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The Standard Model

Three Generations
of Matter (Fermions) spin %2
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@ With the discovery of the Higgs Boson, charge-
all particles of the Standard Model
have been found. name - arm
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@ |s the standard model complete and
correct?
@ In the SM neutrinos are massless !
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Quarks

@ In the SM only left handed neutrinos
(and right handed anti-neutrinos) !

@ No unique way to give mass to
neutrinos.

= Very probably new degrees of freedom

spin 0

Bosons (Forces) spin 1

Leptons
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Neutrino Physics

Observed phenomenon that cannot be explained by the present Standard Model:

@ neutrino oscillations: observed in solar, reactor, atmospheric and accelerator neutrino experiments
@ oscillation probability (in a first approximation) is given by:

2 2y,
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= neutrinos have non-zero masses

= neutrinos mix and all neutrino experiments can be explained (with some tensions) in the PMNS
framework that relates weak states to mass states:
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Extension of the Standard Model is mandatory for our understanding of the neutrino physics
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]
Extension of the Standard Model

Which extension of the Standard Model can generate neutrino masses ?
What are the values of the mixing parameters in the PMNS matrix?

Answering these questions might shed light on fundamental features of the universe

@ Baryon asymmetry of the universe:
leptongenesis based on Majorana neutrinos is one potential model to explain the matter-antimatter
asymmetry of the present universe.

@ Dark matter:
right handed neutrinos could be interesting candidates.
what are their masses ?
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Neutrino Masses

@ 6 massless states

@ 3 active v
@ 3 active v
@ 6 sterile v
@ 3 mixing angles

@ 1 CP violating
phase

° 0vBB =0

@ 6 active states
@ No sterile v
@ 3 mixing angles

@ 3 CP violating
phases

° 0vBB #£0

Standard Model Dirac mass term only Majorana mass term Dirac+Majorana mass
only terms
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@ 6 masses
@ 12 states
@ 3 masses @ 6 active states
@ 12 states @ 3 masses @ 6 sterile v

@ More mixing
angles and CP
phases

° 0vBB #£0

@ See-Saw
mechanism

= Baryon
asymmetry of
the universe and
dark matter
candidates

Dirac+Majorana mass terms seems to be the preferred and most convincing scenario
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Neutrino Physics

Current knowledge:

@ 3 neutrino flavors have been observed (ve, vy, vr)

@ All mixing angles have been measured (with different accuracies) (623 ~ 45°, 613 ~ 9°, 61, ~ 34°)

@ Two mass splittings are known (Am3; ~ 2.4 x 107 3eV? Am?, ~ 8 x 10~ °eV?)

Open questions:

Nature of the neutrino masses
(Dirac or/and Majorana)?

Do neutrino transformation violate CP ?

Absolute mass scale of neutrinos?
Mass hierarchy ?

More than 3 mass eigenstates
(Are there non-weakly-interacting
“sterile” neutrinos)?

Normal Hierarchy
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The T2K experiment addresses some of these questions through its physics goals:
@ study electron neutrino appearance in a muon neutrino beam (v, — v.) = measure 613 and explore CP

violating phase dcp

@ precise measurements of muon neutrino disappearance = precise determination of 63 and Am§3
@ a search for sterile components in muon neutrino disappearance by observation of neutral-current events
@ world-leading contributions to neutrino-nucleus cross-section measurements
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The T2K Experiment

Super-Kamiokande
4o tongeM PAU

11000 m

Neutrino Beam

295 km

@ Neutrino beam created at J-PARC crosses a Near Detector (ND280) and the Super-Kamiokande (SK) far

detector
@ Extrapolate and compare the information from the Near Detector (ND280) before oscillation to the far

detector (SK) to study appearance and disappearance probabilities

@ ND280: composite complex detector o
SK: water cherenkov detector {é o Vll'
[
@ ND280 sees a line source of neutrinos o - "
SK sees a (almost) point source 08k < = o=
. o
@ Extrapolation from near to far detector does not follow a ) - =
. 2 . 7z, 01f -
simple 1/L* behavior < = =
@ Far to Near Flux ratio depends on the Neutrino Energy L;CE 06 =
= Precise understanding of Neutrino Source mandatory osk 2 %%
B
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Abgrall, CERN-THESIS-2011-165
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]
The T2K Beam Line

