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Neutrinos In the “Current” Standard Model
Standard Model :

1A DN AN Using 19 parameters the SM
PARTICLES

predicts the interactions of
electroweak and strong forces,

8 the properties of 12 fermions,
and 12 bosons carrying the force

neutrinos :

« 3types (flavors)
 |efthanded

sl - only neutral fermions
— Interact only weakly

 all have equal (weak)
Interactions

« assumed massless in the SM
\IT'{’/




But Where They Are ?
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Neutrinos are naturally produced in the Sun, the atmosphere, earth, our bodies, ..
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They can be also “fabricated” in nuclear reactors or by accelerators, .. A" @ <.



Neutrino Sources
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Neutrino Physics Situation

Especially since 1998, neutrino physics has made great progress

— discovery of oscillation (v, disappearance) in atmospheric v by SK (1998)
confirmation in accelerator v, beam by K2K (2004) / MINOS (2006)

— Vv, disappearance (— v,/v.)
established by solar neutrino measurements by SNO / SK (2002)
confirmation in reactor v by KamLAND (2004)

— V. appearance v, - v by T2K (2.5 ¢ in 2011 and 7.5 ¢ in 2013)
0,53 = 0 by DayaBay (2012)
confirmed 3 flavor mixing picture of neutrinos

Surprises (= Mysteries) are

— neutrino has really finite (but small) mass:
first evidence of deviations from Standard Model

— neutrino has finite (but big) flavor mixing (unlike quarks)
lepton flavor is violated




Neutrino Oscillation

« v oscillations are a qguantum mechanical effect

* neutrino flavor eigenstates (e, w, 1) v = ZU v,
are different from mass eigenstates (1, 2, 3) “ i~123 ’

e propagation in time (& space) described by the free Hamiltonian

=» neutrino oscillations: probability of observing a given v flavor
will vary with time (flavor changes to other flavor in flight)

« only occur when neutrinos have finite mass and mix
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3 Flavor Mixing of Neutrinos
( Vl\

Flavor eigenstates / \
Ve

Mass eigenstates
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Pontecorvo-Maki-Nakagawa-Sakata Matrix (CKM matrix in lepton sector)
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SuperK (atm. v) Daya Bay solar v neutrinoless
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T2K T2K future solar v exp.
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Neutrinos Oscillations In Time Evolution

(three flavor oscillations)
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Two flavor Oscillation in Vacuum

(to make it simple)

For two flavors, v, and v, U= CO_S 6 sing
the mixing matrix reduced to —sing cosé

then the oscillation probability P(v,, — v,) Is given by

E—-E)t
P(v, »>v,)=sin’20 Sinz(( —E))
m.2 12
Making the approximation E; = p+2—'pO; o
S ET
og e ~-

(and including the factors h and c) oo b L,f e ==
the oscillation probability becomes

: : L [km

P(v. ->v,)=sin®26-sin’|1.27 [km] AmM* [eV?]
a B
GeV] )

maximum oscillation amplitude L : distance v - source oééinllatibfl

E : v-energy at t =0 (source) freqygncy



Present Knowledge 2
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Today’s Questions In Neutrino Physics

* Mass hierarchy

we do not know If the neutrino v, (contains more v,) is the lightest one or not
=» Long baseline accelerator neutrino experiments

e |s CP symmetry violated ?
help solve origin of matter-antimatter asymmetry in universe (leptogenesis)
=» Long baseline accelerator neutrino experiments
« Absolute neutrino mass

=>»neutrino-less double beta decay

 EXxistence of sterile neutrinos

Neutrino is Dirac ? or Majorana ?
=>» neutrino-less double beta decay

Unraveling full nature of neutrino could provide breakthrough
to approach our goals in particle physics




How Do We Make an Oscillation Experiment

1. measure v spectrum at near detector before oscillations

2. make prediction at far detector assuming no oscillations

ex obs O E eff
(DFS = Fosc - RF/N '(DNbD & #EVp (Ev) = Posc (Ev)'#eVND (Ev)' RF/N — ( ) =
GND( ) eff

