportional to the energy deposited in the a
tive regions of the 
alorimeter,and is hen
e the sum over adcProd.At(l) for all layers l,

Atot =
∑

l

Al (9.19)where Al is given by (9.18). ad
As2This statisti
 is the asymmetry between the expe
ted and measured totalP rodADC (seese
tion 9.3.4). The expe
ted value is derived from the expe
ted Lorentz ve
tor at theentran
e of the 
alorimeter whi
h gives an expe
ted energy loss in the preshower layer. A
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Fig. 9.6: The total ADC produ
t in the 
alorimeter for a 200 MeV/
 beam.
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Fig. 9.7: The ADC asymmetry in the 
alorimeter for a 200 MeV/
 beam.
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Fig. 9.8: The fra
tion of the energy lost in the preshower layer of the 
alorimeter whi
h is sampledby the s
intillating �bers. From G4MICE simulation.
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Visible energy calorimeter layer 1-10

Fig. 9.9: The visible energy in layers 1-10 of the 
alorimeter as a fun
tion of the kineti
 energy atentran
e of layer 1. Sin
e the plasti
 s
intillator is fully a
tive, a linear dependen
y isexpe
ted with gradient equal to unity. For high energy parti
les, energy deposition fallsdue to longitudinal leakage.
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ertain fra
tion of the energy loss is sampled and the total visible energy in the 
alorimeterdepends on whether the parti
le is expe
ted to pun
h through the ba
k of the 
alorimeter.The expe
ted energy loss in the preshower layer uses the �ts listed in table 9.1, and23.05% of this energy is assumed to be sampled by the s
intillating �bers, as shown in�gure 9.8. For the subsequent layers, the visible energy is
Evis =







0 if Ekin ≤ 0
0.997710Ekin if 0 < Ekin < 182 MeV
316.532 − 0.744172Ekin if Ekin ≥ 182 MeV.

(9.20)The �ts are shown in �gure 9.9.The expe
ted energy deposition is translated into a 
orresponding estimated meannumber of ADC 
ounts using
〈A〉 ≈ kampǫqeǫcolǫlg

∆E

w

e

C

(

nle
− d

λl + nse
− d

λs

)

(Q(3, t0/τ) −Q(3, t1/τ)) (9.21)where kamp is the mean ampli�
ation of the PMTs, ǫx is the quantum e�
ien
y, 
olle
tione�
ien
y and light guide e�
ien
y respe
tively, ∆E is the energy deposition, w the meanenergy for 
reating a s
intillation photon, e is the ele
tron 
harge, C is 
harge per ADC
ount, and λl and λs are the two attenuation lengths with normalized weights nl and ns.These parameters are the same as those used as input for the simulation of the 
alorimeterdigitization, whi
h is des
ribed in se
tion 6.3.2. Q(3, t/tau) is the normalized in
ompletegamma fun
tion
Q(a, x) = 1/γ(a)

∫ ∞

x

ta−1e−tdt (9.22)whi
h des
ribes the integrated 
harge fun
tion (6.19) over time. For large integration range,
Q(3, t0/τ)−Q(3, t1/τ) approa
hes unity. The parameter d is the distan
e between the hitto the read out and it is assumed to be half the dete
tor width, i.e., the hit is assumed tohave o

urred on the beam axis.The assumption that the mean values of all random pro
esses 
an be multiplied, as inequation (9.21), to give the 
orre
t answer was 
on�rmed by 
omparing equation (9.21) tothe simulation. Both the equation and the simulation gave, on average, 13.6 ADC 
ountsper MeV visible energy, thus the estimator is unbiased.ad
Q.At(0)This statisti
 is proportional to the fra
tion of the energy deposited in layer 0 
omparedwith total energy deposited in the 
alorimeter. The fra
tion is de�ned as

ql ≡
{

Al/Atot if Atot 6= 0
0 if Atot = 0

(9.23)where Atot is given by (9.19). It is a measure of how front heavy the event is, and sin
eele
trons shower in the lead of layer l = 0, they give mu
h higher values of q0 than muons.However at low energies, the muons have very short range and the overlap with ele
tronsis signi�
ant.
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Fig. 9.10: The fra
tion of the ADC 
ounts found in the preshower layer for a 200 MeV/
 beam.rangeAsThe rangeHT statisti
 is de�ned as the last layer with a high level layer digit in the
alorimeter, so the rangeAs statisti
 des
ribes the asymmetry between expe
ted and mea-sured value of rangeHT . Sin
e rangeHT is numbered a

ording to the layer numbering
onvention, rangeHT = 0 means the preshower layer. For this reason rangeAs is a
tuallyde�ned as the asymmetry between the expe
ted and measured values of rangeHT + 1.The expe
ted range is 
al
ulated in length units and 
onverted into dis
rete layer numbersbefore the 
omparison.The expe
ted range uses the predi
ted Lorentz ve
tor at the exit of layer 0,
r =















l0 + 1.50433βγ cos θ + 14.2086(βγ cos θ)2 if βγ cos θ > 0
+121.749(βγ cos θ)3 − 46.1066(βγ cos θ)4

+4.68409(βγ cos θ)5

l0
2

if βγ cos θ ≤ 0

(9.24)where l0 is the thi
kness of layer 0. See �gure 9.12. Sin
e an event is 
onsidered bad(se
tion 9.3.2) if there are no hits in the 
alorimeter, a good event always has some hitsin the 
alorimeter and, therefore, a range that 
orresponds to the 
enter of the preshowerlayer or beyond. maxADClayThis statisti
 is the layer number whi
h 
ontains the highest energy deposition per layerthi
kness, in other words the layer with the highest dE/dx. The algorithm 
ompares thenumber of ADC 
ounts Al in ea
h layer, as in (9.18), to �nd and tag themaxADClay layer.



180 9. Parti
le identi�
ation analysis
Entries  90864

Mean   -0.00805

RMS    0.06871

rangeAs

-1 -0.5 0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Entries  90864

Mean   -0.00805

RMS    0.06871
Signal

Background

 =     1.813%, at x =   -0.7636
b

ε =    99.973% at sεSeparation =    0.6954, 

Fig. 9.11: The range asymmetry in the 
alorimeter for a 200 MeV/
 beam.
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Fig. 9.12: The longitudinal range in layers 1 to 10 of the 
alorimeter as a fun
tion of βγ cos θ atthe entran
e of layer 1. At very high energies the muons are pun
hing through andthus the range measurement is saturated at the full ∆z = 70 cm.
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Fig. 9.13: The maximum ADC layer of the 
alorimeter for a 200 MeV/
 beam.The preshower layer is di�erent from the other layers in that it only samples around 20%of the energy, and that the dE/dx is higher. The 
ombination of these two e�e
ts meansthat the number of ADC 
ounts in this layer is divided by 0.6789 in order to make the
omparison with the other layers. The need for this 
orre
tion 
an be seen in �gure 9.14;all distributions should 
onverge towards the same value at very high z, 
orresponding toa minimum ionizing parti
le.This statisti
 is used as a Bragg peak identi�er. For muons the Bragg peak is foundat the end of its tra
k, while ele
trons typi
ally indu
e a shower maximum at around tworadiation lengths3, thus 
on�ning the maxADClay to the beginning of the ele
tromagneti
shower. maxLSubRThis statisti
 indi
ates the length of the tail of the tra
k in the 
alorimeter. It is the
maxADClay variable minus the last layer with nonzero hits. Sin
e a muon will normallynot 
reate long range se
ondaries, a signal event should have the value 0, or -1 when someof the energy is spilling over into the neighboring layer. For an ele
tromagneti
 showerhowever, the shower 
ontent after the maxima 
onsists mainly of photons. The photonsgenerate hits with low energy loss at large dete
tor depths. For this reason this statisti
 isone of the best variables for parti
le identi�
ation for low energy beams.3 Using (5.59) for lead, Ec(Pb) = 7.79 MeV and E = 100 MeV yields tmax = 2.05X0. See also se
tion8.4.3.



182 9. Parti
le identi�
ation analysis

 [mm]µStopping depth of 
0 100 200 300 400 500 600 700 800

A
D

C
 p

ro
d

/l
a

y
e

r 
th

ic
kn

e
ss

 [
co

u
n

ts
/c

m
]

0

50

100

150

200

250
Layer 0

Layer 1

Layer 4

Layer 7

Layer 10

Layer 0

Layer 1

Layer 4

Layer 7

Layer 10

Layer 0

Layer 1

Layer 4

Layer 7

Layer 10

Energy density in calorimeter layers as function of range.

Fig. 9.14: The horizontal axis shows the longitudinal position of the end of the muon tra
k,and the verti
al axis indi
ates the adcProd variable divided by the thi
kness of its
orresponding layer. This spe
i�
 simulation 
ontained an air gap between layer 0 andthe other layers, as 
an be seen in the plot. The values used in the PID algorithm (notshown here) are modi�ed for layer 0, due to its lower sampling ratio and higher energyloss per unit length. After this modi�
ation, the distributions on the far right 
onvergetoward the same value.
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Fig. 9.15: The maximum ADC layer minus the last hit layer in the 
alorimeter, the tail distribu-tion, for a 200 MeV/
 beam.
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Fig. 9.16: The bary
enter in the 
alorimeter for a 200 MeV/
 beam.bary
enterThe bary
enter is a weighted mean of the tra
k's longitudinal position in the 
alorimeter,
b =

∑

l

Aldl =
∑

l

Al

(

∆zl

2
+

l−1
∑

i

∆zi

) (9.25)where ∆zi is the thi
kness of layer i. Sin
e ele
tromagneti
 showers are front heavy whilethe energy deposition from muon tra
ks are more evenly distributed, the bary
enter 
andistinguish between the two phenomena even though the a
tual range of the tra
ks areidenti
al.It was found that the best use for the bary
enter was for low energy, sin
e muons are
on�ned to the �rst layer, while ele
tromagneti
 showers 
an generate hits deep in theplasti
 s
intillator region of the 
alorimeter.baryAsThis statisti
 is the asymmetry between the expe
ted and measured bary
enter of the
alorimeter. It uses the predi
ted Lorentz ve
tor after the preshower layer in the 
alorimeterto estimate what the bary
enter should be under a muon tra
k hypothesis, and 
ompares
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Fig. 9.17: The bary
enter asymmetry of the 
alorimeter for a 200 MeV/
 beam.that with the measured bary
enter. The expe
ted value for bary
enter is
be =


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












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







∆z0

2
if βγ cos θ ≤ 0

∆z0 − 8.268307− 11.895816βγ cos θ if 0 < βγ cos θ < 2.5
+70.249759(βγ cos θ)2

+14.155903(βγ cos θ)3

−6.172258(βγ cos θ)4

∆z0 + 1946.499090− 1087.370892βγ cos θ if βγ cos θ ≥ 2.5
+185.505118(βγ cos θ)2

(9.26)
where the bary
enter is expressed in millimeters, and where ∆z0 is the thi
kness of layer0. The measured bary
enter is given by (9.25).td
PeaksThe tdcPeaks statisti
 is an integer value des
ribing the number of individual TDC signalsin the 
alorimeter. A value of two or more 
an o

ur if either a muon stops and thende
ays within the open gate, or if more than one parti
le arrives in the same 
ell of thedete
tor, but separated far apart in time so that the TDC registers the two parti
le tra
ksindependently of ea
h other.The separation of this variable is very poor sin
e both signal and ba
kground eventsnormally do not give more than one peak. However it is very useful for dete
ting muonsde
aying in the open gate. The muon de
ay events would otherwise give a measured energydeposition, tra
k length, et
 whi
h would be in
onsistent with ordinary signal events. Nostudy has been made of pileup of events in the 
alorimeter, but there will be a substan-tial 
ontribution from muons de
aying during the open gate of other events, thus giving
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Fig. 9.18: The TDC peak distribution of the 
alorimeter for a 200 MeV/
 beam.
tdcPeaks > 1. In pra
ti
e any su
h event would likely be 
onsidered a bad event, and nottagged for PID analysis.The TDC threshold used for the results in this report was 0.25 pC, whi
h was 
hangedto 1.84 pC. The reason for this 
hange was that too many muon de
ays at rest wereonly seen as one 
ontinuous signal in the 
alorimeter, sin
e the threshold was too low.For polystyrene, 83% of the distribution has dE/dx > 2 MeV/
m, whi
h 
orresponds to1.84 pC/
m at the highest point of the 
harge as fun
tion of time 
urve. This thresholdshould be sensitive to the thi
kness of the layer, but was 
hosen to 
orrespond to thethinnest layer whi
h is 1 
m thi
k. The risk of not rea
hing the threshold is small, sin
ethe energy loss is higher at the Bragg peak. In other words, the energy deposition in thelayer where a muon de
ay eventually will o

ur is higher than the energy deposition of aminimum ionizing parti
le whi
h passes through the layer.highQThe highQ statisti
 is the number of high level layer digits divided by any level layerdigits in the 
alorimeter. An any level layer digit is 1 if the layer 
ontains any digitsat all, and a digit is 
reated as soon as the ADC amplitude originating from an energydeposition ex
eeds the hardware threshold. A high level layer digit is similar, but it is asoftware trigger requiring an ADC amplitude 
orresponding to 72.5 keV/mm for layer 0and 150 keV/mm for layers 1-10. The thresholds are set su
h that a 
harged parti
le tra
kwill 
reate high level layer digits, while the energy deposition from photons will not behigh enough to rea
h the threshold. If there are no 
alorimeter digits at all in the event,this variable is set to -1.
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Fig. 9.19: The high level layer digit ratio distribution for a 200 MeV/
 beam.Sin
e muons normally make 
ontinuous tra
ks until they rea
h their stopping positions,the highQ of signal events will be 
lose to 1. An ele
tromagneti
 shower will howevergenerate low level layer digits in the deeper parts of the 
alorimeter, pushing highQ towards0. This variable provides the parti
le identi�
ation with an ex
ellent reje
tion power, alsowhen no other dete
tors apart from the 
alorimeter are used for the parti
le identi�
ation.holesQSimilar to highQ, this statisti
 uses the de�nition of high level layer digits to separatesignal from ba
kground. It 
ompares the number of layers with high level digits with the
maxADClay variable, the Bragg peak tagging variable.

holesQ =







nh

lmax
if lmax > 0

0 if lmax = nh = 0
−1 if lmax = 0 & nh 6= 0

(9.27)It des
ribes how mu
h of the tra
k up until the Bragg peak layer (tagged withmaxADC-
lay) does not 
onsist of high level layer digits. A 
ontinuous tra
k from a 
harged parti
leshould not 
ontain any su
h holes in the tra
k, but photons will sometimes pass througha few layers before making a hit. Hen
e holesQ is expe
ted to be 0 for signal events.Naturally the dis
riminating power of this variable is redu
ed in the 
ase of very shorttra
k lengths, i.e., low in
oming momentum.
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Fig. 9.20: The hole ratio in the 
alorimeter for a 200 MeV/
 beam.9.3.5 Evaluation of variablesThe variables used for parti
le identi�
ation 
an be ranked with respe
t to separation andba
kground reje
tion 
apability at a given signal e�
ien
y, thus treating every variableas isolated from all other variables. This is done in table 9.5. As 
an be seen from theba
kground reje
tion at the referen
e signal e�
ien
y, no single variable performs su�-
iently for all experimental s
enarios. It is therefore more meaningful to use the variablesin 
onjun
tion with the other variables. However it is hard to draw a

urate 
on
lusionsfrom table 9.5 on the importan
e of a variable in a multi dimensional analysis, sin
e the
orrelation must also be taken into a