30GeV PS target horns de.c v beam nea.r detectors . far detector
pipe dump (on-axis and off-axis)
MUMON
p m, K n Vi, Ve »
off-axis
on-axis
| | | "
‘ { { W ‘
Om 118 m 280 m 295 km

2.5° off-axis neutrino beam

Energy peak around oscillation maximum (~ 0.65 GeV)
Neutrino Source created by interactions of 30 GeV protons on a 90cm
long fixed graphite target

@ Neutrino beam predictions rely on modeling the proton interactions and
hadron production in the target

@ Precise hadron production measurements allow to reduce uncertainties
on neutrino flux prediction

°
@ Low energy narrow band beam
°
°
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Neutrino Source Composition

V, flux composition at SK

Ve flux composition at SK
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Production point of neutrino
parent particles

red: parents produced in the
target or along decay chains
Abgrall,CERN-THESIS-2011-165

@ 7 at low energies
@ K at higher energies

@ K and p: sources for v,
background

1200
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]
Neutrino Source Production

Different production schemes:

@ direct contribution:
secondary hadrons exit the target and
decay into v

@ target contribution:
secondary and tertiary hadrons exiting
the target and decaying into v

@ non-target contribution:
re-interaction in the target surrounding

material
v, flux composition at SK ve flux composition at SK
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Relevant Hadron Production Measurements

@ p+C cross-sections at the interaction:
o different particle species can be extracted and
used to constrain the neutrino flux prediction
o allow to constrain up to 60% of the v, (ve) flux
at beam pick energy

@ Hadron production at the surface of the T2K target:

o different particle species can be extracted and
used to constrain the neutrino flux prediction

o measurements of all charged hadrons exiting the

target allow to constrain up to 90% of the

vy (ve) flux

the longitudinal distribution of the particles

exiting the target surface is important for the
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B2lGev
The NA61/SHINE experiment at the CERN SPS is able to deliver such high quality measurements.
Work of this thesis:
extract hadron production measurements in NA61/SHINE at the surface of a T2K replica target

and implement these measurements in the T2K neutrino beam simulation
to constrain the T2K neutrino flux predictions
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The NA61/SHINE fixed target experiment at SPS CERN

32 institutions, more than 130 participants
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I
The NA61/SHINE experiment

NA61/SHINE : SPS Heavy lon and Neutrino Experiment

Physics programme covering:
@ heavy ion physics

@ hadron-production
measurements for cosmic ray
experiments

@ hadron-production
measurements for neutrino
experiments

Large acceptance spectrometer:
@ 5 TPCs
@ 2 dipole magnets
o o(p)/p* ~ 107*(GeV/c)™}
@ o(dE/dx)/(dE/dx) ~ 0.04

@ 3 ToF

@ o(FTOF) ~ 120ps

o o(TOF L/R) ~ 60ps Let’s look at:
@ Targets and Beamline
@ TPC's
e FTOF

@ Combined TOF-dE/dx analysis
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Targets and Datasets

Thin Carbon Target (2cm= 4%X/) T2K Replica Target (90cm= 1.9/)

@ length: 2cm; x-section: 2.5 X 2.5cm? @ length: 90cm; diameter: 2.6cm
@ p=184g/cm® @ p=1.83g/cm® (1.804 for the T2K target)
@ 0.04)\ o 1.9\

Data taken for the Neutrino Physics Program:

Beam | (GeV/c) graphite target year | Nx10°
p 31 2cm 2007 | 0.7
P 31 2cm 2009 | 5.4
P 31 90cm "T2K replica” | 2007 | 0.2
P 31 90cm " T2K replica” | 2009 4
P 31 90cm "T2K replica” | 2010 10

e 52,3015 e A



The NA61/SHINE Beam Detectors and Trigger System

Schematic position of the counters:

CEDAR S1 Cherenkov 52V0 WIp vt S4
S3
—— —|—|- I I I I I i I N
| || VTPC1 Beam
BPD1 BPD?2 BPD3
Triggers:

@ thin target: include S4 = interaction trigger
@ 31 GeV/c secondary proton beam from @ T2K replica target:

the SPS 12 trigger = large beam profile covering entire target surface
@ beam composition given by CEDAR T3 trigger = narrow beam profile

and Cherenkov detectors: ~ 83%m, s

~ 15%protons, ~ 2%K Vo \L

@ different combination of counters for
different triggers

@ 3 Beam Position Detectors (BPD)
2D proportional chambers allowing to
reconstruct beam tracks

I s3

|
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Beam Profile on Target upstream face

T2 trigger T3 trigger
= 3 = 3
5 T 5t
r > f
>2? 10 2r 10°
. 1
OE 10 0:* 10
P+ -
L 10 r 10
2 2
_3;kuH\HH\HH\HH\HH ’ 33\\\\\ |
x[cm] x fem]

@ Beam Profile on the target upstream face reconstructed through extrapolation of the fitted beam track
from the BPDs

@ Resolution on the position of impact of the proton on the target upstream face ~ 300um
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]
Reconstructed Tracks in the TPC's

@ 2 categories of tracks with

different acceptance:
e Right Side Tracks
(RST): px-q>0
e Wrong Side Tracks
(WST): pc- g <0

@ Very forward going particles

cannot be reconstructed
=> hole in the acceptance

Large angle tracks (>340mrad)
not considered; hit in TOF
requested for the analysis

& VTPCI MPTC

<F GAPTPC MTPC

S

0S5 VIPC1 GAPTPC VTPC2 MTPC

//

0.04

0.03

0.02

0.01

0 \\\\L\\\\‘\\\\‘—\\\\‘\\\\‘\\\\‘\
5 10 15 20 p[Gf’V/(‘]

Alexis Hasler (DPNC University of Geneva)
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VTPC1 GAPTPC VTPC2 MTPC
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-
Energy Loss in the TPCs

=
. E 25
B i 'é N X
Number of pad rows in TPC's: o 01— s
T L e
@ VTPCs: 3x24 =72 = =
0.08— 15
@ GAP TPC: 7 u r
@ MTPCs : 18x5 = 90 “006} 1 W e
Reconstructed points: = 01 1 10
. r p [GeVic]
@ more than one pad (row) can be hit 0.04—
=> reconstruct points L
@ apply cuts on the number of points in TPC's 0.02—
to get high resolution on dE/dx L
PR T T ST TR S
00 40 60 80 100 120 140 160 180 200 220 240
Number of Points
~70 em ~69 cm ~69 cm
Sector 1 Sector 2 Sector 3
£ length = 1.6 cm length =2.8 cm length = 2.8 cm
2 width =035 cm width =035 cm width =035 cm
7| | 24 rows x (182-187) pads || 24 rows x (184-188) pads| | 24 rows x (188-191) pads
10 < angle=f(x.2) < 56 7 < angle=f(x.2) < 46 5 < angle=f(x.2) < 37
—
Sector 4 Sector 5 Sector 6
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The Forward Time-of-Flight Wall

built at the University of Geneva (A.Bravar et al.) W .

°

| s
@ 80 scintillator bars (120 x 10 x 2.5cm3)
@ Read out on both sides by PMT's
°
°

Overlap between the bars insure good coverage

m? of the particles can be computed from the
recorded time of flight

P c? x tof? 1
mEP T T

the momentum p and track length L are
determined by the track reconstruction

m? versus momentum

N

m2 [GeV?/c*
P

102

o
o

SprrrrrTT

5 6 7 8
momentum [GeV/c]
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-
The Forward Time-of-Flight Resolution

ETOF Resolution
@ Use simultaneous hits in 2 slabs

< consider events with hits in the overlap regions on scintillators
< plot the difference between two measurements in two independent slabs

100m Time Resolution

_l 7] T
icm q, ]

1 E ¢ 6/N2=115ps |

@ 0001 _

x 500/ .