3. compare measured v spectrum at far detector with predictions (2) \

deviations ? = oscillations
does not cancel ®

4. extract oscillation parameters because different spectra !
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Why Neutrino Cross—Sections ?

existing v scattering data (~1 — 20 GeV) poorly understood
mainly (old) bubble chamber data
low statistics samples
large uncertainties on v flux

need detailed understanding of v, and anti-v, cross sections

v oscillation
precision neutrino oscillation measurements
all experiments use dense nuclear targets (CH, H,0, Ar, Fe, ...)
— additional complications whose impact needs to be understood
backgrounds (i.e. NC r%’s)

neutrinos — weak probe of nuclear (low E) and hadronic (high E) structure
elastic : axial form factors of the nucleon

inclusive : quark structure of the nucleon (parton distribution functions)
nucleons are confined in nuclei and are not free
— expect deviations from v — free nucleon (p or n) interactions
— quark densities modifications in nuclei (EMC effect)

(today we have very high intensity neutrino beams that allow us to study all thi
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Probing Nucleon Structure

Charged lepton scattering data show that quark distributions are modified
in nucleons confined (bound) in a nucleus:
PDFs of a nucleon within a nucleus are different from PDFs of a free nucleon.

The EMC effect (valence region) does not shows a strong A dependence for F,A/ F,P

Nuclear effects in neutrino scattering are not well established, and have not been
measured directly : experimental results to date
have all involved one target material

per experiment (Fe or Pb or ...).

v probes same quark flavors  o_

as charged leptons but
with different “weights”
— expect different shape
— expect different behavior ?
—>X—> 17
— is shadowing the same ?
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How To Make a v, Beam

(conventional horn focused beam)

Evice
Beam e
T
Focusing device: Electromagnetic Horn Beaump

Deca

Simon van der Meer
(1925~2011)

Aluminum

Current

P beam

B=4.3T,r=15mm, | =320kA
> 0
pure v, beam (299%)

Ve (51%) from m = p = e chain and K decays (K,;)
v, /TM can be switched by flipping polarity of Horns




The NUMI Beam (FNAL) phaon Morliss.

_ Absorber
Decay Pipe

= «—>
5m Rock 18 m

10m 30m «— " Hadron
675 m Monitor

NuMI (Neutrinos at the Main Injector)
120 GeV protons from Main Injector, ~ 300 - 350 kW
90 cm graphite target
675 m decay tunnel e

I

NuMI Beam MC, FLUKA |

By moving the production target w.r.t. 15t horn 150 |- T
and the distance between horn 1 and horn 2 2 —LE
one can modify the v spectrum: ‘g i —ME
LE (peak ~3 GeV) —» ME (peak ~6 GeV) “g 100 - i
E
Flux determination E i [
muon monitor data = 50 i

special runs (vary beam parameters) -
v, — electron scattering _. T e ..
low—v method 0 5 10 15 20
external hadron production data Neutrino Energy (GeV)




The Off-Axis T2K v Beam..

Super-K. oa FiLA

E,, (GeV)

Target 3 Horns

Decay Pipe

© decay Kinematics

Very narrow energy spectrum
(almost monochromatic beam)

Neutrino beam energy “tuned” to
oscillation maximum
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Quasi-Elastic Scattering w

mnz—(mp—Eb)z—mfl+2(mp—Eb)Eﬂ o s

O —
2(m,—E,—E, +|p,|cos3,)

Qe =—M’ +2E¥ (Eﬂ —\/Ej -m? cosgﬂ)

Erec = Errue ?