ount. Furthermore 
ertain variables su�er from poorseparation, but 
an still be powerful as a stri
t veto.A statisti
 with a good performan
e over the full range of beam momenta is the highQ,whi
h uses the energy density pro�le of the tra
ks to separate muons from ele
tromagneti
showers. Another good statisti
 is the maxLSubR, whi
h essentially is a measurement ofthe length of the longitudinal tail of the tra
k. This is one of the very few te
hniqueswhi
h works when the muon has an energy too low to pun
h through the preshower layerin the 
alorimeter. Interestingly the bary
enter variable performs well for low energy butloses fun
tionality as the momentum in
reases, a behavior opposite to the general trend.An advantage of these three variables is that they depend ex
lusively on the 
alorimeterinformation. Hypothesis testing by 
ombining the information given by di�erent dete
torsystems is a very powerful te
hnique, as demonstrated in the asymmetry variables.While the td
Peaks statisti
 shows very poor performan
e, it is still powerful as a veto,and it will likely be used to set the event badness. Most times when it gives a valuelarger than one it is due to pileup of events, not muons de
aying in its own 
alorimetertime window. The statisti
 holesQ is the least useful statisti
 and 
an likely be removed
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le identi�
ation analysisTab. 9.5: Summary of parti
le identi�
ation variables. The separation [%℄ (de�ned in A.1.4) isindi
ated to the left. The ba
kground reje
tion [%℄ at 99.9% signal e�
ien
y or higheris quoted in parenthesis. The variables are ranked with respe
t to separation for the200 MeV/
 beam. The right 
olumns show the dependen
ies on time of �ight, tra
kerre
onstru
tion and EMCal information respe
tively.Central momentum [MeV/
℄ Dete
tor dep.Statisti
 name 140 170 200 240 tof tra
k 
alhighQ 84.1(0.5) 87.8(44.7) 90.1(79.4) 88.9(83.8) xad
As2 57.5(4.2) 66.2(10.6) 75.2(13.6) 77.0(18.0) x xbaryAs 76.3(0.1) 71.7(1.2) 71.4(2.4) 72.2(3.4) x xrangeAs 62.1(0.2) 66.1(1.3) 69.5(1.8) 68.9(5.9) x xmaxADClay 7.8(0.5) 48.7(0.3) 68.9(0.4) 71.4(0.3) xmaxLSubR 48.0(17.8) 61.2(53.0) 62.4(66.8) 61.4(42.0) xad
Q0 29.1(6.9) 28.3(3.4) 56.8(2.0) 68.3(1.2) xtofAs 44.0(35.7) 47.3(43.4) 50.2(52.6) 53.4(58.4) x xad
Prod0 18.2(4.1) 32.9(11.4) 50.1(8.6) 56.8(4.7) xtotalProdADC 0.6(0.0) 18.6(5.5) 38.7(10.5) 47.5(9.5) xbary
enter 59.0(45.3) 33.3(0.3) 22.4(0.4) 18.9(0.3) xtof 19.5(19.6) 16.6(20.3) 17.1(15.2) 17.3(21.1) xholesQ 8.3(0.5) 8.7(0.3) 8.4(0.4) 7.4(0.3) xtd
Peaks 0.2(0.5) 0.1(0.2) 0.2(0.3) 0.1(0.2) xwithout signi�
ant loss of performan
e. It 
ould still be useful for photon dete
tion shouldthe energy loss in the TOF2 be sampled and used as two initial 
alorimeter layers.For time 
onsumption issues, it is desirable to use a minimal set of information forperforming the parti
le identi�
ation, and table 9.5 suggests that ea
h beam setting mightbene�t from di�erent statisti
 sele
tions. A �rst 
hoi
e was to use the subset of variableswhi
h only depend on the 
alorimeter. The results of that study are presented in table 9.6.9.4 Global event re
onstru
tionAll the �ts used to 
reate the input variables are stored in the PidFits 
lass, whi
h issituated in the Con�g area in G4MICE. The re
onstru
tion appli
ation reads in valuesfrom the output of the Digitization appli
ation, and 
reates all the variables listed inse
tion 9.3 whi
h do not depend on more than one dete
tor.The plan has always been to 
reate an appli
ation whi
h reads in a pre
on�guredArti�
ial Neural Network 
on�guration, and uses the re
onstru
ted parameters to assign avariable whi
h should be as 
lose to 1 as possible for a signal event and 0 for a ba
kgroundevent. The output of the PID appli
ation would then be used as input to the analysiswhi
h 
al
ulates the emittan
e of the beam. At the moment, however, this has not yet beenrealized, but it should be a fairly small proje
t for a person skilled in C++ programming.
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Fig. 9.21: The 200 MeV/
 setup tested with a variety of �tting methods. At the referen
e sig-nal e�
ien
y of 99.9% the two best methods are Boosted De
ision Trees (BDT) andMulti Layer Per
epteron Arti�
ial Neural Networks (MLP ANN), with BDT performingmarginally better. 9.5 Fitting toolsIn order to make use of the variables presented in se
tion 9.3, the signal variable is �ttedwith the dete
tor based variables as arguments. By looking at the separation and thee�
ien
y of 
orre
tly identifying ba
kground events quoted in table 9.5, it is obvious thatno single variable is powerful enough that a simple 
ut 
ould a
hieve su�
ient performan
e.A number of di�erent tools have been tested to evaluate the performan
e and the ease ofuse. First a multidimensional Gaussian �t was performed by a 
ustom written C ma
ro.This worked somewhat well for simple problems but di�
ulties arose when the number ofinput parameters, and hen
e dimensions of the problem, in
reased. Furthermore it was
umbersome to individually adapt every �tting dimension if one was not operating withthe assumption that the distributions where Gaussian.Due to the demand for a more suitable multidimensional �tting pro
edure, the ROOTpa
kage TMVA [96℄ was used on the 200 MeV/
 sample. Sin
e TMVA was still in earlydevelopment, the author had to perform a number of modi�
ations to the open sour
epa
kage to a
hieve the desired fun
tionality. The results of this study are illustrated in �g-ure 9.21. The most powerful methods were Arti�
ial Neural Networks (ANN) and BoostedDe
ision Trees (BDT), and ANN was the preferred 
hoi
e sin
e it is more 
onventional thanthe rather new but powerful BDT method. In the 
ase when an ANN has no hidden layersit is identi
al to the Fisher method, whi
h was the third best of the tested methods. Shouldthe problem have been linear, the ANN and Fisher methods would have given identi
al
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le identi�
ation analysisresults, hen
e the di�eren
e between the two methods is an indi
ator of the nonlinearitiesof the system.No other methods performed su�
iently well, and for a 
onventional maximum likeli-hood �t it was not possible at all to obtain the referen
e signal e�
ien
y while reje
tingany ba
kground. It was therefore 
on
luded that ANN is the method of 
hoi
e, and ifin
reased transparen
y is desired, the Fisher method is a good fall ba
k option at a mod-erate expense of parti
le identi�
ation performan
e. The Arti�
ial Neural Networks andthe Fisher dis
riminant method are des
ribed in appendix D.The exa
t ANN ar
hite
ture used was to some extent de
ided after trial and error.Using only one hidden layer did not give satisfa
tory results due to the nonlinearity of theproblem, but two hidden layers proved su�
ient. The number of neurons per hidden layerwere in
reased from initially seven and �ve respe
tively to N + 1 and N , where N denotesthe number of input variables. This was done following dis
ussions with the developer ofthe ROOT Multi Layer Per
epteron ANN software. Also TMVA's general purpose ANNuses this ar
hite
ture.The input variables were, as previously stated, 
hosen due to good separation and low
orrelation to other variables. However the 
hoi
e of input variables in the analysis is notoptimized, and there is probably some redundan
y in the setup. It would be of interestfor the experiment if the parti
le identi�
ation method 
ould 
ompletely de
ouple from alldete
tors but the 
alorimeter, so the ANN �ts using only 
alorimeter dependent quantitieswere performed on the same samples as when all input variable 
andidates were used.The 
hoi
e of the number of epo
hs used in the ANN training was 
hosen to be 500,sin
e it was dis
overed that 100 or 200 epo
hs were not enough to fully train the ANN,and at 1000 epo
hs the e�e
ts of overtraining were signi�
ant. It was therefore no longerpossible to obtain 99.9% signal e�
ien
y. For the 240 MeV/
 beam, overtraining alreadyo

urred at 500 epo
hs, so the training for this setting was redu
ed to 250 epo
hs asdes
ribed in se
tion 9.6.4. 9.6 Performan
eThe beams studied are unmat
hed 6π mm emittan
e beams at 140, 170, 200 and 240 MeV/
,with longitudinal momentum spread of 10% of the 
entral momentum. The �eld map anddete
tor positions used for the study were the G4MICE defaults in De
ember 2006, withempty absorbers and the RF �eld turned o�.The ANN outputs are plotted in �gures 9.22, 9.24, 9.25 and 9.26 with the ba
kgroundreje
tion e�
ien
y at the referen
e signal e�
ien
y indi
ated in the headers. However thedisplayed values are sometimes a few per mille too pessimisti
 due to the limited pre
isionof the numeri
al 
ut �nder. As �gure 9.23 exempli�es, the output of the ANN was usedfor setting a 
ut c su
h that all values larger than c are 
onsidered signal events andevents with values below c are treated as ba
kground. An alternative to this is to use thelikelihood ratio (see se
tion A.1.3), for a bin given by the output variable, as a weight in the
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e 191emittan
e 
al
ulation. This idea has never been thoroughly tested in MICE but remainsan interesting possibility. The performan
e is summarized in table 9.6 and �gure 9.27.9.6.1 140 MeV/
At the lowest momentum setting, muons are rarely making it past the preshower layerof the 
alorimeter. Due to the low energy of the muon and the low sampling fra
tionof the preshower layer, the relative energy resolution, σE/E, is very poor. The range inthe 
alorimeter and related variables is likewise of very limited use, and the time of �ightasymmetry su�ers from the fa
t that the model used does not fully apply to this lowmomentum. Clearly, this is the hardest beam setting for doing parti
le identi�
ation.
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Fig. 9.22: The two probability density fun
tions 
oming from the output of the neural network�t used in the parti
le identi�
ation algorithm for the 140 MeV/
 beam. The bottom�gure shows the truth parti
le ID, whi
h the top �gure tries to reprodu
e. For thepurpose of 
larity, the distributions are normalized in the sense that ∑i fi = 1, not
∑

i fi∆x = 1. The separation of the two distributions is quoted in the header. Alsothe e�
ien
y of the sele
tion x > x0 (a

eptan
e) for the signal sample, and e�
ien
yof x < x0 (reje
tion) for the ba
kground sample, are indi
ated in the header. A verysmall 
ontamination is visible at x = 1, whi
h is a remnant of overtraining. The falseba
kground 
ontent due to overtraining is too small for visual dete
tion in this �gure.
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Fig. 9.23: The fra
tion of signal and ba
kground whi
h is a

epted as a fun
tion of a 
ut on thex-axis for the 140 MeV/
 beam. The likelihood ratio is also in
luded in the �gure.The intrinsi
 purity was 99.56%, whi
h makes the required reje
tion e�
ien
y 54.5%and the safety requirement 84.5%. At the referen
e signal e�
ien
y of 99.9%, 89.5% of theba
kground is 
orre
tly identi�ed, and hen
e both the basi
 and the safety requirementsare ful�lled. The safety fa
tor a
hieved is 4.3 and the resulting purity of the sample is99.954%.When using input variables whi
h only depend on information from the 
alorimeter,69.6% of the ba
kground is 
orre
tly identi�ed at 99.9% signal e�
ien
y, whi
h is enoughto meet the basi
 requirement but not the safety requirement.9.6.2 170 MeV/
At this momentum muons are sometimes stu
k in the preshower layer just like in the140 MeV/
 
ase, but more often than not the muons penetrate into the subsequent plasti
layers. This make the performan
e better than in the 140 MeV/
 
ase sin
e many of thevariables whi
h showed little or no separation for low momentum are starting to give usefulinformation regarding the nature of the event.The intrinsi
 purity was 99.59%, whi
h makes the required reje
tion e�
ien
y 51.6%and the safety requirement 83.9%. At the referen
e signal e�
ien
y of 99.9%, 96.0% of theba
kground is 
orre
tly identi�ed, and hen
e both the basi
 and the safety requirementsare ful�lled. The safety fa
tor a
hieved is 12.0 whi
h is almost three times as good as forthe 140 MeV/
 beam.
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Fig. 9.24: The output of the neural net �t for the 170 MeV/
 beam.When using input variables whi
h only depend on information from the 
alorimeter,89.9% of the ba
kground is 
orre
tly identi�ed at 99.9% signal e�
ien
y, whi
h meets bothbasi
 and safety requirements and is 
omparable to the performan
e with all input variablesfor the 140 MeV/
 
ase. 9.6.3 200 MeV/
For the 200 MeV/
 beam, whi
h is the MICE experiment's nominal momentum, the muonsare, with few ex
eptions, always rea
hing deep into the 
alorimeter. The typi
al muon stopsbetween the 4th and 7th layer, making well behaved tra
ks through the plasti
 whi
h areuseful for variables su
h as highQ. Also sin
e the majority of the energy deposition is inthe fully a
tive region of the 
alorimeter variables su
h as adcAs2 are useful.

Output, ’Out0’
-0.5 0 0.5 1 1.5

0

0.1

0.2

0.3

0.4

0.5

Signal

Background

 =    98.932%, at x =    0.5984
b

∈ =      99.9% at s∈Normalized output, separation =    0.9932, 

Fig. 9.25: The output of the neural net �t for the 200 MeV/
 beam.The intrinsi
 purity was 99.63%, whi
h makes the required reje
tion e�
ien
y 46.5%and the safety requirement 81.3%. At the referen
e signal e�
ien
y of 99.9%, 98.9% of the
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le identi�
ation analysisba
kground is 
orre
tly identi�ed, and hen
e both the basi
 and the safety requirementsare ful�lled. The safety fa
tor a
hieved is 50.9.For the same set but trained on 
alorimeter variables only, 97.5% of the ba
kground isreje
ted at 99.9% signal e�
ien
y. That 
orresponds to a safety fa
tor of 21.5.9.6.4 240 MeV/
For the highest beam setting muons are making full use of the 
alorimeter. They usuallystop between the 5th and 10th layer, and o

asionally pun
hing through the 
alorimeter.The high energy deposition together with a substantial tra
k length make parti
le iden-ti�
ation easy. Due to slight overtraining, the number of epo
hs were redu
ed to 250,whi
h gave approximately identi
al reje
tion power at the referen
e signal e�
ien
y as thestandard 500 epo
hs, but made the emittan
e bias 
urves smoother.
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Fig. 9.26: The output of the neural net �t for the 240 MeV/
 beam. Due to fewer training epo
hsthe peaks have wider distributions, but the performan
e at the referen
e e�
ien
y ismarginally better due to less overtraining.The intrinsi
 purity was again 99.63%, whi
h makes the required reje
tion e�
ien
y46.4% and the safety requirement 81.3%4. At the referen
e signal e�
ien
y of 99.9%,99.7% of the ba
kground is 
orre
tly identi�ed, and hen
e both the basi
 and the safetyrequirements are ful�lled by a good margin. The safety fa
tor a
hieved is 179.1.For the same set but trained on 
alorimeter variables only, 98.6% of the ba
kground isreje
ted at 99.9% signal e�
ien
y. This performan
e is 
omparable to the 200 MeV/
 
asewith all input variables a
tive. 9.6.5 Analysis of failureA large portion of the signal events whi
h are severely misidenti�ed are muons de
ayinginside the open gate of the 
alorimeter data taking. The re
ipe for handling this phe-nomenon has been to use the tdcPeaks variable to tag the muon de
ay. However if the4 This is a
hievable with a simple 
ut on the highQ variable. See table 9.5.
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Fig. 9.27: The parti
le identi�
ation ine�
ien
ies. In addition to the four di�erent beam momentadis
ussed in this se
tion, a �fth beam using �lled absorbers and a
tive RF �elds isin
luded. This beam was used for 
ooling studies des
ribed in se
tion 9.7.
Tab. 9.6: Summary of parti
le identi�
ation performan
e. The intrinsi
 purity is the purity ofgood events before parti
le identi�
ation. Two e�
ien
ies for ba
kground identi�
ationare presented, one when all input variables are used, and the other when only the
alorimeter is used for performing the parti
le identi�
ation. Both values are for asignal e�
ien
y of 99.9%.Central momentum Intrinsi
 purity Reje
ted ba
kgroundAll variables EMCal only140 MeV/
 99.56% 89.5% 69.6%170 MeV/
 99.59% 96.0% 89.9%200 MeV/
 99.63% 98.9% 97.5%240 MeV/
 99.63% 99.7% 98.6%



196 9. Parti
le identi�
ation analysisthreshold is too low or the de
ay too 
lose in time to the stopping muon, the TDC 
annotdistinguish the two signals. The results here likely have too low a threshold, but due totime 
onstraints the parti
le identi�
ation performan
e under an improved TDC thresholdhas not been examined.59.7 PID and emittan
e measurementAlthough the results in se
tion 9.6 show that the performan
e of the parti
le identi�
ationalgorithm is more than adequate in terms of e�
ien
y and purity, the real test is the impa
tthe 
ontamination has on the emittan
e measurement. As �gure 7.2 illustrates, a typi
alba
kground event from a muon de
ay between TOF1 and TOF2 has a larger single parti
leemittan
e than the average signal event, so the impurities present in the beam appear toheat the beam. On the other hand, the signal events whi
h are in
orre
tly tagged asba
kground are usually ill behaved muons, whi
h just like the ba
kground events have ahigher amplitude than a typi
al signal event. Hen
e losing the outliers in the signal sampletends to give a measured emittan
e whi
h is 
ooler than the full signal sample. Thus, inprin
iple, it is possible that the two 
ontributions 
an
el out in the emittan
e 
al
ulation,and the emittan
e measured is unbiased despite the presen
e of misidenti�ed events.The purpose of the MICE experiment is however not to measure the emittan
e of abeam, but to measure the 
ooling, the emittan
e redu
tion, of a beam. This means thateven though there might be a bias on the emittan
e measurements, the emittan
e 
hangemeasurement might still be unbiased if the emittan
e measured upstream and downstreamare equally biased. This is very important to keep in mind not only for bias originating fromparti
le identi�
ation failure, but also from s
raping. In the latter 
ase, the s
raping muonswill have high amplitude in the upstream spe
trometer, and thus the emittan
e will be highupstream. Sin
e they are s
raped, they do not 
ontribute to the emittan
e downstream,and naively looking at the di�eren
e in emittan
e will give the impression that the beamhas 
ooled. Sin
e MICE is a parti
le by parti
le experiment, the s
raped events 
an betagged as bad and thus they do not 
ontribute to the emittan
e 
hange measurement. Fora Neutrino Fa
tory one might still be interested in how mu
h of the beam was s
rapedin the 
ooling 
hannel, but those 
onsiderations are outside the s
ope of this thesis. Seese
tion 9.8 for evaluation of the systemati
 errors on the 
ooling measurement.9.7.1 MethodThe emittan
e was 
al
ulated using the Analysis pa
kage of G4MICE, using the MonteCarlo truth values at the tra
ker referen
e planes. The same �les that were used forevaluating the parti
le identi�
ation performan
e were used as input for the emittan
e
al
ulations. Sin
e those �les had an in
reased amount of ba
kground in order to helpthe training of the neural net, the ba
kground events were given a weight between 0 and5 The results were simulated, but due to te
hni
al di�
ulties reading in the results, the evaluation ofthe impa
t on performan
e had to be 
an
eled.