G .A....-o... o
-1000 0 1000
2 A t[ps]
D G a2, 3015

20 / 43



-
The T2K Replica Target Analysis

@ Extract particle production 18cm -
at the surface of the target P
@ Introduce (p, 6, z) binning P—’. = /) 0 Z
Z1'7Z2 ' 7Z3'Z4"' Z5

v, energy spectrum at SK

[N}
T T T T TTTTTITIIX

Flux (/50 MeV/cm?102' POT)
o
@

0.6] —Z1
72
4 —Z3
0 —Z4
—Z5
0.2 —Z6
0 4 !
2p[GeV/c| % 05 1 15 2 p28 . V)?
Analysis binning overlaid on the (p, ) distributions o ) ) Vu( €
of the pion parent particles exiting the target surface Contribution of each Z bin to the neutrino v,, flux at
and producing v, at SK. SK
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-
(p, 6, z) Analysis Binning for the T2K Replica Target Analysis

. @ position of the peak energy not influenced by number of
Nominal Beam z bins

@ absolute flux at beam peak energy is affected by
number of z bins

v, Flux SK
=600 A0 - - — Nominal beam|
v 2 F | —— Binning to 1
y 15m © F ’-E'h —— Binning to 2
Input the nominal simulation variables into the ei 500 B!nn!ng to3
neutrino flux simulation s [ —— Binning to 4
2 a00k —— Binning to 5
gmi
=] -
S r
Binning to 2 5300 :
- w

g 8
“"m\qi‘

] ,

[

y 0"~02 04 06 08 1 12 14 16 18 2
y 1.5m E, (GeV)
Input modified simulation variables to simulate Murakami, T2K beam group

two longitudinal bins in Z
@ important to reconstruct the exit position of the
particles on the target surface

e 2, 3015133



|
Backward Extrapolation to the Target Surface

PCA within its uncertainty has to
touch the target surface
Extrapolate the tracks from the TPCs back to the target surface. &

e —

= d&»

Reconstructed position of particles exiting the target surface

X [cm]

F1.3/18 = 70mrad/' 10°

y [em]

10?

E z2 z3 E
_4E1 | | | | T _4bL | | | | P
-660 -640 -620 -600 -580  -560 -660 -640 -620 -600 -580  -560
z [cm] z [cm]
I Very important to precisely know the target position with respect to the TPCs !!
D e
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Determination of the Target Position

w

5t T2 trigger condition
> 2r 10°
it
E 10?
o
P
L 10
2F
_a:HH\HH\HH\HH\HH\HH
%3 E E !
x [cm]
”
SF
SE
S
ME
70=
60
50
40=
305
205
105 RST neg & WST pos
E J -657.54 + 0.16
O’ I 1 1 1 1
-660 -640 -620 -600 A [cm
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RST pos
WST neg

@ determine (x, y) position with beam particles:
(x,y) = (0.16,0.21) cm

@ determine z position with TPCs tracks :
z = —657.62 cm

@ consider tracks with 100 < 6 < 180

Beam Track

Misalignment / I Az

@ relate longitudinal uncertainty to transverse
uncertainties:
6x = 6z - tan(0.18)

@ uncertainties on target position :
(6x, 6y, 6z) = (0.04,0.04,0.36) cm

WST pos
RST neg

2 3 Entries

P
S 3

w
j=}

RST pos & WST neg
-657.90 = 0.20

| | | |
-660 -640 -620 -600

i [cm
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Particle Identification