Qrec = Qrrue ?




v CCQE scattering

considered a possible standard candle for v oscillation experiments (Ev ~ 1 GeV)
E, and Q? can be determined from outgoing u energy and angle

x10™%°
NE 16 MiniBooNE
S 1‘2‘5— . NOMAD
© -
135 “,-"' -------- RSSEEES "'_'%'—‘%-TT---_-{(_'—%%%-—‘T%*
= . MiniBooNE data with total error
6 = ——+—— NOMAD data with total error
= /. RFG model with Mf,;i=1.03 GeV, k=1.000
2 ——— RFG model with Mj'=1.35 GeV, k=1.007
0: L ‘ L Lol : L
1 0-1 T. K1tori 1 0 E?E’RFG (GeV)

Relativistic Fermi Gas
model +
axial form factors

ra@) =m0 (1+ &)

~30% discrepancy in the QE x-section measurements between recent exp.

identification of QE events (purity, backgrounds, ..

reconstructed E, energy
axial mass M,

nuclear effects, FSI, two body currents (MEC), ...

tension between datasets and RFG model : increase M, in the axial FF ?

)




And If Experiments “"Do Not Agree” ?

-39
2010
- —+— vy MiniBooNE —+— Vﬂ MiniBooNE (hyd subt.)
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MiniBooNE data is well above “standard” QE prediction (+30%)
(increasing M, — 1.35 can reproduce o)




And If Experiments “"Do Not Agree” ?

or how neutrino physicists discovered nuclear physics

Vu

A

recognize that

nucleons are not free 8
In a nucleus g
(the RFG model does el
not work) 5
€

many models and authors ~ ;°
including nuclear effects :
correlations (SRC)

o[x10

two body currents (MEC)  ,|

2p2h

TEM 1

FSI g
= M, ~ 1 GeV

T -

Ankowski, SF

Athar, LFG+RPA
Benhar, SF

GiBUU

Madrid, RMF

Martini, LFG+RPA
Nieves, LFG+SF+RPA
RFG, M.fl GeV

-+++ RFG,M_ =135 GeV
Martini, LFG+2p2h+RPA

| T |

14 1.6 1.8




What About E, ?

a0
E, (GeV) -
— 0.2 -
—_— .6
1.0 .
| A\ ]
050504 06 R R e
E (GeV)
iInput E, ~ Dirac 6
effects of

1) single nucleon
(RFG smearing)
2) multi nucleon scattering

flux X 64 pigns ON 2C (108 em?/GeV)

(20 -30% of events off correlated pairs)

myE,-m? /2

QE QE _
Ev * EREC -

m, —E, +|p,|cos s,

O = NN W & 0 ;d

true-QE




MiniBooNE @ FNAL

® © 0 0 0000000
® © © 0 000000 OIKMND

Cherenkov 1 ‘-x_

: 'v-beam | ]
Liquid Scintillator CH,, target '“»K \

Cheren -cu:n.rz

41 detector, complete angular coverage \Ecmmh on)
Good lepton reconstruction & pion rejection _

Essentially blind to details of the nucleon final state in CC events

Detect both scintillating light and Cherenkov light



v [ anti-v CCQE x-Sections dc/dT,dcos6,

]
4

d?o

flux averaged doubly differential cross sections
J Y dT,d(cos0,,)

largely model independent measurement of muon kinematics

(cm?IGeV)

—C
1T, d(cos6,)

L — }IiuiBouNEV“ CCQE data [(.‘]-I:)

shape uncertainty

12

I:l MiniBooNE data with shape error

| v NiniBooNE data [5:\;1:10.70/6]

(cm’/GeV)

ds
dT dcosé

m

Older experimental data is consistent with dipole axial FF and M, = 1.015 GeV.

Old resonance scattering data (e.g. via A** production) M, ~ 1.3 GeV
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anti-v d2c5/dTMdcoseM

6 0.7 <cos 6, < 0.8

RFG predictions

(M= 1.02 GeV):

off,C

— M;* = 1.35 GeV, k= 1.007
eff,C

- = M =1.02 GeV,x = 1.000

T, (GeV)

It is clear that the RFG model assuming
M, ~ 1 GeV does not adequately
describe these data in shape or in
normalization.