9.7. PID and emittan
e measurement 1971, where signal events had this weight equal to unity, when the 
ovarian
e matrix was
al
ulated. In order to 
ross 
he
k that this was done 
orre
tly the intrinsi
 purity of thebeam was 
ompared with the purity using the full sample but with reweighted ba
kground.As a se
ond 
he
k, 
hanging the weights for all events by an equal but arbitrary amountleft the emittan
e invariant.Sin
e the �les used to evaluate the parti
le identi�
ation performan
e (presented inse
tion 9.6) were not simulated with an a
tive 
ooling 
hannel, it was only meaningful toexamine the bias on the emittan
e measurement. In order to examine the bias on the
ooling, a separate setup was used, whi
h is des
ribed in 9.8. The 
orresponding bias onthe emittan
e measurement is presented in �gures 9.28 and 9.29 together with the other
on�gurations.

pid cut (Out0)

0 0.2 0.4 0.6 0.8 1

ε/
ε

∆

-0.0015

-0.001

-0.0005

0

0.0005

0.001

0.0015
140 MeV/c

170 MeV/c

200 MeV/c

240 MeV/c
200 MeV/c full cooling

Bias on emittance measurement at downstream track ref

Fig. 9.28: The bias on the emittan
e measurement at the downstream tra
ker referen
e plane asa fun
tion of Out0, the output of the parti
le identi�
ation analysis.9.7.2 Comments on resultsThe results of this study show that the impa
t of the muon de
ay ba
kground is moderateat the tra
ker referen
e planes, and that the parti
le identi�
ation algorithm, beyond adoubt, redu
es the emittan
e measurement bias to a level the experiment 
an 
ope with.However there is one big problem with this line of reasoning. The emittan
e measuredwas taken from the tra
ker referen
e planes, whi
h are 
lose to the 
ooling 
hannel. Sin
ea huge fra
tion of the ba
kground giving good events 
omes from muon de
ay inside thedownstream spe
trometer solenoid, these late de
ay events do not 
ontribute to the bias
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Fig. 9.29: The bias on the emittan
e measurement at the downstream tra
ker referen
e plane asa fun
tion of the signal e�
ien
y. The bias is minimized for high values of the signale�
ien
y, approximately at 99.9% e�
ien
y for most beams.
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Fig. 9.30: The bias on the emittan
e measurement at the upstream TOF2 referen
e plane as afun
tion of Out0, the output of the PID analysis.
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Fig. 9.31: The bias on the emittan
e measurement at the upstream TOF2 referen
e plane as afun
tion of the signal e�
ien
y.of the emittan
e measurement. Should one measure the referen
e emittan
e further down-stream, the bias would be larger. As �gures 9.30 and 9.31 show, 
al
ulating the emittan
eat the entran
e of TOF2 instead of the tra
ker referen
e plane would give a fa
tor of threeto twenty larger bias on the measurement. Furthermore, sin
e the events whi
h de
ayinside the a
tive region of the tra
ker might give a very strange momentum measurement,the best way to evaluate this is to use the real tra
ker re
onstru
tion, whi
h unfortunatelyis yet to be made fully fun
tional. However even if the emittan
e at TOF2 is used, it isstill no problem to redu
e the systemati
 errors on the emittan
e measurement to less thanone in a thousand.It is useful to 
ompare the emittan
e measurement bias originating from misidenti�-
ation of events with other sour
es of systemati
 errors. For example, while looking atthe 
ontribution from the tra
ker resolution during the emittan
e measurement, the biasfrom ba
kground 
ontamination is of the same order or larger before parti
le identi�
ationis performed. After identi�
ation, however, the bias from wrong assignment of signal-ba
kground tags is vanishingly small in 
omparison with the errors from the transversemomentum measurement, shown in �gure 9.32. This raises another point; the system-ati
 error originating from the momentum measurement is mu
h too large with the givenresolution on transverse momentum, and does not meet the design requirements of theexperiment. However due to the systemati
 nature of the bias there are measures one 
anuse to 
orre
t for a large part of this short
oming, obtaining less than one per mille biasprovided that all phase spa
e variables are known to 14% or better of their root mean
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Fig. 9.32: The systemati
 errors on the 4D emittan
e measurement as a fun
tion of the tra
kerresolution. The required momentum resolution, assuming no 
orre
tions, is 1 MeV/
or less. Furthermore the e�e
t of the spatial resolution is negligible.square [97℄. In addition, re
ent developments on the tra
ker re
onstru
tion show mu
hbetter resolutions [68℄.9.8 PID and the 
ooling measurementSin
e the MICE experiments ultimate obje
tive is to demonstrate ionization 
ooling, it is
ru
ial to the experiment to know what pre
ision it is possible to obtain on the 
oolingmeasurement and where the di�erent sour
es of un
ertainty 
ome from. In this thesis theterm 
ooling is used to mean the fra
tional di�eren
e between the transverse emittan
eupstream and downstream of the 
ooling 
hannel, divided by the transverse emittan
eupstream,
cooling=̇

(ǫdown − ǫup)

ǫup
(9.28)where ǫ denotes the transverse emittan
e. Similarly 
ooling bias is used for the pre
isionof the 
ooling measurement

cooling bias=̇
∆(ǫdown − ǫup)

ǫdown − ǫup
=

(edown − eup) − (ǫdown − ǫup)

ǫdown − ǫup
(9.29)where ǫ is the true emittan
e (without 
ontamination), and e is the measured emittan
e(with 
ontamination). Hen
e a negative value on the 
ooling bias means that the ex-periment is undervaluing the 
ooling performan
e. Sin
e e is a fun
tion of the parti
leidenti�
ation analysis, it allows making plots of 
ooling bias as a fun
tion of the signale�
ien
y, whi
h is an experimental observable.



9.8. PID and the 
ooling measurement 2019.8.1 MethodIn order to make a study involving the 
ooling measurement meaningful, the four previouslyused beams 
ould not be used sin
e they were not properly mat
hed with the magneti
 �eld;they used empty absorbers and the RF �eld was turned o�. Instead a beam was mat
hedusing the G4MICE appli
ation Mat
her into a �eld 
on�guration assuming 207 MeV/
muons before the 
ooling 
hannel, β⊥ = 42 
m (see (3.38)), with a fully a
tive MICE Stage6 
ooling 
hannel.6The result was a higher transmission rate than for the unmat
hed beams, and whilethe other beams showed a 
onsiderable emittan
e growth, this beam 
ooled between thetra
ker referen
e planes. However the expe
ted 10% 
ooling was not obtained. The 
oolingwas measured to about 3%. A great deal of e�ort has gone into understanding this result,and the 
on
lusion is that the parti
les arriving too far away in time from the referen
eparti
le are not rea

elerated in the RF �eld. This 
auses the energy-time ellipse to bedeformed and the long tail at high time and low energy has larger single parti
le emittan
ethan the parti
les in the RF bu
ket. This is largely a remnant of the fa
t that the beam isstarting with a Gaussian distribution in time at TOF1 with a standard deviation of 0.6 ns,whi
h is realisti
 if not too small 
ompared to a Neutrino Fa
tory. With the 5 ns period ofthe RF 
avities, it is 
lear that this e�e
t is a real feature of the experiment and in orderto a
hieve 10% 
ooling, some 
uts must be made on the distribution.9.8.2 ResultsIn order not to 
onfuse the 
uts that must be made to obtain improved 
ooling with theparti
le identi�
ation sele
tion of events, all good events were used and the 
orresponding
ooling bias measured as a fun
tion of the parti
le identi�
ation output Out0 and thesignal e�
ien
y. The results are shown in �gures 9.33 and 9.34.This setup gave 99.67% intrinsi
 purity, slightly better than the unmat
hed beamswithout an a
tive 
ooling 
hannel. The improvement was partly due to the fa
t that the
ooling 
hannel removes more ba
kground and partly due to the improved transmission ofmuons. The amount of ba
kground reje
ted at 99.9% signal e�
ien
y was 98.1%, lowerthan the 
orresponding value with 200 MeV/
 beam without a
tive 
ooling 
hannel. Thisis due to energy loss in the last absorber, whi
h redu
es the e�e
tive momentum of muonsat the entran
e of the 
alorimeter.The bias on the 
ooling measurement originating from ba
kground 
ontamination isof the order of 4.5%. Sin
e the design requirement of the experiment is a pre
ision of1%, this proves that parti
le identi�
ation is ne
essary. After parti
le identi�
ation hasbeen performed, the bias is rather �at around zero bias, 9.2 · 10−4 ± 9.0 · 10−4 for 0.05 <
Out0 < 0.95. The observant reader might have noti
ed that the large improvement on thepre
ision of the emittan
e is found at the same values of signal e�
ien
y as for the 
oolingmeasurement, whi
h in turn is 
lose to the referen
e e�
ien
y of 99.9%. The �atness of6 The Mat
her appli
ation was 
reated by Chris Rogers, while the �eld map was 
reated by HolgerWitte, both RAL.
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Fig. 9.33: The systemati
 error on 
ooling measurement from parti
le identi�
ation. The blue
urve indi
ates the bias when the Monte Carlo truth information in the tra
ker referen
eplanes is used, and the red 
urve is when the emittan
e is 
al
ulated using smearedtra
ker values. See se
tion 9.2.
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Fig. 9.34: Same as �gure 9.33 but with the signal e�
ien
y on the horizontal axis.
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urves below this value is good news sin
e it makes the exa
t spot where the separationbetween signal and ba
kground events is made less 
ru
ial.While these results use the Monte Carlo truth information for 
al
ulating the 
ooling,the results are rather di�erent if one takes into a

ount the e�e
t of the tra
ker resolution.As the red 
urves in �gures 9.33 and 9.34 show, the spe
trometer imperfe
tions systemat-i
ally 
ause the measured 
ooling to be larger than it a
tually is. The 
ontribution to the
ooling measurement bias is larger for un
orre
ted 
ontamination than the 
ontributionfrom tra
ker resolution, but after parti
le identi�
ation, the remaining bias from misiden-ti�ed ba
kground is negligible 
ompared to the spe
trometer imperfe
tions. However asmentioned earlier there are strategies for how to 
ope with this issue.The 
on
lusion of this study is essentially the same as that in se
tion 9.7, namelythat it is indeed ne
essary to identify events, and that the parti
le identi�
ation algorithmperforms satisfa
tory. However the real tra
ker re
onstru
tion was not used and we havealready seen that the emittan
e measurement bias depends strongly on exa
tly wherethe emittan
e is 
al
ulated, so it is natural to assume the same is true for the 
oolingmeasurement bias. Due to the presen
e of the di�user, it is not possible to 
ompare observe
ooling between TOF1 and TOF2. The systemati
 error on the downstream emittan
emeasurement typi
ally worsened by one order of magnitude when looking at the entran
eof TOF2 
ompared to the downstream tra
ker referen
e plane due to the muon de
aybetween these two positions. It would be reasonable to expe
t the 
ooling measurementto give a similar deterioration when taking de
ay inside the tra
kers also into a

ount. Inthe range 0.05 < Out0 < 1 of �gure 9.33, the root mean square of the 
ooling bias isapproximately 1.0 · 10−3 ± 1.3 · 10−3, implying that a one order of magnitude deteriorationof the 
ooling measurement would give approximately 1% error, whi
h is the MICE 
oolingmeasurement pre
ision obje
tive. 9.9 SummaryThe most important instrument for identifying parti
les in the downstream region of MICEis the 
alorimeter. By using the 
alorimeter in 
onjun
tion with the tra
kers and the timeof �ight dete
tors, a very 
lean muon sample 
an be obtained.The parti
le identi�
ation presented in this 
hapter 
an redu
e the e�e
t of muon de
ayto a

eptable levels. When measuring the emittan
e at the downstream tra
ker referen
eplane, the systemati
 error on the emittan
e measurement 
an be kept below 0.4%� forall setups studied. However a large portion of the positrons whi
h hit the downstreamdete
tors are 
reated by muons de
aying inside the downstream tra
ker solenoid. Thesystemati
 error on the emittan
e at the entran
e of TOF2 is thereby in
reased, but theparti
le identi�
ation 
an still keep the emittan
e bias below the 1%� spe
i�
ation. How-ever it is unknown how the tra
ker re
onstru
tion will treat tra
ks of muons whi
h de
aybetween the tra
ker stations, and this e�e
t should be studied again when the tra
kerre
onstru
tion is fully fun
tional.
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le identi�
ation analysisThe systemati
 error on the 
ooling measurement without parti
le identi�
ation isaround 4.5% for the nominal MICE beam. It 
an with ease be kept below 1% usingthe parti
le identi�
ation algorithms des
ribed in this 
hapter. However just as with theemittan
e measurement, the behavior of the tra
ker re
onstru
tion for muon de
ayinginside the tra
kers is unknown, and 
ould pose a 
hallenge to the MICE obje
tive ofmeasuring the 
ooling with a pre
ision of 1%.9.9.1 Remark about referen
e e�
ien
y and purityAs des
ribed in se
tion 7.2.1, the referen
e signal e�
ien
y was 99.9% while the targetpurity was 99.8%. By examining �gure 7.2, it is 
lear that the assumption that the aver-age single parti
le emittan
e of ba
kground events is 50% larger than the 
orrespondingquantity for the signal events is 
orre
t. Using the values from that plot together with(7.4) one would expe
t the setup to give a relative systemati
 error on the emittan
e mea-surement equal to 0.130% if no parti
le identi�
ation was performed. Comparing this with�gure 9.28 (200 MeV/
 full 
ooling), where the 
orresponding quantity is 0.134%, showsthat this line of reasoning is valid, and the purity requirement is just and �tting. Howeverthe muon de
ays after the downstream tra
ker referen
e plane will further in
rease theaverage amplitude of the ba
kground sample if it is measured further downstream, thusthe purity requirement should hen
e be in
reased in order to a
hieve su�
iently low biason the emittan
e measurement.On the other hand, the same setup gave an average single parti
le emittan
e of 20.5 mmfor signal events reje
ted by the 99.9% e�
ien
y 
ut. This is mu
h 
loser to the averageof 23.4 mm for the total signal sample than was assumed when imposing the e�
ien
yrequirement in se
tion 7.2.1. This leads to the 
on
lusion that the e�
ien
y requirementis too stri
t, and that the referen
e signal e�
ien
y 
an be lowered in order to in
rease thepurity.