=)
@ ToF — dE/dx analysis: =
combine information from dE/dx and ToF 8
=identify 7+, KT and protons E
in each (p, 0, z) bin *@2
@ here: (1.9 < p < 2.3, 60 < 6 < 80, z2)
1.6
12
0.8
N <
< =
2 % 22 "
o o - P
§ °§1 .ﬁ. 19<p <23 e
S L 60 <6 <80 |

e
n

L e e e
3

K
0.5 .
l..\_:’- - . .. € °
" . '\'- - °
. 0 Y 4
- T

2

-0.5 -0.5 L L L L

08112 14 16dE/daan]
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-
Combined TOF-dE/dx Analysis for the T2K Replica Target

@ for each (p, 0, z), bin construct a 2D distribution in m? — dE /dx for positively and negatively charged
particles

o fit each distribution with four 2D Gaussians (7=, KT, (anti) — protons, e ) using a binned maximum
likelihood method; the fits are initialized with the m? and dE/dx parametrizations

*
R 2
gt
°§1l 19<p<23
i 60 < 0 < 80

05sF

of
O T T2 T 1A T6dE /ey

@ the returned amplitude of the gaussians gives the number of particles in each (p, 0, z) bin

@ correct the spectra using bin-by-bin MC corrections

@ normalize the spectra to the number of protons on target (allow comparisons between different analysis or
between data and simulations)

@ plot the results in different (0, z) intervals as a function of momentum

w7 and 7~ spectra are extracted following this procedure.
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Breakdown of the Corrections 000

3500

RsT : ™% 60<0<80
100<6<140

- wsT

@ ¢ cut: 3000

2500

2000

VTPCI VTPCI 1500
left sectors . right sectors 1000
PRRPRRURRN Y S 1 P IR B V. U & VN V|

¢ [deg]
o 7 loss: 12— 100 <0 <140 ——

pions decaying before reaching the forward TOF - [
@ reconstruction efficiency: b [ *
> 0.98 reconstruction efficiency 1?§W§2 3 E 3 Z2
- *
@ forward TOF efficiency: - ;ﬂlﬂ"**
~ 0.98 efficiency, mainly due to double hits in a 0.8 r »*
same slab (more important for the forward region) L * [0) N
o feed-down: 0 6__ e
particles decaying into pion before entering the F * |loss
spectrometer [
N 04:’* * Sec
! [
r *
! 0.2k Stot
L x feed down

I w—-— 0 TRVt
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7T Spectra on Target Surface

x10~3
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Systematic Uncertainties

Six Components of systematic uncertainties:

Relative uncertainties %

~ O =

SN

PID: 1 Gaussian versus 2 Gaussians

to describe dE/dx

Feed-down: 30% on model dependent corrections

FTOF efficiency: evaluated to 2%

Backward extrapolation:
precision on reconstructed target position

—PID
— Feed-down

rec. eff.

— tof. eff.
— 7 loss

— back extrap

— Total
1'00<('9<14E) 'Zl ' 100'<9<l'40 'ZZ ' ]00'<6<]'40 'Z3 ' 100'<9<l'40 'Z4 ' 10()'<6<]'40 'ZS ' 100'<9<l'40 '26
[ _|1rr|_|'|.|_|'|_,—,_ I T M- :gggd-down
rﬂh~——| rec.eff
i —tof eff

[

|

| .

i —nloss
—back extrap
—IToml |
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Systematic Uncertainties

PID: 1Gaussian versus 2 Gaussians to describe dE/dx  Feed-down: 30% on model dependent corrections

@ 1 Gaussian versus 2 Gaussians to describe dE/dx @ particle exiting the target, decaying before the
distributions TPC's and being reconstructed as a pion exiting
_ the target
e f(x)=0.7- G(x,m,w) + 0.3 - G(x, m,2w)

@ corrections are up to ~ 15% for low momenta and

0,
@ small effect (less than 5%) for m as they are well upstream part of the target
separated from other species ’ . ) .
L . °
@ visible only for larger momentum where TOF is assign 30% of the correction as the systematic

not used uncertainty

@ fit with an exponential in order to remove

m 40< <60 statistical fluctuations due to limited MC sample

E > 0012 80<6<100
£ Fox
+ £ ootf Z 3
[T . 2 E
M=t + + + + 3 0.008:—
T 0.006F
® E
0.004 -
Std/2 Gaus 0.002 *
24 6 8 10 12 14 16 ,i8ug d 4 + " + tesva
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Systematic Uncertainties