PRD 88, 032001 (2013)
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The MINERvVA Detector

120 plastic scintillator modules for tracking and calorimetry (~32k readout channels)
Construction completed in Spring 2010. He and H.0 targets added in 2011

MINOS Near Detector serves as muon spectrometer (limited acceptance)
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9” H,0

Nuclear Targets 625 kg
Active Scintillator Modules
Liquid He |
250 kg \A \A v \A \A v
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Vv CCQE Events In MINERvA MeV
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anti-v / v CCQE x-Sections do/dQ?
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Conclusions CCQE

Recent CCQE measurements on nuclear materials are consistent :

a significant enhancement in the normalization

that grows with decreasing muon scattering angle

IS observed compared to the expectation with M, = 1.0 GeV.

1) a significant enhancement (+ 30%) in the normalization

2) a significant deficit of events is observed at low Q? (Q? < 0.1 GeV?)

3) a significant excess of events is observed at larger Q2 (Q? > 0.3 GeV?)

The RFG model assuming M, ~ 1 GeV does not adequately
describe these data in shape nor in normalization

The interpretation of MINERVA data suggests that

the resulting final-state pairs would be predominantly pp 9 |
IN neutrino scattering and nn in anti-neutrino scattering. a?
(these results are consistent with the observation in g

guasi-elastic e — C scattering suggesting that multi-body /&
final states are dominated by initial-state np pairs [JLab]) O



Inclusive Scattering
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T2K CC Inclusive v Scattering

Solenoid coil

e
Neutrino beam

ND280 eca |

Barrel ECal
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Number of entries

Number of entries

T2K Off-Axis v, Analysis
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T2K CC Inclusive v cross sections
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T2K CC Inclusive v cross sections
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Minerva Inclusive v x—sections
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Event selection criteria:
single muon track in MINERVA
well reconstructed and matched into MINOS ND
reconstructed vertex inside fiducial tracker region
nuclear targets : z position consistent with nuclear target
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An Event from Target 3
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“Plastic” Background

Project the one track events to the e - *H —
passive target’'s centerin z

This is the best guess of the vertex
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Nuclear Modification Simulation in MINERVA

“standard” GENIE model

Bodek-Yang Model (2003)
arXiv:hep-ex/0308007

Fit to charged lepton data

All nuclel has same modification
All treated as isoscalar iron
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Nuclear modification fit
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MINERvVA models

Bodek-Yang Model (2013)
arXiv:hep-ph/1011.6592

Very similar to widely used E139 fit
Specific fits for C, Fe, Pb on
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W-Q? “acceptance” ME (2013-18)

z axis : 103 events / 3 x 10° kg of C / 6e20POT
Event statistics for ME neutrino run

10

Q*(GeV?)

107

W(GeV)
kinematical distribution from GENIE 2.6.2 event generator

with Minerva “standard” cuts (E, > 2 GeV, 0, > 179)



Conclusion Inclusive

First precise direct measurements of nuclear-dependence of neutrino
cross sections in the few GeV regime

Good agreement with simulation as a function of E,

Deficit increases with A for xg; < 0.1 (Pb < Fe < C)
Excess increases with A for xg; > 0.7 (Pb > Fe > C)
both effects are not modeled in event generators

Enhanced statistics (>10x) in higher energy, intensity NOvA-era beam
higher energy = lower xg; reach
much more DIS - extract structure functions
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1973 : Discovery of Neutral Currents
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Cannot be due to W exchange - first evidence for Z boson




Why Neutral Currents

1973 : discovery of neutral Currents

“70 — 80 : confirm Standard Model

‘80 —'90 : Weinberg angle Sin 0,
by comparing Charged Current and Neutral Current scattering

‘90 onwards : PV in €p scattering at low Q2
knowledge of neutral current form factors, when combined with EM
EM form factors, provides access to the contribution of strange quarks