10. SCRAPINGWhile investigating the parti
le identi�
ation performan
e, a study was laun
hed with theobje
tive of determining where the muon de
ay ba
kground was o

urring for positronswhi
h were not lost on the way to the downstream dete
tors. This led to the dis
overy bythe author that the TOF2 a
tive area was too small 
ompared to the rest of the experiment,whi
h in turn triggered a sear
h for optimal dete
tor sizes for the whole downstream region.10.1 CryostatOutside the tra
ker a
tive area is the 
ryostat for the tra
ker solenoid. Between the tra
kera
tive area (with radius 15 
m) and the 
ryostat inner wall (at 20 
m) is a 
abling area
ontaining 
lear �bers for the spe
trometer. Initially it was thought that the 
ryostatwould be obstru
ting the path of the muons, but its exa
t position was not well known andthe author showed that the amount of s
raping was strongly depending on this parameter.After a te
hni
al drawing for the 
ryostat was 
ir
ulated, the positions and dimensionsof the whole tra
ker area were updated in the simulation software, and a new simulationwas 
ommen
ed. The results were generated by 
reating a beam with 
ombinations ofmomentum and positions as






























pz = {100, 110, . . . , 350} MeV/c
x′ = {−0.35, . . . , 0, 0.05, . . . , 0.35}
y′ = {−0.35, . . . , 0, 0.05, . . . , 0.35}
x = {−5, 0, 5} mm
y = {−5, 0, 5} mm
z = −6524.5 mm

(10.1)
in order to �ll the full phase spa
e. This 
aused 
onsiderable s
raping and raised questionsregarding the a

eptan
e of the experiment1. Only muons whi
h ful�ll the requirements forbeing good events where used to de�ne the radial distributions at the 
ryostat and variousother positions in the downstream region.The updated geometry gave a lesser amount of 
ryostat s
raping as a result. See �gure10.1. The number of good muons going through the 
ryostat wall was negligible, but therewere still some good muon tra
ks going through the 
abling area.1 The emittan
e at the downstream tra
ker referen
e plane obtained with this beam was 13.9 π mm.
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Fig. 10.1: Radial positions of muons at the end of the 
ryostat. The yellow area is for all muonevents, while the blue and red 
urves indi
ate the events whi
h are good muon events.The di�erent 
olors indi
ate whether the goodness of event tagging uses Monte Carlotruth values or smeared tra
ker values.10.2 TOF2 and iron shieldsSin
e TOF1 and TOF2 are situated in a magneti
 �eld of 
onsiderable strength, the twodete
tors are en
ased in 
ylindri
al iron shields to prote
t the photo multipliers tubes. ForTOF2, the upstream of the two shields is 10 
m thi
k and the shield downstream of thedete
tor is 5 
m thi
k. The 
lear spa
e between the shields is 10 
m, whi
h is the minimumdistan
e whi
h allows easy mounting of TOF2. These values together with informationfrom te
hni
al drawings of the 
ryostat �xed the positions of all volumes in the TOF2area. 10.2.1 Full phase spa
e beamThe full phase spa
e beam (see se
tion 10.1) was �red through the experiment using a�eld map assuming one 10 
m shield of radius 50 
m optimized for 200 MeV/
 muons.The iron shields were not physi
ally present in the simulation. The area of TOF2 wasmade very large in order to give the 
orre
t energy loss and s
attering for muons passingthrough the dete
tor and approa
hing the se
ond iron shield. The radial positions wereregistered for upstream and downstream surfa
es of both iron shields and TOF2, and theresults are shown in �gures 10.2(a) to 10.2(
). While the maximum radius at the 
ryostatend was 19 
m, the maximum radius grew to 35 
m at the entran
e of the �rst shield,and 
ontinually in
reased until the beam leaves the se
ond shield at a maximum radius of45 
m. Sin
e this beam is not realisti
, but an attempt to run as wide a beam through
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) 2nd shield.Fig. 10.2: The radial positions at the entran
es and exits of the volumes in the TOF2 region, usingthe full phase spa
e beam. The radius of the beam grows with in
reased longitudinalposition.
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Fig. 10.3: Radial position at TOF2 exit as a fun
tion of longitudinal momentum in the down-stream spe
trometer. Sin
e this setup used a �eld map optimized for 200 MeV/
 muons,there is a resonan
e at high momentum. At low momentum the maximum radius growslinearly with de
reased momentum.the experiment as possible these radii should be taken as maximum possible values of anybeam.The radial distribution depends strongly on the longitudinal momentum. As �gure10.3 shows, the maximum radius in
reases linearly with de
reasing momentum for lowmomentum. As �gure 10.3 indi
ates, the maximum radius obtainable depends on at whatlongitudinal momentum the experimenters no longer 
onsider an event a good event2.10.2.2 Mat
hed beamsSin
e the beam used for examining the outer boundaries of the MICE a

eptan
e is far froma realisti
 beam, it is not meaningful to refer to the s
raping as a fra
tional loss. Instead,mat
hed beams (using the Mat
her appli
ation) were used with the two �eld maps thatwere available3 for Stage 6. The results are shown in �gures 10.4(a) to 10.6(b).Just like in the 
ase of the full phase spa
e beam, there is a relation between themaximum obtained radius and the longitudinal momentum. See �gure 10.7(a) and 10.7(b).For both setups the beams formed an ellipse in pz : ρ-spa
e, but due to the Landau natureof energy loss there are events trailing toward low momentum and high radius. From the2 See de�nition of good event in se
tion 9.3.2.3 Produ
ed by Holger Witte, RAL.
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Fig. 10.4: Radial position at entran
e and exit of the �rst iron shield for two mat
hed beams. Alsoplotted is the fra
tion of the number of muon events whi
h are lost if a 
ut is made ata 
ertain radius.
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Fig. 10.5: Radial position at the entran
e and exit of TOF2 for two mat
hed beams. Also plottedis the fra
tion of the number of muon events whi
h are lost if a 
ut is made at a 
ertainradius.
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Fig. 10.6: Radial position at the entran
e and exit of the se
ond iron shield for two mat
hedbeams. Also plotted is the fra
tion of the number of muon events whi
h are lost if a
ut is made at a 
ertain radius.
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Fig. 10.7: Radial position at the exit of TOF2 as a fun
tion of the longitudinal momentum in thedownstream spe
trometer for two mat
hed beams.
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Fig. 10.8: Radial positions at various depths of the 
alorimeter. Sin
e the iron shields were notphysi
ally present in this study, it is likely that muons at very large ρ will be s
rapedbefore rea
hing the 
alorimeter.results shown in the �gures one 
an pose the question whether muons in these tails reallyshould be 
onsidered good events. If not this would relax the requirements on the sizes ofthe volumes in the TOF region, sin
e most of the extreme radius events were found in thistail. 10.3 CalorimeterFor the 
alorimeter the situation was less 
riti
al sin
e the a
tive area was already of arealisti
 size. Originally the size was 120 by 120 
m, but at an early stage it was redu
edto 100 by 100 
m. The same full phase spa
e beam as was used in the previous se
tionswas used to evaluate the radial positions at
• the entran
e of layer 0
• the boundary between layer 0 and layer 1
• the longitudinal 
enter of the 
alorimeter
• the exit of layer 10and the results are shown in �gure 10.8.



212 10. S
rapingSin
e the size of the 
alorimeter was �nite, a muon exiting the one by one meter volume(or missing it 
ompletely) would not have its range limited by energy loss other than theminus
ule energy loss in air, hen
e su
h parti
les 
ould give a radius mu
h larger than ifthe 
alorimeter's transverse size in the simulation was in�nite. However, 
onsidering theradii of these rare events, it is highly probable that su
h muons would be �rst s
raped inthe iron shields.
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(b) Non splitFig. 10.9: Plots of spatial positions of muon hits in the 
alorimeter for split and non-split designsrespe
tively. The beam is the full phase spa
e beam des
ribed in se
tion 10.1. Thesame phenomenon appears using a realisti
 beam. When a muon traverses a physi
alboundary, it is for
ed to take a new step in Geant4, whi
h is why the layer boundariesappear as hot spots.It was suggested that the 
alorimeter should be split sin
e an air gap between thepreshower layer and the plasti
 s
intillator layers would allow the photomultiplier tubesof the preshower layer to be prote
ted in an analogous way as to those of TOF2. As�gures 10.9(a) and 10.9(b) show, however, this would imply that the transverse size of the
alorimeter would have to be expanded, whi
h was judged by the dete
tor group not to bein the best interest of the experiment.10.4 S
raping and emittan
eSin
e parti
les at large distan
e from the beam axis normally have a larger single parti
leemittan
e, s
raping these high amplitude tra
ks will lead to a bias on the emittan
e mea-surement. Sin
e the s
raping e�e
tively trun
ates one of the extremes in the single parti
leemittan
e distribution, the bias is more severe than if uniformly distributed parti
les arelost.The emittan
es for the two mat
hed beams were determined in x and y dire
tions atthe exit of TOF2, a

ording to the low �eld approximation in two dimensions
ǫx =

1

m

√

σ2
xσ

2
px

− σ2
xpx

(10.2)



10.5. Con
lusions and de
isions 213Tab. 10.1: The systemati
 errors resulting from making a 
ut on a parti
ular radius ρ at the exitof TOF2. The beams should be symmetri
al in x and y; the asymmetry gives a hinton the statisti
al errors in the study.
pz ǫx [πmm] ǫy [πmm] ρ [cm] ∆ǫx/ǫx ∆ǫy/ǫy140 MeV/
 6.596 6.618 42 −0.70 · 10−3 −0.80 · 10−3200 MeV/
 6.923 6.955 30 −0.63 · 10−3 −0.80 · 10−3and 
uts on the radii were imposed to �nd the smallest radii where the systemati
 errorswere less than one per mil, in 
omplian
e with the MICE design requirements4. See table10.1. This systemati
 errors were found approximately where the fra
tion of events lostwas no greater than 10−4, an order of magnitude less than the bias itself.For the 
ooling measurement, however, the situation is somewhat di�erent. Assumingthat the true single parti
le emittan
e downstream is identi
al to the single parti
le emit-tan
e upstream, i.e., no 
ooling, there is no bias on the 
ooling measurement even thoughthe emittan
e measurement is strongly biased by s
raping. In another s
enario the singleparti
le emittan
e evolves from a small varian
e to a large varian
e, all the while keepingthe mean 
onstant. Nor in this 
ase is there any 
ooling e�e
t, but if the high amplitudeparti
les are s
raped, the measured mean single parti
le emittan
e will be lower than thetrue value, and hen
e there would be an apparent 
ooling in the apparatus while in real-ity there is none. Exa
tly how s
raping a�e
ts the 
ooling measurement depends on themagneti
 �eld, the beam and other free parameters and the 
ooling bias due to s
rapingis not easily foreseen. A 
lose eye should be kept on this problem.10.5 Con
lusions and de
isionsOne of the important 
on
lusions from the studies made in this 
hapter was that the beamenvelope at the downstream dete
tors depends on the longitudinal momentum. Originallythe size of TOF2 was meant to be 48 by 48 
m, but at ρ = 25 
m one starts losing eventsbelow 225 MeV/
. At 30 
m tra
ks with momentum up to 169 MeV/
 are lost and at 35 
mthe 
orresponding threshold is 129 MeV/
. This in addition to the minimum TOF2 radiusof 42 
m for the lowest momentum beam in order to stay within emittan
e bias designspe
i�
ations, for
ed a de
ision to in
rease the size of TOF2 and asso
iated iron shields.The mat
hed beams that were studied were both ellipti
al with tails toward large radiusand low momentum. Should the tails be ignored, the radius of TOF2 
ould be made smaller.This reasoning led to a de
ision to make the TOF2 60 by 60 
m (full width), the innerradius of the thi
k iron shield 30 
m and the hole in the thin shield 35 
m. The designwas implemented in G4MICE by the author as 
an be seen in �gure 10.10. Pra
ti
al
onsiderations led to a full width of 92.4 
m for the preshower layer of the 
alorimeter.4 However the dete
tor area is square, so some events are regained by hitting the 
orners of the dete
tor.
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Fig. 10.10: A pi
ture of the downstream region generated in G4MICE, showing a 
ut view of theiron shield (orange) with the neighboring S
iFi, TOF2 and EMCal dete
tors.

Fig. 10.11: A te
hni
al drawing of the iron shield, from the MICE Design O�
e [56℄.



11. OUTLOOK: CALORIMETER CONSTRUCTIONPrototype 
ells for the 
alorimeter have been built a

ording to the Sandwi
h design (seese
tion 8.4) and tested in a test beam in 2006. This 
hapter presents the test beam resultsand how the 
alorimeter will evolve from the prototype to a �nalized dete
tor in the MICEbeamline. 11.1 The BTF test beamIn Summer 2006 a test beam was performed at the BTF at Fras
ati, Italy, with the obje
tiveof testing the ele
troni
s and data a
quisition developed for use in the MICE experiment. Inaddition it was a good opportunity to test TOF and 
alorimeter prototypes. Unfortunatelythe BTF 
an only supply ele
tron beams, whi
h limited the usefulness for the ele
tron�muon separation studies presented in this thesis. A series of runs was performed over tendays with a multitude of hardware 
on�gurations, and narrow band ele
tron energies of75, 100, 150, 200, 250, 300 and 350 MeV.11.1.1 Time of �ight prototypesThree bars of plasti
 s
intillator with the dimensions identi
al with those of a fully assem-bled TOF0 were pla
ed in an upstream position. The bars were 45 
m wide, 4 
m highand 2.5 
m thi
k, and they were separated by 10 and 5 
m respe
tively, 
enter to 
en-ter. Di�erent s
intillating material were tested, and BC-404 and BC-420 gave resolutionsof 46 ps, whi
h meets the MICE design spe
i�
ations. BC-408 performed worse, with aresolution of approximately 60 ps. The time resolution was noti
eably worse for parti
leshitting the outer edges than for parti
les hitting in the 
enter between the photo multipliertubes. This e�e
t is not fully understood and requires further investigation [98℄.11.1.2 EMCal layer 0 prototypesAfter the TOF bars, there were two modules of the MICE 
alorimeter layer 0. The se
-ond module 
ould be elevated out of the beamline using rails. Ea
h module 
onsisted ofthree 92.4 
m wide, 4.4 
m high and 4 
m thi
k 
ells of the KLOE-light lead and �ber
on�guration.The energy was re
onstru
ted using (9.16) and multiplied by an additional fa
tor 2,but sin
e the number of ele
trons in the 10 ns beam spill is Poisson distributed, 
uts hadto be performed to sele
t single parti
le events. The ADC distributions given by the time
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onstru
tion

(a) BTF setup (b) Ele
tron eventFig. 11.1: The Fras
ati test beam simulated in G4MICE. (a) The experimental setup. The beam is
oming from the upper right 
orner. (b) An ele
tron hitting the 
alorimeter prototype,indu
ing an ele
tromagneti
 shower.of �ight modules 
ontained two peaks, 
orresponding to single or double ele
tron events,and by making a narrow 
ut around the �rst peak the single parti
le signal was 
leanedup 
onsiderably. Further improvements were made by reje
ting events whi
h su�ered fromover�ow in the TDC information of the 
alorimeter modules, and by reje
ting events whi
hwere not fully 
ontained in the 
alorimeter. By looking at the runs when no time of �ightmodules were pla
ed in front of the 
alorimeter, it was 
on
luded that the average energyloss in the time of �ight modules was 21 MeV, whi
h was subtra
ted from runs whenthey were present. The data for the 100 MeV beam gave a relative energy resolution of23% [99℄, equivalent to 7.2% at 1 GeV. This should be interpreted as an upper limit dueto the additional energy straggling in the pre
eding TOF layers. The energy resolution
orresponds reasonably well with the expe
ted values derived from KLOE data (5% at1 GeV, a

ording to (8.5)).Analysis of the test beam data showed that the good linearity between re
onstru
tedand beam energy at low energies worsened at higher energies due to poor shower 
on-tainment. As �gure 11.2 shows, the deviation from linearity o

urs around 150 MeV andworsens with in
reased energy. This should be 
ompared with (8.10), whi
h states that theshower maximum o

urs at the ba
k of the preshower layer for ele
trons at approximately145 MeV. Hen
e the G4MICE simulation is in agreement with the experimental data.In addition, a simulation was performed by Pietro Chimenti using the G4MICE 
on�g-uration the author of this thesis had prepared for the test beam. However, the digitizationwas not used and the simulation results thus assumed no smearing due to ele
troni
s re-sponse. The simulation reprodu
ed the deviation from linearity, and the limited energyresolution of the preshower was 
on
luded to be insu�
ient for parti
le identi�
ation. Inagreement with the work presented in 
hapter 8, one preshower layer was deemed betterthan two layers with respe
t to parti
le identi�
ation [101℄.
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Fig. 11.2: The linearity of the preshower layer [100℄. The �gure shows the ADC 
ounts measuredin the BTF test beam as a fun
tion of the ele
tron energy. The straight line is a �tthrough the low energy points. At E & 150 MeV the re
onstru
ted energy deviatesfrom the linear dependen
e due to poor shower 
ontainment.11.1.3 EMCal layers 1-10 prototypesThere were four bars of plasti
 s
intillator pla
ed at the most downstream end, ea
h 160 
mwide, 20 
m high and 1.5 
m thi
k, whi
h were on loan from the ATLAS experiment. Inaddition a number of extruded s
intillators from Fermilab, 120 
m wide, 7.6 
m high and4.5 
m thi
k, were tested. Due to the presen
e of TOF and preshower modules in frontof the plasti
 s
intillators �rm 
on
lusions regarding the energy resolution of the di�erentalternatives 
ould not be drawn, but the extruded s
intillator alternative appeared a viableand a�ordable 
hoi
e. 11.2 The 
alorimeter assemblyThe 
alorimeter uses the Sandwi
h design, 
onsisting of a lead��ber preshower layer fol-lowed by a fully a
tive plasti
 s
intillator region, in a

ordan
e with the studies performedby the author (
hapter 8). The design being manufa
tured is very similar to the designused in the simulations. 11.2.1 Layer 0The preshower layer uses the same 0.3 mm grooved lead foils and 1 mm diameter �bersas was used in the simulations. It is separated into 132 mm high modules read out bythree photo multipliers per side, thus 
orresponding to 
ell heights of 44 mm, whereas the
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onstru
tionsimulation used 40 mm high 
ells arranged in modules of ten 
ells per module. Howeverthe more important longitudinal thi
kness, 40 mm, is identi
al for both the �nal designand the simulations. The preshower layer 
onsists of seven su
h modules, hen
e the a
tivearea is square with dimensions ≈ 92.4 × 92.4 
m. As shown in 
hapter 10 this is enoughto 
over almost all good muons.Sin
e ea
h 
ell is read out on both sides, 42 photo multipliers are needed, whi
h havebeen re
overed from the HARP experiment. Two CAEN TDC V1290 modules (64 
hannels)and eighteen CAEN ADC V1724 modules (144 
hannels) have already been pur
hased, butmore are likely to be needed. 11.2.2 Layers 1 to 10The subsequent layers are made of plasti
 s
intillator as in the proposed design. Dueto �nan
ial 
onsiderations however, extruded s
intillators with wave length shifting �berswill be used. This 
hanges some of the assumed parameters used in the simulation anddigitization of the 
alorimeter, whi
h should hen
e be measured and adjusted a

ordinglybefore any new simulation study is laun
hed.