Reconstruction efficiency: evaluated to 2% FTOF efficiency: evaluated to 2%
@ systematics related to reconstruction efficiency : @ consider only hits in the FTOF if the up and down
2% (as for 2007 published data and 2009 thin PMTs time measurements are consistent

target analysis) @ correct for this “inefficiency”

@ estimated by studying reconstruction capabilities
for Monte-Carlo samples (same reconstruction
algorithm is used in data and Monte-Carlo)

@ corrections are position “x" dependent (more
double hits in the central region with higher track
multiplicities)

@ confirmed by eye scans of data in the event

. @ corrections are based on the limited data set
browser, performed with the 2007 data set

statistics = estimated to 2%

tu
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Systematic Uncertainties

7 loss: effect on last point measured in TPCs

N
w

for the T2K replica target analysis at least 35

measured points are required in MTPCs

vary the number of requested measured points in

MTPCs

check the differnces and assign them as
systematics

fit with an exponential function in order to
remove fluctuations

n: 180 < 6 <220

Backward extrapolation:

QU

precision on reconstructed target position

@ (x,y,z) =(0.16,0.21, —657.62) cm
0x,d8y,8z) = (0.04,0.04,0.36) cm

Transversal uncertainties

1 2

shifted target
position

nominal target
position

3
Longitudinal uncertainties

oo oo
0O L Wh O

o

p1bevic)
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Comparing Thin Target and Replica Target Results

T2K uses thin target measurements to re-weight the neutrino flux predictions.

Before implementing T2K replica target results in the T2K neutrion flux predictions:

compare the pion spectra predictions re-weighted with thin target measurements and the T2K replica target
results.

@ Each simulated interaction is stored at the @ FLUKA generator is used to model all interactions
simulation level to be tuned later with inside the 90cm long carbon target
measurements (priority to NA61/SHINE) @ = all weights are computed with respect to

@ Tuning of hadron multiplicities: FLUKA

[ 225 (i, A)]

W (pin, A) = — data Horn
[W (Pim A)]

MC p

@ Tuning of production cross-section:

Lt ’
W= P(x; ‘Tp,od) _ T prod e—x(o;’,mdfapmd)p
P(X; Oprod)  Oprod

’

o

UPVOZ = 1 if particle decay or exit the target
pro

before interacting

@ Compare pion spectra at the surface of the target
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Thin Target Measurements

@ Double differential cross section d‘;ﬁ in (p, 0) bins extracted for 7 particle species:

wi, Ki, KO, A, protons
@ Hadron multiplicity:

dne, 1

x107
E
0.4 D 2009 Coverage 26?(
{""12007 Coverage
z +
-
i 7 10
% 10 20 o
P, [Gev/d
<19
105
0.4 []2009 coverage £
{71 2007 Coverage
g +
< 5
=N K
n , o

10
P, [Gevra]
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0.4
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D 2009 Coverage
12007 Coverage

s

10
P, [Gev/d]

0.4

L []2009 Coverage

K-

" 10
b, [Gev/el
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{71 2007 Coverage
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10
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Thin Target Measurements

Production cross-section:

Oprod = Ototal — Oelastic — O quasi—el.