2000 onwards : access As (first attempts)
strange quark contribution to proton’s spin




NC : y vs. Z Exchange

Static properties described by form factors defined in terms of matrix elements

of current operators

(p'|3,|p)= u(p){y FY(Q%) +i 2,\;

F,7(Q° )}U(p)

J 14
(P13, | p)= U(p'){yff (Q%) +i z“lv? F (Q2)+7ﬂ75G§(Q2)}U(p)
Point-like interactions between gauge bosons (y and Z) and quarks inside
the nucleon = same quark form factors with different couplings
) y—Z interference —» P.V. in ep scattering — s-quark contribution to EM FF
ii) polarized DIS — polarized parton distributions Aq(x,Q?)
lil) v scattering — axial charges

(p'lay,7a|p)=T(p")y,7sGA(Q*)u(p)
Q%0 >< p|q7/¢7/5q| p> =2M pSﬂAq RN

B >~ [t 2 Q2 — o QCD corrections @
AQ=Gi(Q"=0)= .[o AqQ(x, Q" = oo)dx Q2> 0 extrapolation ;/
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Neutral Current v Scattering & As

Combining EM FF of proton and neutron with weak FF of proton
one may separate u, d, and s quark contributions

G; :%(—GX+G§+G;) =%(—G§C+GZ)
GCC ( G Gd) J, + electroweak radiative corrections
f— — p— - - I : - - I
A AT O (1+Q2 / Mi)z (not negligible ! but = 0 in v scattering !

Gy =(Gi° +G; ) Q2 dependence — dipole FF

GS:(Q?): s and sbar contribute with different sign — small - Gs;(0) ~ 0
Gs),(Q?): s and sbar contribute with different sign — small

— but not necessarily G5,,(0) =0
Gs,(Q?): s and sbar have same axial coupling ! - G$, can be # (unknown)

, do™* 7y~ T2
HowQ® 5 LG @] 1 g,—As
s G (Q) = —2
and assuming same Q? dependence 2 (1+ Qz / M 2 )2
(with some approximations) A
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NC in MiniBooNE
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Global Gs: , GS, , and G5, Analyses

combining known electric, magnetic, and non-strange axial form factors

of p and n (G, (Q°=0)= g,)

extract Gs. , G5, , and G35,

from a global fit

(As = G,(Q2=0))

A vp—vp sensitive to G5, and G°,
2. VvP+Vvp sensitive to Gs. and G3,,

ép sensitive to Gs,, , and GS,

p. =-0.071+0.096
41, =0.053+0.029
As =—0.30+0.42
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Conclusions Neutral Currents

Fundamental in establishing the SU(2), x Y(1) structure of the Standard Model

Complementary to charged lepton (and v CC) studies of the
Internal structure of the nucleon via form factor measurements,
In particular of the role of strange quarks

PV in ep scattering (y — Z interference) shows that the contribution of strange
guarks to electric and magnetic form factors is very small, compatible to O

At present very limited data sample on vp elastic scattering
more data in the near future, not clear (to me) what impact they might have
need new, more precise measurements

Nuclear effects however are not negligible (see M,) and can modify significantly
the picture (taking ratios of NC to CC can mitigate, but not solve this issue)
need measurements on proton and neutron (deuteron) targets

Extrapolations to Q% — 0 not very reliable
need measurements at very low Q?




Outlook

Neutrino Physics is entering an era of precision measurements

Precise knowledge and detailed understanding of v — A

Cross sections required (sys. oscill. < 1-2% for CPV !)
(neutrino interaction simulation models rarely handle nuclear
modifications correctly)

Today we have very high intensity neutrino beams that allow us
to study v — nucleon and v — nucleus interactions in detalil

Expect several, new v — A cross section measurements in the
1 — 20 GeV region in the next years

Neutral Currents — As
(first understand nuclear effects, however times are mature for
a dedicated experiment using (liquid) H and D targets)