Fig. 11.3: The extruded s
intillator used in the 
alorimeter, with glued wavelength shifting �ber.The bar is 15 mm thi
k along the beam axis, and 19 mm wide.The longitudinal segmentation presented in 
hapter 8 is being used as a baseline, but
onsideration of pra
ti
al impli
ations of the extrusion pro
ess must be taken into a

ountwhen �nalizing the thi
knesses of the layers. It has been suggested to group the horizontaland verti
al layers in pairs, and use a �xed thi
kness of the layers for both dire
tions insu
h a pair of layers. Layers of variable thi
kness are 
onstru
ted by ganging rows of



11.2. The 
alorimeter assembly 219

Fig. 11.4: Eight prototype 
alorimeter modules with extruded s
intillators, �bers and 
asing. Ea
hplane is made of ten bars and 
overs an a
tive area of 19×19 
m. The �bers are extra
tedthrough holes in the aluminum 
asing and 
onne
ted to the ele
troni
 read out.the �bers of several extruded s
intillator bars with ea
h other at the readout. Ea
h rowof s
intillator bars is held together by an aluminum frame, thus forming a module. Themodule is 15 mm thi
k, but the 
onta
t of two neighboring frames adds 0.5 mm of deadspa
e between ea
h module whi
h will be �lled with plasti
 sheets (passive). The defaultganging of modules uses 2× 1, 2 × 2, 2× 5, 2 × 8, 2× 9 modules [102℄, thus forming tenlayers in total1. The total thi
kness of these ten layers thus obtained is 50 modules, or775 mm (of whi
h 750 mm is a
tive).Ea
h extruded s
intillator bar is 19 mm wide, and ea
h module is made of 52 bars [102℄.This means that the modules have 988× 988 mm a
tive area transversally, and the weightof ea
h module in
luding the frame is expe
ted to be between 15 and 20 kg. The totalweight of all ten layers is hen
e between 750 and 1000 kg, whi
h 
an easily be supportedby 
onventional stands.Furthermore, for 
ost reasons, the transversal segmentation should be optimized inorder to keep the number of 
hannels to a minimum. Sin
e the transverse segmentation isnot vital for the parti
le identi�
ation algorithm, but of importan
e for pile up e�e
ts, theauthor has suggested that the size of ea
h bar should be related to the expe
ted hit rate.This would hen
e make the segmentation �ner in the 
enter of the 
alorimeter and more
oarse toward the edges of the �du
ial volume. Sin
e the �bers of the preshower layer 
anbe arbitrarily grouped before 
onne
tion to the photo multipliers, its segmentation and1 This is identi
al to the number of layers used in the simulations presented in 
hapters 8 and 9, butwith a few 
entimeters extra total thi
kness and slightly di�erent thi
kness of individual layers.
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onstru
tion
hannel usage 
ould also be 
onsidered in the overall pi
ture. However it would make the
alorimeter re
onstru
tion more 
ompli
ated.Before any �nal de
ision is made, simulation studies should be performed to validatethe design with respe
t to 
ost and parti
le identi�
ation performan
e. Sin
e this wouldrequire a pileup study, G4MICE should introdu
e a spill generator, with events distributeda

ording to the mi
ro stru
ture of the beam.11.2.3 Front end ele
troni
sThe 
hoi
e of front end ele
troni
s has yet to be made, but three options have been sug-gested [102℄:1. Photoni
s PMTs from Geneva University, equipped with FADCs.2. Hamamatsu PMTs from Trieste with threshold mode ele
troni
s.3. The same Hamamatsu PMTs as above, but with ADCs.The se
ond option would be the 
heapest but it is un
lear whether the performan
e wouldbe su�
ient to meet the experimental requirements. Furthermore, INFN has 80 FADCsthat might be possible to use for the 
alorimeter without additional 
ost to MICE. To rea
ha de
ision, a study has been laun
hed using G4MICE with the obje
tive of determiningthe number of 
hannels needed, the lateral segmentation of the layers and will evaluate theperforman
e of the suggested threshold mode ele
troni
s.11.3 Time s
heduleFor MICE Stage 1, TOF0 and TOF1 must be installed in order to operate the experiment,while the s
hedule for the larger TOF2 is less pressing. Sin
e the experimental obje
tiveat this stage is to understand the beamline, measuring the beam 
ontent with respe
t tomuons and pions is desired. Sin
e the momentum is unknown, the 
alorimeter must beinstalled to work in 
onjun
tion with the �erenkov and the time of �ight measurement.The MICE experiment was s
heduled to shoot its �rst beam September 15, 2007, andthe full 
alorimeter was not expe
ted to be 
onstru
ted and installed on time. The fullpreshower layer and a number of extruded s
intillator bars were not foreseen to be �nishedon s
hedule. However a re
ent delay to the experiment might imply that the 
alorimeteralong with the other dete
tors whi
h are part of MICE Stage 1 
an be installed and
alibrated taking 
osmi
 ray data before the �rst muon beam arrives.



CONCLUSIONS AND SUMMARYThe �rst 
hapter was a short summary of the history of neutrino physi
s, and was writtenfor the general publi
. It showed how our understanding of the neutrinos has evolved fromPauli's hypotheti
al ghost parti
le, whi
h 
annot be dete
ted, to the vampire parti
le,whi
h does not have a mirror image, to the present notion of the neutrinos. The dis
overyof neutrino mixing and the subsequent 
on
lusion that the neutrinos have masses hasfundamentally altered our view of the neutral leptons, and for
ed parti
le physi
ists toextend their theories beyond the Standard Model.The se
ond 
hapter started o� where the histori
al introdu
tion ended. This 
hapterwas intended for a reader rather immersed in the �eld, and reviewed more in detail theeviden
e of the neutrino mass, and the impli
ations thereof. If the neutrinos have mass,a

ording to our understanding of parti
les and for
es, there must be right handed neutrinosin addition to the observed left handed neutrinos. In the simpleminded extension of theStandard Model these right handed neutrinos should have the same mass as their lefthanded 
ounterparts. However sin
e no right handed neutrinos have ever been observed,there is obviously something wrong with the Standard Model.A popular way of explaining the apparent paradox is to assume that the right handedneutrinos have very large mass, too large for dete
tion through 
onventional experiments.In what is known as the See-Saw model, the extremely light left handed neutrinos arelight as a natural 
onsequen
e of the heavy mass of the right handed neutrinos. For thistheory to work, the neutrinos must be Majorana neutrinos, meaning that a neutrino is itsown antiparti
le. The only known possibility to experimentally determine the Majorananature of the neutrinos is through neutrinoless double beta de
ay experiments, where thesimultaneous de
ay of two nu
lei are 
oupled through a Majorana neutrino, thus giving adis
rete energy spe
trum of the �nal state ele
trons. However due to the rare nature ofthe pro
ess, these types of experiments are plagued by signi�
ant ba
kgrounds and exper-imental un
ertainties. Assuming that there is a symmetry between leptons and quarks,the neutrino deviation from the �natural� mass s
ale leads to a predi
ted mass of the righthanded neutrinos whi
h is very 
lose to the Grand Uni�ed Theory energy. Thus neutrinoexperiments 
ould be an indire
t way of exploring the GUT s
ale experimentally.Another feature of the neutrino mixing is the possibility of leptoni
 CP violation. Sin
ethe tiny mass of the neutrino 
omes into the equations for CP violation using 
hargedleptons, it 
an, in pra
ti
e, only be observed through neutrino os
illations. Leptoni
 CPviolation is the primary 
andidate for the observed matter�antimatter asymmetry observedin the Universe, through the so 
alled Leptogenesis. The prin
iple idea is that shortly afterthe Big Bang the Universe 
ooled below the GUT energy and produ
ed heavy right handed



222 Con
lusions and summaryMajorana neutrinos, whi
h through leptoni
 CP violation 
reated a CP asymmetry as theneutrinos de
ayed into lighter parti
les su
h as Higgs bosons.At the end of the se
ond 
hapter, some theories of neutrino masses and the 
onne
tionto the Grand Uni�
ation Theories were dis
ussed. While the minimal super symmetri
extension to the Standard Model is ruled out as a GUT 
andidate theory due to thepresen
e of neutrino masses and the non-observation of proton de
ays, SO(10) is still apossibility. An introdu
tion to left right symmetri
 models with the asso
iated baryon-lepton number 
onservation is presented as an explanation for the leptoni
 parity violation,with the predi
ted appearan
e of right handed weakly intera
ting bosons at higher energies.The author presents limits on the masses of these new bosons, with the 
on
lusion thattheir masses might be within rea
h of a future 
ollider experiment.The third 
hapter presented experiments whi
h, using the pro
esses in 
hapter �ve,
ould solve many of the ambiguities and questions presented in 
hapter two. Conven-tional neutrino beams produ
e neutrinos from pions whi
h in turn are produ
ed in protonintera
tions with a target. In addition to the desired νµ, the beam is irredu
ibly 
ontami-nated with other neutrino �avors and their antiparti
les. The highperforming 
onventionalneutrino beam experiment T2K is presented, featuring the o� axis near dete
tor ND280.Running o� axis by a few degrees makes the energy spread of the neutrinos more narrow,and thus �wrong �avor� neutrinos 
an more easily be identi�ed and ruled out as ba
kgroundto neutrino os
illation. Should the size of the neutrino mixing angle θ13 be large, T2K andNOνA will have the ability to measure it in the immediate future, thus dire
ting the pathexperimental neutrino physi
s shall take in the future.A natural improvement to the 
onventional neutrino beams is to raise the �ux of neu-trinos by using high power proton drivers. This type of neutrino beam is 
alled a Superbeam, and negates the e�e
t of the redu
ed neutrino �ux with o�axis 
on�gurations. Itslargest advantage is its improved sensitivity to 
harge parity violation, but the intrinsi
neutrino impurities 
an never fully be eliminated, thus limiting the usefulness of Superbeam experiments.A se
ond 
on
eptual neutrino beam produ
es low energy (. 1 GeV) neutrinos fromde
aying radioa
tive ions stored in large storage rings with straight se
tions. This is 
alleda Beta beam, and has the advantage over other neutrino beams in that it has a single, pure,neutrino �avor. This allows dete
tion of neutrino os
illations through the so 
alled golden
hannel, whi
h is the os
illation νe → νµ. The dete
tion of a muon in the far dete
tor issimple, and the absen
e of ν̄µ in the beam means that the dete
tor does not have to bemagnetized. This allows the use of megaton Water �erenkov dete
tors, whi
h by now area standard te
hnique for neutrino dete
tion. Su
h a fa
ility however, 
annot be used fordete
tion of νe → ντ , and is of too low energy to be sensitive to matter e�e
ts, limiting itsability to solve degenera
ies in the (θ13, δ) plane.The third 
andidate neutrino beam 
on
ept is the Neutrino Fa
tory, whi
h similarlyto the Beta beam uses unstable parti
les stored in a storage ring for produ
ing a neutrinobeam, but instead of ions the Neutrino Fa
tory uses muons. The muons are produ
edin proton 
ollisions with a mer
ury jet target, and the pions produ
ed are magneti
ally
olle
ted and drifted through a de
ay 
hannel, where the muons are produ
ed. The muons
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lusions and summary 223have at this stage a very large emittan
e, whi
h hinders e�
ient subsequent a

eleration.The muon beam is therefore transversally 
ooled via ionization 
ooling, using a 
ooling
hannel 
onsisting of alternating RF 
avities and low Z absorbers. After 
ooling the muonsare a

elerated in the subsequent RLA, re
ir
ulating linear a

elerator, and FFAG, FixedField Alternating Gradient a

elerator. A novel idea for 
ooling relies on a heli
al 
ool-ing magnet, whi
h relies on the nonlinearities of the magneti
 �eld e�e
ts instead of thesto
hasti
 energy loss to break the emittan
e 
onservation.While the most likely dete
tors for Super beams and Beta beams are huge Water�erenkov dete
tors, the Neutrino Fa
tory does not 
ome to its full advantage without amagneti
 �eld due to the intrinsi
 
ontamination of 
harge parity 
onjugate neutrinos inthe beam, whi
h 
ould obs
ure the neutrino os
illations. One proposed dete
tor for aNeutrino Fa
tory is the Magnetized Iron Neutrino Dete
tor (MIND), whi
h is a sandwi
hof extruded plasti
 s
intillators and magnetized iron to both provide the ne
essary targetmass and magneti
 �eld of the dete
tor. A similar design is the Totally A
tive S
intillatorDete
tor (TASD), whi
h does not 
ontain any iron in the �du
ial volume but relies onnovel te
hniques for applying an external �eld to the very large a
tive region. The mainadvantage of TASD over MIND is that it 
ould also measure the 
harge of ele
trons. Itis possible that the two designs might rea
h a 
onsensus and merge their designs in thefuture, 
on
eivably forming a hybrid dete
tor also in
orporating magnetized emulsion 
loud
hambers for tau lepton tagging.Another suggested neutrino dete
tor is a huge liquid argon time proje
tion 
hamber(LArTPC), with a �du
ial mass somewhere between 10 and 100 kiloton. Su
h a devi
ewould be sensitive to both νe → νµ and νe → ντ os
illations, with a low energy threshold
omparable to TASD. If the magneti
 �eld is at least one tesla, 
harge determination ofele
trons would be possible, thus opening up the νµ → νe os
illation 
hannel. The feasibilityof the magnetization of the devi
e is however not 
lear, and the drift length of several metersthat the s
ale of the dete
tor implies 
ould 
ause serious problems. Sin
e a LArTPC issensitive to 
osmi
 ray ba
kground it 
annot operate on the surfa
e but would have to bepla
ed approximately 200 meters underground to have a physi
s rea
h 
omparable withSuperKamiokande, but it does not require the great depths of the �erenkov dete
tors.The 
hapter ended with a performan
e 
omparison of the di�erent neutrino fa
ilities.Should θ13 be small, the best fa
ility is always the Neutrino Fa
tory. For larger valuesof θ13 the possibility of using a Beta beam fa
ility opens up, and for even larger valuesSuper beams would have the same sensitivities to 
harge parity violations and neutrinomass hierar
hies as the Neutrino Fa
tories and the Beta beams. If θ13 is zero, a NeutrinoFa
tory would thus give the best upper 
onstraints, though very few theories predi
ts themixing angle to be zero and that s
enario is deemed unlikely.In order to demonstrate the prin
iple of ionization 
ooling in pra
ti
e, the Muon Ioniza-tion Cooling Experiment, MICE, is being built at Rutherford Appleton Laboratories in theUnited Kingdom. Chapter four was an introdu
tion to MICE, while the following 
haptersof this thesis dealt with spe
i�
 details of the experiment. The experiment will measurethe emittan
e redu
tion of a muon beam, using one parti
le at the time going througha se
tion of a Neutrino Fa
tory 
ooling 
hannel. The MICE beam produ
es muons from
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lusions and summarypions that are momentum sele
ted in a bending magnet and then de
ay in a solenoid.Muons of approximately 200 MeV/
 are sele
ted with a se
ond magneti
 bend. The pionsthemselves are produ
ed by dipping a titanium target into the halo of the ISIS protonbeam. The aim is to produ
e roughly 600 good muon events per ISIS spill.The beam 
ontains mainly muons with a very small 
ontamination of pions whi
hsurvived the momentum sele
tion bend. In order to identify these pions, two time of �ightdete
tors, TOF0 and TOF1, are positioned in the beamline. Together with a �erenkovdete
tor, they 
an 
learly separate pions and muons. The �erenkov dete
tor uses twoaerogels with di�erent refra
tion index to span the momentum region used in MICE.Sin
e the experiment will examine the emittan
e redu
tion at di�erent initial emit-tan
es, a lead di�user is pla
ed in the beamline. After the di�user a spe
trometer isinstalled in a four tesla homogeneous �eld. The base line tra
ker 
onsists of �ve planes ofs
intillating �bers, whi
h provides �ne resolution measurements of momentum and posi-tion of the muon tra
ks. An alternative tra
ker design, with less material in the path ofthe muons, is based on the time proje
tion prin
iple, using high voltage to drift ionizationele
trons to a region where the signal is ampli�ed using GEMs and read out by FADCs.Downstream of the spe
trometer the 
ooling 
hannel begins, whi
h 
onsists of three liq-uid hydrogen absorbers, interspa
ed by two linear a