Definition of oguasi—er. is ambiguous:

@ current thin target measurements
give few information on the different
cross-sections

photon emission or knock out of proton included in oguasi—er. ? @ longitudinal distribution of particles
exiting the T2K replica target
surface is determined by the different
cross-sections

® Oguasi—el. Can be estimated based on models (Glauber,
Bellettini):
for p+C@31GeV/c: O quasi—er. = 30 mbarn

o olLUKA = 241mb for p+C@31GeV/c

vary it by 2/3 X oquasi—el. = 18 mbarn @ 31 GeV/c

NA61 2009 data

A61 2007 d:
Bellemm et al (QE Corr)
Carroll et al.
Denisov et al.
Demsov et al.(QE Corr)
e Longoeral.
® Chen et al
I —— FLUKA nominal
— FLUKA modified

|
m]
@]

pro [MD]

© 250

150—

100—

, L
Ppeam [GCV/C
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-
Comparing Thin Target and Replica Target Analysis

s (Ui — — — — —
o) 60<6<80 Z1 60<6<80 72 60<6<80 Z3 60<6<80 Z4 60<6<80 zZ5 60<6<80 Z6
d_‘ b —NAG61 stat&sys
4l t ] ] | — FLUKA2011-Spline]
— — Mult. Tuning
X —_ Mu“""”proa Tuning
o2 4 4 L
5 2
~. |
=
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 p[GeVic]
-3
+ 2 x10 T T T T T T T T T T T T
=} 100<6<140 Z1 100<6<140 Z2 100<6<140 Z3 100<0<140 Z 4 100<06<140 Z5 100<6<140 Z6
15+ 1 E | —NAG61 stat&sys
= — FLUKA2011-Spline]
10k | | | — Muilt. Tuning
X —Mult.+o,, Tuning
o
= E R L
=5 f\
=)
= 0 n " L L n n n " h " "
0 5 10 5 10 0 5 10 0 5 10 0 5 10 0 5 p[GeVic]
-+~ 2 X 1()73 T T T T T T T T T T T T T T T
O: 180<6<220 Z1 180<6<220 Z2 180<6<220 73 180<6<220 Z 4 180<6<220 Z5 180<6<220 Z6
CL2 I T T | —NAG61 stat&sys
—~ — FLUKA2011-Spline]
; 15 1 1 | — Mult. Tuning .
%1 oH | 14 | —Mult.+o_, Tuning
=5 1 1 L
=}
aS2N) L X L T L n
5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 p[GeV/c]
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|
T2K neutrino flux predictions with T2K replica target measurements

Implementation of T2K replica target measurement in the T2K neutrino beam simulation to produce neutrino
flux predictions constrained by the T2K replica target measurement.

@ re-weight pions at the surface of the target Horn

[37;(072)] data p

[%(0’2)] Mc

@ apply thin target procedure for any other particles
than pions exiting the target surface and v at SK
re-interactions in the beam material ol

@ NAG61 and T2K have different beam profiles

@ T2K replica target results are given with respect
to NA61/SHINE beam profile

W(Pim A) =

Contribution of non target parents

0.6
» X103 ----all particle species
8 F 0.4 — all particl i
Eé‘)g K o & not & pion off the target
50 -
i —NAG61 g S
s R
£ E,(GeV)
301
E @ it has been shown that it is possible to go from
201 one beam profile to the second one by
10F re-weighting the pion spectra at the surface of the
target with respect to the different beam profiles.
1 1 | 1 L 1 1
0 02 04 06 08 1 12 14 1.6 r[em
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Propagation of uncertainties

Propagating the T2K replica target uncertainties means propagating the uncertainties on the weights w;
Each (p, 0, z) bin contribute differently to each E, bin = linear combination:

N NA6L
w s —
Eu/, = E ajj -+ wj where wj = FLORA
j=1 J

Two methods:
@ propagation via an “overall 1o shift” Aw of the T2K replica target results

w _ pwtAw w
AE; =E; — E,;
@ propagation via “covariance matrices”: for each error source

Ce=F,-C, Fl

with )
o L. Ow
1,wn
ailr ... am “1
Owy,wy cee Owy,wn
F, = and C, =
ap1 ... a : : X
p pn 2
Twp,wy -t Ton
“overall 1o shift” = “covariance matrices” with Owjw; =1

J
For this special case, both method should give the same results = nice way to cross check algorithm and code
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T2K flux uncertainties