elerators 
onsisting of four 201.25MHz
avities ea
h. The transverse emittan
e is redu
ed by sto
hasti
 energy loss in the liquidhydrogen through ionization, while the RF 
avities repla
e the lost momentum in thelongitudinal dire
tion. A full Neutrino Fa
tory 
ooling 
hannel would 
onsist of a largenumber of su
h 
ooling se
tions, but one se
tion is deemed adequate for demonstration ofthe ionization 
ooling prin
iple, as the obtained 
ooling for a minimum ionizing muon willbe 10%, whi
h the experiment will measure to a relative pre
ision of 1%, i.e., (10± 0.1)%.The 
ooling se
tion is initiated and terminated by hydrogen absorbers to prevent ele
tronsfrom RF indu
ed ba
kground to �ood the spe
trometers. The absorbers are bellow shapedwith very thin aluminum windows whi
h provides maximum strength with minimum ma-terial in the beamline. An extra set of windows en
ases the absorbers to ensure va
uumintegrity and an extra degree of safety to hydrogen leakage.After the 
ooling 
hannel, another solenoid with spe
trometer, identi
al to the upstreamspe
trometer is pla
ed. This allows the transverse emittan
e to be measured both upstreamand downstream of the 
ooling 
hannel. In addition a third time of �ight dete
tor, TOF2,is pla
ed downstream of the se
ond spe
trometer, giving the experiment the ability tomeasure the time 
oordinate of ea
h parti
le, thus longitudinal 
ooling. The 
ombinationof TOF1 and TOF2 information will also be used for estimating the RF phases of thetraversing parti
les, and will be used together with the measured momentum to reje
tele
tron 
ontamination in the beam.At the very end of the experiment the muons are stopped in a 
alorimeter. The �rstlayer of the 
alorimeter is four 
entimeters thi
k and 
onsists of grooved lead foils ands
intillating �bers while the following layers are made of plasti
 s
intillators of a totallongitudinal thi
kness of seventy 
entimeters. The 
alorimeter is dedi
ated to ele
tron�muon separation, but is also useful for pion identi�
ation and 
an provide an independentmeasurement of the muon momentum by range and energy by amplitude.
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lusions and summary 225The �fth 
hapter 
ontained des
riptions of the most important pro
esses and intera
-tions for the dete
tion and 
lassi�
ation methods of the parti
les of interest for this thesis.Sin
e it is impossible to en
ompass the full extent of phenomena asso
iated with the pro-
esses, due to the 
omplexities introdu
ed by atomi
 shell stru
ture at low energy et 
etera,the fo
us is on general behavior in the energy range given by the MICE experimental spe
-i�
ations, and on how the models are implemented in Geant4, the main software pa
kageused for simulation studies in later 
hapters.The se
tion on muon de
ay kinemati
s motivated why muons and ele
trons originatingfrom muon de
ay �ll the same phase spa
e in MICE's operational momenta, and hen
e whythere is a need to identifying individual parti
les in the beam. At these momenta the main
ontributing pro
ess to the energy loss for muons is ionization, and the di�eren
es andsimilarities between ionization of muons and ele
trons are explained. As bremsstrahlung isof major importan
e to the study of RF 
avity indu
ed photoni
 ba
kgrounds, this pro
essand its asso
iated simulation implementation of the model were also presented. Anotherpro
ess whose importan
e to MICE 
annot be overstated is multiple s
attering, sin
e theheating term in the ionization 
ooling me
hanism depends dire
tly on multiple s
atteringand its asso
iated e�e
ts. The theoreti
al models des
ribing the multiple s
attering haveevolved in re
ent years, and this is re�e
ted in the evolution of the Geant4 implementation.The MuS
at experiment has provided vital data for multiple s
attering of muons in liquidhydrogen, and from 
omparison of its data with simulations it was 
on
luded that anyversion of Geant older than 4.8.1 does not perform satisfa
tory at large s
attering angles.The last pro
ess dis
ussed in this 
hapter was ele
tromagneti
 showers, whi
h is apotpourri of all of the above mentioned pro
esses. It is normally triggered by hard brems-strahlung of an ele
tron in
ident on a dense material, and subsequent intera
tions 
reate atree of ele
trons, positrons and photons. Sin
e the 
ross se
tion for photons is lower thanthe 
ross se
tion of ele
trons, the photon fra
tion of the shower rises with longitudinaldepth. As the muons have too low energy in MICE to indu
e ele
tromagneti
 showers, thisprin
iple is used in the design of the 
alorimeter to break up ele
tron tra
ks, before the fullya
tive part of the 
alorimeter samples the energy of the muons. Sin
e this latter materialis transparent to photons, the longitudinal pro�les of in
ident ele
trons and muons lookvery di�erent, even though the parti
les have similar energies.In order to study various issues in MICE, a software pa
kage 
alled G4MICE has beendeveloped, whi
h was des
ribed in 
hapter six. G4MICE has simulation 
apabilities us-ing the standard parti
le physi
s simulation pa
kage Geant4. In addition the Digitizationappli
ation simulates the response of the read out ele
troni
s and the 
onversion of theGeant4 output to data of the same format as the a
tual experiment will obtain. An-other appli
ation in G4MICE is the re
onstru
tion of tra
ks and events whi
h has beensu

essfully used in the tra
ker test beams. Extensive analysis features are also in
ludedin the pa
kage, allowing parti
le identi�
ation, emittan
e 
al
ulations and other topi
s ofinterests to be thoroughly studied.The seventh 
hapter des
ribed the three main sour
es of ba
kground to the MICEexperiment; pions whi
h survived the se
ond momentum sele
tion bend, positrons frommuon de
ay in �ight and ele
trons from RF indu
ed ba
kground. The last of these three
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lusions and summaryis generated when the RF 
avities are operated at high �elds in the presen
e of a magneti
�eld. The e�e
t has been studied experimentally at LabG at Fermilab in the United Stateswith a small 805 MHz 
avity. It is presently being studied in the Fermilab MuCool TestArea using a prototype MICE RF 
avity. In the near future it will also be tested with a 
oilproviding a �eld strength whi
h 
losely resembles the MICE running 
onditions. E�e
tsof 
onditioning, polishing and titanium 
oatings will be studied as possible measures toredu
e the emission of ele
trons.Simulation studies performed by the author are presented whi
h showed that all ele
-trons are stopped in the liquid hydrogen. However the ele
trons have a small probabilityto 
reate photons through bremsstrahlung, and due to the large number of RF indu
edele
trons involved, this forms a substantial ba
kground of gamma rays for the spe
trome-ters and time of �ight dete
tors. This ba
kground 
an 
ause hits or 
onvert ba
k to freeele
trons through the photoele
tri
 e�e
t or Compton s
attering. Due to the energy spe
-trum of bremsstrahlung photons and the limited length of the lina
s, the energy of the RFba
kground is mu
h lower than the muons, whi
h aids in its reje
tion.The phasing of the RF 
avities infers that the highest energies and highest ba
kgroundrates will be in the downstream dire
tion. Using the spe
trum given by the simulations,the s
intillating �ber tra
ker has shown that it 
an satisfa
tory deal with the RF indu
edba
kground, but it has more problems for events in the downstream dire
tion sin
e theparti
les are travelling parallel to the muon tra
ks, and it is unknown how the spe
trometer
an 
ope with the higher rates given by new MTA measurements.A model for the emission of ele
trons and produ
tion of photons was presented. Itsu

essfully reprodu
es the very strong dependen
e on ele
tri
 �eld gradient that has beenobserved in many experiments. At moderate gradients, the number of photons in thedete
tor per ele
tron emitted from the 
avities in
reases fast with in
reased ele
tri
 �eldgradient. At higher gradients, the 
reation of new emitting sites through breakdown andthe a
tivation of pre-existing sites a

ount for most of the observed gradient dependen
e.The model reprodu
es the rates measured in the MTA, and is to our knowledge the �rstmodel of its kind.The ba
kground 
reated by de
aying muons is a serious problem sin
e it will bias theemittan
e measurement beyond a

eptable levels if left un
he
ked. Simulation studies per-formed by the author in 
hapter eight showed that the redu
tion of positron impuritiesusing only the measured time of �ight and momentum is not enough, and a dedi
ateddete
tor is ne
essary to deal with the problem. Originally the task of downstream parti
leidenti�
ation was assigned to a �erenkov dete
tor and a 
alorimeter, but the studies re-sulted in an improved 
alorimeter design whi
h rendered the �erenkov dete
tor redundant.The original 
alorimeter design, �KLOE-light� (KL), used four layers of four by four
entimeter 
ells made of grooved lead foils and one millimeter diameter s
intillating �bersglued in the grooves in a triangular pattern. The 120 
m long 
ells were read out at bothends by photomultiplier tubes for improved energy re
onstru
tion and transverse hit pointdetermination. The use of a high Z passive material promotes ele
tromagneti
 
as
ades ofin
ident ele
trons and is useful for 
apturing photons of high energy. However a sampling
alorimeter su
h as KL always has a signi�
ant part of its energy loss 
on
entrated in the
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lusions and summary 227high Z material, and the limited sampling fra
tion leads to a poor energy resolution.For MICE the energy of the muons by the time they rea
h the 
alorimeter is very low,and parti
le identi�
ation purely based on energy re
onstru
tion is thus impossible. Forthis reason, and as an attempt to make the dete
tor more a�ordable, di�erent 
alorimeterdesigns using a fully a
tive �du
ial volume where 
onsidered. The design deemed mostpro�table uses an initial layer identi
al to the KL design, but with the following layers
onsisting of only plasti
 s
intillator. Initially a se
ond layer identi
al to the preshowerlayer was intended to be pla
ed at the downstream end of the 
alorimeter, thus sandwi
hingthe plasti
 in lead, in order to 
apture photons from ele
tromagneti
 showers generatedin the �rst layer. However the bene�t to 
ost ratio of this extra ba
k end layer was
onsidered too low, hen
e the last layer was removed from the design. The �nal designstill uses the name Sandwi
h (SW) design for this reason. The plasti
 s
intillator wassegmented longitudinally with respe
t to the range resolution of the tra
ks, and mu
h ofthe dis
riminating power of the devi
e 
omes from the longitudinal pro�le of the energydeposition.Using the same number of 
hannels and identi
al ele
troni
s, the SW design was provensuperior to the KL design for both e − µ and π − µ separation at all energies appli
ableto the MICE experiment. The baseline 
alorimeter design was thus a

ordingly 
hangedto the Sandwi
h 
on
ept. In addition the high performan
e of the SW design 
aused thedevelopment on the downstream �erenkov dete
tor to be abandoned.The ninth 
hapter des
ribed the methods by whi
h the muons are separated fromba
kground events originating from muon de
ay. By using G4MICE simulations of amuon beam spanning all momenta of interest, relations des
ribing the energy loss, and the
hange of the polar angle, through volumes between TOF1 and the 
alorimeter were found.These relations were used to extrapolate the tra
k through a module in the presen
e ofenergy loss and magneti
 �eld. Thus given the information re
orded by a spe
trometer,the expe
ted energy deposition and range in the 
alorimeter 
an be 
omputed under theassumption that the parti
le is a muon. This type of inter-dete
tor variable 
orrelationsare expressed as asymmetry, where an asymmetry 
lose to zero indi
ates that the event isa likely muon signal event.Sin
e no single parti
le identi�
ation variable 
ould adequately remove su�
ient ba
k-ground without also losing too many signal events, the problem had to be solved as a multidimensional problem. By assigning a signal tag to all good events the signal distribution
an be �tted using any 
onventional �tting method. Due to the multi dimensional natureand the level of nonlinearity of the problem, a naive implementation of maximum likeli-hood method failed. The Fisher dis
riminant method, however, performed mu
h better,and the Arti�
ial Neural Network (ANN) method performed ex
ellently. Sin
e Fisher is alinear dis
riminant and the ANN used in this thesis is a nonlinear extension to the Fisherdis
riminant method, the di�eren
e observed between the methods is a measure of the non-linearity of the problem. An analysis with Boosted De
ision Trees gave 
omparable resultswith the Arti�
ial Neural Network, but the latter was 
hosen for its 
onventionality.The performan
e obtained by the downstream parti
le identi�
ation analysis was sat-isfa
tory (safety fa
tor 4.3, where the target impurity was 0.2%) for the lowest momentum
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lusions and summaryand very good for the highest momentum (safety fa
tor 179.1). In addition to larger beamimpurities at lower momentum due to the larger de
ay probability, the short range in the
alorimeter limits its performan
e. With respe
t to emittan
e measurement, the bias in-trodu
ed by positrons at the tra
ker referen
e planes was around one part per mille beforeparti
le identi�
ation, the MICE experimental spe
i�
ation. However sin
e a large amountof the ba
kground originates from de
ays inside or after the last tra
ker referen
e plane,this �gure is too optimisti
. If one instead looks at the emittan
e at the entran
e of TOF2,the intrinsi
 bias is between three to six times higher than the maximum allowed system-ati
 error. After the parti
les have been identi�ed, however, the bias 
an be redu
ed toa

eptable levels, and in the 
ase of high momentum beams, any bias on the emittan
emeasurement introdu
ed by the ba
kground will be negligible in 
omparison with othersour
es of systemati
 errors.To study the measurement of 
ooling itself, i.e., the emittan
e redu
tion measurement,a mat
hed beam of nominal 200 MeV/
 momentum was examined using the pro
edure out-lined above. In a

ordan
e with the �ndings regarding the emittan
e measurements, the
ooling was underestimated by approximately 4.5%. Thus downstream parti
le identi�
a-tion must be performed if the experiment is to a
hieve the design pre
ision of the 
oolingmeasurement. The results showed that the parti
le identi�
ation 
an redu
e the bias toa level (a few per mil) where the tra
ker imperfe
tions 
learly dominate the resolution.Regrettably there were no other suitable magneti
 �eld maps available, so no other beamsetting 
ould be studied with a mat
hed beam. The results used the tra
ker referen
eplanes, whi
h we already 
on
luded give optimisti
 results.As dis
ussed in 
hapter ten, one impli
ation of the extensive simulation studies per-formed for the MICE ba
kground problems was the observation of the transverse size ofthe beam at di�erent lo
ations along the beamline. Sin
e the �eld lines diverge at the endof the experiment, muons are pulled to large radius, and many parti
les miss the TOF2�du
ial volume. While in
reasing the size of TOF2 is expensive, and putting the dete
-tor 
loser to the spe
trometer solenoid impossible sin
e the photomultiplier tubes 
annotoperate in strong magneti
 �elds, a hybrid solution was found by shielding the dete
torfrom magneti
 �eld by sandwi
hing it with iron shields, linked together at the outer radius.The author was 
harged with the task to determine the size of the dete
tor and its shieldapertures in its new position. At the same time, an optimal size of the 
alorimeter was tobe found, sin
e it had its position shifted upstream to �ll the gap where the downstream�erenkov dete
tor had resided. It was previously feared that the 
orners of the 
ryostatfor the spe
trometer solenoid would interse
t the beam of good muon events, but withupdated drawings and 
orresponding �eld maps, this e�e
t vanished and no further a
tionhad to be taken.Sin
e a 200 MeV/
 beam needed a TOF2 aperture of 30 
m radius in order to redu
e thebias on the emittan
e measurement below one per mil, a sixty by sixty 
entimeter TOF2a
tive area was 
onsidered a reasonable 
hoi
e. However for the 140 MeV/
 beam setting,the required radius using the same arguments would be for
ed to 42 
m. However many ofthe large radius events were found in a tail extending towards low energy. Sin
e the max-imum obtainable radius of good muon tra
ks depends almost linearly on the longitudinal
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ut o� at low momentum e�e
tively also works as a radial 
ut o�.From this observation it was de
ided that the upstream aperture in the TOF2 iron shieldshould be 60 
m in diameter, TOF2 should be 60 × 60 
m, and the downstream aperture70 
m in diameter. The preshower layer of the 
alorimeter will, for pra
ti
al reasons, usea 92 × 92 
m area whi
h simulation results indi
ate is reasonable, while the baseline forthe plasti
 s
intillator layers is one meter square. A suggestion to split the preshower layerfrom the s
intillator layers to a

ommodate PMT shielding similar to the TOF2 
ase wasruled out as it would for
e the size of the plasti
 layers to be 
onsiderably enlarged.The last 
hapter is an outlook on the 
onstru
tion of the 
alorimeter, and a presentationof a test beam whi
h was run in Fras
ati in 2006. The preshower layer uses the designpresented in previous 
hapters. Extruded plasti
 s
intillator will be used for the fully a
tivelayers of the 
alorimeter. Designs for the me
hani
al support stru
ture and the 
olle
tionof the wave length shifting �bers have been devised, and 
onstru
tion of the full 
alorimeteris pro
eeding.The MICE experiment is s
heduled to shoot its �rst beam January 2, 2008, and thefull 
alorimeter is expe
ted to be 
onstru
ted and installed on time for Stage 3 of theexperiment, when systemati
 errors will be examined.At the very end of the thesis, an appendix des
ribed statisti
al 
on
epts used throughoutthe do
ument, su
h as e�
ien
y and purity. The emittan
e 
on
ept is explained, andmotivations for the expe
ted time of �ight through the experiment were presented. Some�tting methods used for the parti
le identi�
ation algorithm were introdu
ed in the lastappendix. Final wordsMICE will measure the performan
e of a se
tion of a Neutrino Fa
tory 
ooling 
hannelto very high pre
ision. This thesis has presented all major sour
es of systemati
 errors tothese measurements arising from the presen
e of ba
kground or s
raping. While ea
h ofthese e�e
ts has the potential to bias the experiment, the work presented in this thesis hasshown that they 
an all be dealt with and their e�e
ts 
an be redu
ed to a

eptable levelsthrough proper instrumentation and a well developed analysis.
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Appendix ADEFINITIONSA.1 Statisti
sHere in follows explanations of some expressions used throughout this thesis.A.1.1 Probability density fun
tionsA probability density fun
tion (pdf) is a fun
tion whi
h when integrated gives the 
umu-lative probability distribution. Thus the probability of �nding a variable x in a 
ertaininterval with the probability density fun
tion a(x) is
P (x0 < x < x1) =

∫ x1

x0

a(x)dx (A.1)where a(x) is normalized su
h that
P (−∞ < x <∞) =

∫ ∞

−∞

a(x)dx = 1. (A.2)In pra
ti
e the bin sizes dz are not in�nitesimally thin and a sum over all bins isperformed instead of an integration,
P (−∞ < x <∞) ≈

N
∑

i=0

ai∆x (A.3)where the distribution is spread over N bins of width ∆x.Note that for 
onvenien
e the notation for the p.d.f is 
hosen su
h that
a(x) ≡ P (X|A) (A.4)
b(x) ≡ P (X|B) (A.5)where the right hand side is the notation used in most textbooks on statisti
s.



232 Appendix A. De�nitionsA.1.2 LikelihoodLet the observations X have a probability density fun
tion p(X|T), where T = (θ1, θ2) issome parameter. Then the likelihood fun
tion is
L(X|T) =

N
∏

i=1

p(Xi|T). (A.6)Note that the likelihood is not a p.d.f.A.1.3 Likelihood ratioIf the set of events are su
h that they 
an only be ex
lusive of type A or type B, andthe events always belong to one of these two sets, the individual probability distributionfun
tions are mutually ex
lusive. This property 
an be used to de�ne the likelihood ratio
ri =

L(Xi|T ∈ ν)

L(Xi|T ∈ θ)
(A.7)where θ is the total T-spa
e and ν is a subspa
e of θ. Expressed as the likelihood ratio forthe event to belong to A in a region of X,

r(x0 < x < x1|T ∈ A) =

∫ x1

x0

a(x)

a(x) + b(x)
dx. (A.8)In order to make this quantity de�ned in regions of x where a(x)+b(x) = 0 the integrationlimits x0 and x1 were automati
ally 
hosen so that a(x) + b(x) equaled a 
onstant nonzeronumber. This gives variable bin sizes along x while the area under a(x) + b(x) is �xed.A.1.4 SeparationGiven two normalized probability distribution fun
tions a(x) and b(x), the separation s isa measure of the overlap of the two fun
tions. It is de�ned as

s ≡
∫ ∞

−∞

(a(x) − b(x))2 dx

a(x) + b(x)
(A.9)where in the 
ase

∫ ∞

−∞

a(x)dx =

∫ ∞

−∞

b(x)dx = 1 (A.10)
s is equal to 0 if the two fun
tions are identi
al and equal to 1 for two distributions withoutany overlap.



A.1. Statisti
s 233A.1.5 CorrelationCorrelation indi
ates the strength of dire
t linear relationship of two variables and is the
ovarian
e of the two variables divided by the produ
t of their standard deviations. Thevarian
e of a variable with the distribution a(x) is
σ2

a =

∫ ∞

−∞

a(x)(x− µ)2dx (A.11)where µ is a known population mean. If the underlying distribution is not known, thenthe sample varian
e may be 
omputed as
σ2

a =

N
∑

i=1

(ai − a)2

N
=

N
∑

i=1

a2
i

N
− a2 (A.12)where a denotes the sample mean.The 
ovarian
e of fun
tions a and b is

σab =
N
∑

i=1

(ai − a)(bi − b)

N
=

N
∑

i=1

aibi
N

− ab (A.13)and from this follows
σaa = σ2

a. (A.14)Hen
e, the 
orrelation is written as
ρab =

σab

σaσb

=
σab√
σaaσbb

(A.15)or
ρ2

ab =

(

∑

(ai − a)(bi − b)
)2

∑

(ai − a)2
∑

(bi − b)2
(A.16)

=

(

∑

aibi −Nab
)2

(

∑

a2
i −Na2

)(

∑

b2i −Nb
2
) . (A.17)From the equations above it is 
lear that two un
orrelated distributions will have ρ2 = 0and two maximally 
orrelated fun
tions will have ρ2 = 1.A.1.6 AsymmetryThe asymmetry between the probability density fun
tions a and b is de�ned as

d(x) ≡ a(x) − b(x)

a(x) + b(x)
(A.18)



234 Appendix A. De�nitionsand is thus an indi
ator of how di�erent the two fun
tions are at x. The asymmetry alwaystakes a value between −1 and +1, with the ex
eption where a(x) + b(x) = 0 where theasymmetry is unde�ned. Given the measured and expe
ted response of dete
tor B, usinginformation from dete
tor A, the asymmetry gives a measure of quality of the assumptionthat the parti
le in both dete
tors is a muon.A.1.7 E�
ien
yThe e�
ien
y of event type A is the ratio between sele
ted A type events and total numberof A type events. If the distribution of A type events on a variable x is a(x), the e�
ien
yof for the sele
tion x0 < x < x1 is
ǫ(x0 < x < x1) =

∫ x1

x0
a(x)dx

∫∞

−∞
a(x)dx

. (A.19)The distribution fun
tion a(x) does not have to be normalized.A.1.8 PurityThe purity w.r.t. events of type A of a sample is the ratio of A type events and any typeof event. The purity of a sele
tion x0 < x < x1 is 
al
ulated as
p(x0 < x < x1) =

∫ x1

x0

na(x)

na(x) + nb(x)
dx (A.20)where nb(x) is the distribution of events of any type but A, and

na(x) = NAa(x) (A.21)
nb(x) = NBb(x) (A.22)where NA and NB are the total number of events of 
orresponding type in the sample. Theintrinsi
 purity is de�ned as equation (A.20) with the integration limits set to plus andminus in�nity.The same integral, but with the normalized probability density fun
tions a(x) and b(x),gives the probability that the event found in the sele
tion is of type A:

P (x0 < x < x1) =

∫ x1

x0

a(x)

a(x) + b(x)
dx. (A.23)A.1.9 Relations between purity and e�
ien
yIf the signal e�
ien
y is ǫs and Ns and Nb are the total number of signal and ba
kgroundevents respe
tively in the sample, the required ba
kground e�
ien
y ǫb in order to have apurity p is

ǫb = 1 + ǫs
Ns

Nb

(

1 − 1

p

)

. (A.24)



A.2. Emittan
e 235This relation is used in this note for evaluation of the parti
le identi�
ation algorithmsused by �xing ǫs and p by user requirements, while Ns and Nb are taken dire
tly from thesample. A.2 Emittan
eWhen designing a beamline it is desirable to minimize divergen
es of the beam su
h thatas few parti
les as possible are lost due to s
raping. If ele
tromagneti
 �elds are usedto 
ontrol the beam, it is not possible to redu
e the size of the beam without in
reasingthe momentum spread and vi
e versa. In the 
ase of Gaussian distributions of positionand momentum, the phase spa
e diagrams form ellipses of 
onstant densities where theposition and momentum are more or less 
orrelated, thus tilting the ellipses. Emittan
e
an be understood as the area under su
h an ellipse, and the 
onservation of emittan
e isdue to the fa
t that the area of an ellipse does not 
hange under rotation.
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Fig. A.1: Geometri
al interpretation of emittan
e 
onservation. Suppose the horizontal axis indi-
ates the position and the verti
al axis the momentum. The �gure on the left is phaserotated to the �gure on the right, de
reasing the position spread and in
reasing themomentum spread. The phase rotation of the ellipse 
onserves the geometri
al shapeand hen
e also the area of the ellipse, whi
h is proportional to the beam emittan
e. Aspe
i�
 parti
le P will rotate with the bun
h, so if it was found on the boundary in theleft plot it is still found on the boundary after rotation, hen
e single parti
le emittan
eis also 
onserved.The equation for an arbitrary ellipse in the x− p-plane is
1 =

x2

σ2
x

+
p2

σ2
p

+
xp

σxp
(A.25)whi
h using linear algebra notation 
an be expressed as

1 = xTV−1x (A.26)



236 Appendix A. De�nitionswhere V is a 
ovarian
e matrix su
h that V11 = σxx = σ2
x. The last step is given by (A.14).Provided that V is diagonalizable there exists a transformation D su
h that

V = Dv̂D−1 (A.27)where v̂ is a diagonal matrix 
ontaining the eigenvalues of V on the diagonal.1 If the beamundergoes linear transformations M,su
h as phase rotation, skews and stret
hes, M 
anbe diagonalized in a similar manner, and thus the eigenvalues of n transformations M isjust the eigenvalues of M to the power of n. Thus, the determinant of V is un
hanged bythe linear transformations. Sin
e the area of the ellipse is given by
A = π

√

|V| (A.28)the area of an ellipse is 
onstant under any linear transformationM.M is often 
alled thetransfer map [35℄. The 
onservation of area under the ellipse is what makes the 
on
eptof emittan
e useful. In a more rigorous manner the emittan
e 
onservation 
an be provedusing Liouville± Theorem, whi
h proves that the density in a volume element is 
onstantunder a 
anoni
al transformation.A.2.1 Beam emittan
eThe normalized beam emittan
e in N dimensions is de�ned as [35℄
ǫN ≡

N
√

|V|
m

(A.29)where m is the mass of the parti
le.2 In this thesis, this mass is always identi
al to the massof a muon. Working in natural units c = 1 so the mass term in the denominator 
an
elsthe momentum term in the numerator, whi
h gives a remaining unit of length. Howeverdue to histori
al reasons, the emittan
e is usually expressed in π mm rad, a remnant fromthe geometri
 analogy (A.28). Whenever the term transverse emittan
e is used throughoutthis thesis, it is the four dimensional emittan
e using the dimensions (x, px, y, py) whi
h isreferred to unless the 
ontrary is expli
itly stated.A.2.2 Single parti
le emittan
eThe single parti
le emittan
e, often 
alled the amplitude of a parti
le, is de�ned as [35℄
ǫi ≡ ǫxT

i V−1xi (A.30)and des
ribes the position in phase spa
e of parti
le i, relative to a bun
h of parti
les. Thesingle parti
le emittan
e is a 
onserved quantity under linear transportation, and it formsa 
ontour in phase spa
e along whi
h the parti
le 
an move.1 These eigenvalues are the square of the half axis of the ellipse (a and b in �gure A.1).2 For a Gaussian beam, this de�nition of the emittan
e 
oin
ides with the hypervolume. For non-Gaussian beams, this is not generally true, and some authors prefer to de�ne the emittan
e as the hyper-volume thus making (A.29) invalid.



A.2. Emittan
e 237By expli
itly writing out the ve
tor indexes
ǫi = ǫ

N
∑

j

N
∑

k

x
(i)
j x

(i)
k V−1

jk (A.31)where N is the number of dimensions, a relation between the mean single parti
le emittan
eand the beam emittan
e 
an be found.
〈ǫi〉 = ǫ

N
∑

j

N
∑

k

〈

x
(i)
j x

(i)
k

〉

V−1
jk = ǫ

N
∑

j

N
∑

k

VjkV
−1
jk = ǫ

N
∑

j

N
∑

k

Ijk = Nǫ. (A.32)Furthermore this demonstrates that the beam emittan
e is also 
onserved in the limit ofvery few parti
les.If the phase spa
e distribution of parti
les is Gaussian, the hyperellipses formed by �xedvalues of single parti
le emittan
e 
oin
ide with equiprobable 
ontours of the distribution.The distribution of single parti
le emittan
e thus follows a 
hi-square distribution
f(ǫi) =

1
2

(

ǫi

2

)
N
2
−1
e−

ǫi
2

Γ
(

N
2

) (A.33)whi
h is illustrated in �gure 7.2 for the 
ase N = 4. Sin
e this distribution produ
es longexponential tails, the �nite dimensions of an experiment infers s
raping and a deviationfrom the Gaussian approximation in the asymptoti
 limit.
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Fig. B.1: Energy loss in the di�user as a fun
tion of the beta in the upstream tra
ker referen
eplane. Sin
e the tra
ker referen
e plane is downstream of the di�user, the β and θ aremeasured after the energy loss.
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Fig. B.2: The energy loss in upstream tra
ker as fun
tion of β in its tra
ker referen
e plane. Sin
ethe tra
ker referen
e plane is downstream of the area of energy loss, the value on thehorizontal axis is the value after the energy loss has o

urred.
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e in angle is a 
ombination of multiple s
attering in thes
intillating �bers and transverse magneti
 �eld e�e
ts, though the magneti
 �eld e�e
tsdominate.
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Fig. B.7: The 
hange in angle from the beam axis in between the downstream tra
ker referen
eplane and TOF2. The di�eren
e in angle is a 
ombination of multiple s
attering in thes
intillating �bers and transverse magneti
 �eld e�e
ts, though the magneti
 �eld e�e
tsdominate.
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Appendix CTIME OF FLIGHT PREDICTIONSThe expe
ted time of �ight used in 
hapter 9 uses the longitudinal velo
ity
βz =

pz
√

p2 +m2
, p = |p| (C.1)where the mass m is and the parti
le mass and p the momentum. To �rst order the timeof �ight is given by

t′ =
∆z

c(βup
z − βdown

z )
(ln(cβup

z ) − ln(cβdown
z )) (C.2)for all regions. This expression follows from the assumption that the velo
ity 
hangeslinearly between the starting and ending positions

t′ =

∫

dt

dx
dx =

∫

dx

cβup
z + kx

=

[

ln cβup
z + kx

k

] (C.3)where k is �xed by the boundary 
onditions. This �rst approximation must be 
orre
teddue to se
ond order e�e
ts su
h as magneti
 �eld e�e
ts and multiple s
attering.C.1 Magneti
 �eldIn 
lassi
al physi
s
F = q(E+ v×B) (C.4)so in the longitudinal dire
tion
Fz ∼ vxBy − vyBx (C.5)sin
e there is no ele
tri
 �eld in the absorbers. MICE is using magneti
 �eld �ips in theabsorbers. As shown in �gure C.1(a), in the 
enter of the �ip, the magneti
 �eld in thelongitudinal dire
tion is zero, and the magneti
 �eld has a transverse 
omponent whi
h isdependent on
ρ =

√

x2 + y2 (C.6)almost linearly, su
h that
Bρ(z = 0) = bρ (C.7)
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 �eld in �ipFig. C.1: (a): The transverse magneti
 �eld versus the distan
e from symmetry axis in the 
enterof a MICE SFoFo 
hannel �eld �ip. The triangles indi
ate the values of the �eld mapused in G4MICE. The red line is a linear approximation of the radial �eld strength (seeequation (C.7)). (b): The longitudinal magneti
 �eld versus the longitudinal positionin the 
enter of a MICE SFoFo 
hannel �eld �ip. Values 
omes dire
tly from G4MICE.where b is a 
onstant. Assuming a 
ylindri
ally symmetri
 �eld, trigonometry gives
Fz∼̇b(vxy − vyx). (C.8)Re
alling that the momentum is related to the for
e by

dp

dt
= F (C.9)we have arrived at a 
lassi
al expression for momentum transfer due to the magneti
 �eld:

dpz

dt
∼ vxy − vyx. (C.10)The momentum transfer a�e
ts the time of �ight in two ways. Most notably it 
an givea net gain, or loss, of longitudinal momentum while keeping the energy 
onserved. Thiswill 
ause a parti
le to move at di�erent velo
ities upstream 
ompared to downstream. Ase
ond e�e
t is that of a parti
le whi
h loses pz and later regains it su
h that the momentumupstream and downstream of a �eld �ip is identi
al. Su
h a parti
le has a longer time of�ight 
ompared to a parti
le travelling a 
onstant velo
ity. Sin
e the spe
trometers measurethe same longitudinal momentum, the spe
trometers are blind to this last e�e
t, unless it
an be foreseen using equation (C.5). In addition, the �eld �ip shifts the larmor 
enter fromthe beamline, and sin
e the �eld dire
tion depends on ρ a

ording to (C.7) the parti
le isin�uen
ed by an inhomogeneous magneti
 for
e as it pre
esses around the posterior larmor
enter.In the dis
ussion that follows the notation

η ≡ pxy − pyx (C.11)
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(a) View 0◦. (b) View 45◦. (
) View 90◦.Fig. C.2: Upstream �ip. The larmor 
enter displa
ement is 
learly visible in C.2(a).
(a) View 0◦. (b) View 45◦. (
) View 90◦.Fig. C.3: Center �ip.is used for the expe
ted longitudinal Lorentz for
e1 in the 
enter of the �eld �ip. The e�e
tof the �eld �ips is illustrated by a randomly 
hosen visualized event from a 6π mm beamin G4MICE on the front page. Figures C.2 to C.4 show the same tra
k for the ea
h �eld�ip individually and the immediate surrounding area.Sin
e the expe
ted time of �ight already takes the di�eren
e in pz into a

ount through(C.2), the e�e
t of momentum transfer should already have been dealt with unless themomentum 
hanges ba
k and forth between the two measurements. Swit
hing to spheri
al
oordinates for the momentum, and 
ylindri
al 
oordinates for the position,































px = p sin θ cosφ
py = p sin θ sinφ
pz = p cos θ
x = ρ cosα
y = ρ sinα
z = z

(C.12)
and de�ning the angular di�eren
e of momentum and position as

β ≡ φ− α (C.13)
η 
an be expressed as

η = ρp sin θ (cosφ sinα− sin φ cosα)

= −ρp sin θ sin β. (C.14)To summarize, the momentum transfer does two things to a parti
le:
• It 
hanges the momentum so that pz,in 6= pz,out.
• It delays parti
les even when pz,in = pz,out.
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(a) View 0◦. (b) View 45◦. (
) View 90◦.Fig. C.4: Downstream �ip.
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Fig. C.5: The next to leading order 
orre
tion to the expe
ted time of �ight in the 
ooling 
hannelwhere the un
orre
ted time of �ight expe
tation is given by equation (9.15).
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Fig. C.6: The leading order 
orre
tion to the expe
ted time of �ight in the 
ooling 
hannel wherethe un
orre
ted time of �ight expe
tation is given by equation (9.15).If it was possible to dire
tly extra
t the beam variables at the �ip, η would be a goodestimate for the time of �ight dis
repan
y t − t′. However, one must predi
t the beaminside the �ip from spe
trometer information in order to use equation (C.11). Assumingthat the beam grows transversally as it approa
hes a �eld �ip due to the falling strengthof the longitudinal �eld,
η ∼ sin θ tan θ (C.15)where sin θ 
omes from equation (C.14), and tan θ originates from a simple extrapolationfor the distan
e from the beam axis.Performing �ts based on variables derived from the Lorentz for
e in this way on a beamwith no material in the 
ooling 
hannel gave the dis
repan
y between the Monte Carlotruth and expe
ted time of �ight

σt−t′ = σsin θ tan θ ⊕ σ∆θ ⊕ σρup
⊕ σunknown (C.16)where

σsin θ tan θ = 142.0 ps (C.17)
σ∆θ = 42.0 ps (C.18)
σρup

= 11.9 ps (C.19)
σunknown = 14.7 ps. (C.20)(C.21)1 Ele
tri
 
harge and mass were intentionally left out of the expression.
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Fig. C.7: A µ+ from a 6πmm beam going through the MICE 
ooling 
hannel. In this �gure theparti
le was only under the in�uen
e of magneti
 �eld, hen
e dE
dt = d|p|

dt = 0. The pi
turewas generated with G4MICE.It is 
lear that although the model for the sin θ tan θ parameterization is based on some verysimple assumptions, it is the dominating e�e
t for 
orre
ting the time of �ight expe
tation.C.2 Matter e�e
tsWith the e�e
t of magneti
 �eld examined, the e�e
t of energy loss and other mattere�e
ts were studied. Regrettably in the simulation, it was not possible to have the 
orre
tdes
ription of absorbers and their windows and the RF 
avity windows in
luded, whileusing a homogeneous magneti
 �eld. For this reason, the 
ooling 
hannel material wasadded together with the �ip-�eld. To bypass possible e�e
ts by RF phases, every lina
 wasgiven a stati
 ele
tri
 �eld designed to return the same energy as was lost in an absorber.This was done so that the energy lost in the absorbers would 
orrespond to a minimumionizing parti
le.After the expe
ted time of �ight had been 
al
ulated using only longitudinal momentumin the spe
trometers, the dis
repan
y was
t− t′pz

= 268.7 ± 145.4 ps (C.22)whi
h was �tted using the method established in the previous se
tion of �rst �tting using
Φ, then ∆θ. Should the magneti
ally indu
ed momentum transfer and the energy loss�u
tuations be un
orrelated, the energy loss would hen
e introdu
e

σ∆E = 33.9 ps (C.23)
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ts 251error. Note that this is mu
h smaller than the un
ertainty given by inhomogeneity of themagneti
 �eld presented in the previous se
tion.To get a rough estimate of the importan
e of the energy straggling, it is useful toremember that a 200 MeV/
 muon whi
h 
hanges its energy by one MeV gets a timeof �ight di�eren
e of 27.7 ps over six meters, 
ompared to an unperturbed muon. Thisestimate assumes parti
les are traveling as straight tra
ks both before and after the energyloss event. These results are in good agreement when using the spread in energy losspresented in se
tion 6.2.4.
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Appendix DFITTING METHODSThis se
tion 
ontains short des
riptions of some of the �tting methods mentioned in thedis
ussion of the parti
le identi�
ation algorithm. The fo
us is on two of the three bestperforming methods at the test shown in �gure 9.21.D.1 Fisher dis
riminantsThe Fisher dis
riminants method is a linear dis
riminant analysis whi
h determines an axisin the hyperspa
e spanned by the input variables su
h that when proje
ting the output
lasses (in the s
ope of this thesis, the signal variable) they are separated by as mu
hdistan
e as possible, while events belonging to the same 
lass are 
lustered in a small regionalong the axis. In order to �nd this axis, the 
orrelation matrix of the input variables isused, hen
e only linear 
orrelations 
an be a

ounted for.The 
orrelation matrix C is de
omposed as
Ckl = Wkl +Bkl (D.1)where W is the within 
lass matrix and B is the between 
lass matrix. W des
ribes thedispersion of events relative to the mean of its own 
lass and is given by

Wkl =
〈

xs,k − 〈xs,k〉
〉〈

xs,l − 〈xs,l〉
〉

+
〈

xb,k − 〈xb,k〉
〉〈

xb,l − 〈xb,l〉
〉 (D.2)where and s and b denotes signal and ba
kground respe
tively, while

Bkl = 1
2

∑

u=s,b

(

〈xu,k〉 − 〈xk〉
)(

〈xu,l〉 − 〈xl〉
)

=
〈xs,k〉+〈xs,l〉+〈xb,k〉+〈xb,l〉

2
− 〈xk〉 − 〈xl〉 (D.3)des
ribes the dispersion of events relative to the overall mean of the sample 〈xk〉 [96℄. TheFisher dis
riminant analysis thus aims to minimize the within dispersion while maximizingthe between separation, whi
h 
an be quanti�ed as the ratio of the diagonal elements ofthe matri
es.The Fisher 
oe�
ients Fk for n input variables xk are

Fk =

√
NsNb

Ns +Nb

n
∑

l=1

W−1
kl (〈xs,l〉 − 〈xb,l〉) (D.4)



254 Appendix D. Fitting methodswhere Nj is the total number of event type j in the sample. The Fisher dis
riminant yi forevent i is
yi = F0 +

n
∑

k=1

Fkxk,i (D.5)where F0 is an o�set that 
enters the mean 〈yi〉 = 0 [96℄.
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Fig. D.1: Example of variable transformation for the Fisher method. The left �gure shows twodistributions both with means at zero. The right �gure shows the distributions after
x → |x| transformation, separating the two means and thus gaining dis
riminatingpower.Sin
e the Fisher 
oe�
ients are zero when the signal and ba
kground samples haveidenti
al mean values, this method performs best when a prior variable transformationensures that the distributions are 
entered in di�erent regions. For example a signal distri-bution s(x) = x2 and a ba
kground distribution b(x) = constant both have a mean of zeroover the range x = [−1, 1] and thus hold no dis
riminating power. Performing the variabletransformation x → |x| makes the Fisher dis
riminant method useful. This example isillustrated in �gure D.1. The asymmetry transformations des
ribed in se
tions 9.3.4 andA.1.6 are examples of how this was performed in pra
ti
e in this thesis.D.2 Arti�
ial Neural NetworksThe Arti�
ial Neural Networks (ANN), are methods for nonlinear dis
riminant analysiswith a 
onne
tivist approa
h to the 
omputation of the �tted fun
tion. Here only MultiLayer Per
epteron Arti�
ial Neural Networks, the most 
ommon type of ANNs, are dis-
ussed.An Arti�
ial Neural Network 
an be understood as an expansion of a fun
tion using aseries of weighted obje
t fun
tions, similar to a Taylor or Fourier expansion. In all ANNsused in this thesis, the obje
t fun
tions are expanded in sigmoids,

f(x) =
1

1 + e−kx
(D.6)where k is 
onstant. This expansion is a mapping from input variables xi stored in whatis 
alled the input layer, to the output variables in the output layer. For ANNs dedi
ated



D.2. Arti�
ial Neural Networks 255to do parti
le identi�
ation, there is normally only one variable in the output layer, andit is 
onventionally set to 1 for signal and 0 for ba
kground events. Virtually any fun
tion
an be used for the expansion, but sigmoids are good for fast 
onversion when �ttingblo
k fun
tions su
h as those used for assigning the parti
le ID, due to the steep transitionbetween the two �at regions. A sigmoid with k = 1 is illustrated in �gure D.2(a).
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(b) Two sigmoidsFig. D.2: (a) A sigmoid fun
tion, de�ned in (D.6). (b) The sum of two sigmoid fun
tions.Between the input and output layers are one or more hidden layers. The number ofvariables in a hidden layer 
orresponds to the order of the expansion, and the Weierstrasstheorem states that a single hidden layer is enough to approximate any 
ontinuous fun
tiongiven an arbitrary size of the hidden layer. The variables in the input, output and hiddenlayers are often 
alled neurons in literature, and the weights for the 
onne
tions betweenthe neurons are 
alled synapses. It is possible in an ANN to use more than one hidden layer,whi
h 
an be used for a
hieving the same performan
e but with a redu
ed total numberof hidden variables. This 
an give great improvements in time e�
ien
y and robustness ofthe network. Note that an ANN without a hidden layer is a linear �t in the hyperspa
espanned by the input variables, hen
e it redu
es to the Fisher dis
riminant method.As an example of a simple �t using an ANN, 
onsider the distribution g(x) = sin(x)whi
h is �tted using the ar
hite
ture 1:2:1, i.e., one input variable x, two hidden variablesin a single hidden layer, and one output variable y. The obje
tive is to minimize thequadrati
 errors
E(x|n,w) =

1

2

∑

i

(

y(xi) − g(xi)
)2 (D.7)su
h that y(x) ≈ g(x), where {n,w} is the set of �tting parameters. This example usesthe fun
tion

y(xi) =
2
∑

j=1

fj(x)wj,2 + n3 =
2
∑

j=1

wj,2

1 + e−(nj+wj,1xi)
+ n3 (D.8)where wj,1 denotes the weight (synapse) between the input variable and hidden variable j,and wj,2 is the 
orresponding weight for the output layer side of the hidden layer. In this
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onstants (3 n-type and 4 w-type) whi
h reprodu
e the truefun
tion, but would bene�t from expansion in periodi
 fun
tions instead of sigmoids, ormore terms in the expansion, i.e., a larger hidden layer.The ANNs are usually overly 
ompli
ated for solving simple problems as the one above,but they really show their usefulness when working on nonlinear problems and where theobje
t fun
tion is either unknown or too 
ompli
ated due to a large number of inputvariables. For Nh number of hidden variables and Nin number of input variables, equation(D.8) generalizes to
yi =

Nh
∑

j=1

wjk,2

1 + e−
PNin

k=1
(njk+wjk,1xk,i)

+ noffset (D.9)for event i. For more than one hidden layer, the additional nesting of neurons and synapsesmakes an analyti
 expression su
h as (D.9) very hard to 
omprehend.1 There is howevernever any need to use the analyti
 expression expli
itly sin
e the text �le of weights 
anbe read ba
k in to build the ANN a

ording to its ar
hite
ture.During training of the ANN, the errors are 
omputed and ba
kpropagated in an adaptivealgorithm. The easiest su
h algorithm is the steepest des
ent method, where a trainingepo
h adjusts the weights by a step in the parameter spa
e spanned by the weights in thedire
tion where the error de
reases fastest. The step length is proportional to the error anda user de�ned 
onstant η whi
h 
ontrols the step size, and thus the learning rate. After anepo
h, the weight parameter spa
e w is thus [96℄
w(ρ+1) = w(ρ) − η∇

w
E (D.10)where E is given by (D.7). The ANN used in this thesis however, relied on the Broyden-Flet
her-Goldfarb-Shanno (BFGS) method. This is a powerful quasi Newtonian methodfor minimization whi
h uses an approximative method to 
al
ulate the Hessian2 of theobje
t fun
tion. Instead of re
al
ulating a proper Hessian at every step, the approximatedHessian is updated by su

essive gradient ve
tors. This 
ombines the advantage of thefaster 
onvergen
e of the Newtonian method 
ompared to the steepest des
ent method,without the pro
essor 
onsuming 
al
ulation and inversion of a proper Hessian3, whi
h isused in the Newtonian method.One problem with Arti�
ial Neural Networks is overtraining. Overtraining is the phe-nomenon where the �tting method starts �tting on individual data points. It happens iftoo many model parameters are adjusted to too few data points, and thus depends on the�tting method. This 
an be avoided by in
reasing the number of events in the sample or byde
reasing the number of training epo
hs. When using ANN, overtraining 
an be dete
tedby an apparent improvement with in
reased number of epo
hs in the training sample, while1 The default ANN used in this thesis has 41 neuron weights (n-type) and 391 synapse weights (w-type)plus normalization fa
tors for all input variables.2 The Hessian is the Ja
obian of se
ond derivatives, and is often 
alled �se
ond derivative matrix� byphysi
ists, or �information matrix� by statisti
ians. The inverted Hessian, whi
h is used for stepping in theNewtonian method, is often 
alled the �error matrix� by physi
ists. This notation is hen
e used in ROOT.3 Instead the inverted Hessian is updated dire
tly.



D.2. Arti�
ial Neural Networks 257the performan
e of the test sample worsens. For all implementations used for this thesis,events with odd event number were used for testing and even event numbers were used fortraining.Today parti
le physi
ists use Arti�
ial Neural Networks mostly for parti
le identi�
a-tion, but it 
an be used for any form of �tting and re
onstru
tion. The ANN method isalso widely used outside s
ien
e, for example it is used by e
onomists to predi
t sto
k mar-kets, by hospitals to predi
t o

upan
y at the urgen
y re
eptions, by poli
e departmentsto dete
t internal 
orruption, by te
hni
ians to spot problems with air
raft engines et
.
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