@ propagate the uncertainties of T2K replica target vy at SK

measurements only to the fraction of the neutrino

flux at SK that can be re-weighted

@ very small contribution from statistical error of
the T2K replica target measurements; they are

considered as uncorrelated

@ consistent comparison with the official T2K
predictions using the thin target measurement is

complexe

@ larger contribution comes from the interaction
length; not present with the T2K replica target

----all particle species

— all particle species
& not a pion off the target

Contribution of non target parents

L Il Il L L Il
re-weighting % 1 2 3 £ (Ge(f)
Thin target T2K replica target
JO —_— . .
s [ 1 Lotel —PID
g M_ult. Error &k — Feed-down
[_uOST Pion Rescatter Error @SK ] Boaal Vu @SK rec. eff. Wi
= | —— Nucl. Error V/J‘ 18 £ . . —tof. eff.
£ [ —— IntLength Error 1 %012 7T contribution only 7 loss
'50 2’ —— 13av1 Error 1% F 72?;" extrap
4 - 3 01—
! 11bv3.2 Error - E — Total
53 L -] 008F
01“ """" -t ;o 006
; 1 o004
1 oo2f
ol P =t L S e B N
0L TR e e e o e s lea e
107! 1 10 %7 273 4 8 9 10
E, (GeV) E,(GeV)
D e e 2, 2015130143



T2K neutrino flux prediction with T2K replica target measurements

@ compare T2K neutrino flux predictions with both, thin target and T2K replica target re-weightings
@ consider systematic uncertainties

@ for the thin target re-weighting:
apply multiplicity weights and vary o4 by 18 mbarn

3
o o g 13r
) F 2 b
G200 &i . ' & 1k VM@SK
NS 1000 i ——Thin target tuning E g
: [ o 11
% 800 i i ——T2K replica target tuning K] Q ‘ | |
= F 1l |
§ 600 j i 'g‘ “\HHHHHHHH\H \ \ ‘ | |
> F v, QSK 0ot
NE 400; " + E
Zo00f) 08l
% [ L £
— ) N N Wl L [y AT PRI AP VAV SN AV A
< 15 2 25 4 4.5 0 15 2 25 4.5
E, (GeV) E, (GeV)
v, flux predictions at SK with the thin target and ratio of thin target over T2K replica target
replica target re-weightings re-weightings for the v, flux predictions at SK
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Requests of future long base line neutrino experiments
Possible improvements in NA61/SHINE measurements

Future Requests
@ future long base line neutrino programmes will use a combination of near and far detectors (as T2K)

¢FD(V;4)
Dnp(vy)

erp(ve) orp(ve)

NEP _ pata %
o (Ve) o (Vi) eno(v,) ono(vy)

X P(v, — ve) X
@ far-to-near flux ratio has to be constrained to typically < 2% to reach the physics goals

@ Hyper-Kamiokande, LBNO and DUNE (LBNE) mention the importance of NA61/SHINE hadron
production measurements to reduce the systematic uncertainties related to the neutrino beam predictions

@ typically, a 5% uncertainty on the flux prediction is required.

Possible improvement in NA61/SHINE to reach the desired precision on hadron production measurements:

@ For T2K replica target measurements, backward extrapolation to the target surface is the larger
uncertainty on current analysis
1) mount the target closer to or within VTPC1
2) use a vertex detector surrounding the target
@ acceptance gap in the very forward region
1) take data with different magnetic field settings to bend forward going particles
2) cover forward region with new TPCs
@ production cross section and quasi-elastic cross section entangled
1) new TPCs in forward region with PID capabilities could allow to better disentangle oejastic, Tinelastic: Tqe
2) model independent measurement of production cross section
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Summary

@ Long baseline neutrino experiments need precise neutrino flux predictions to reach their physics goals.

@ The NA61/SHINE experiment has proved its ability to deliver high quality data used for Neutrino Physics
programs and further improvements are possible.

@ Replica Target measurements are of importance as they allow to constrain the major part of the neutrino

flux.

@ Comparisons of thin target and replica target measurements allow to constrain the issue of production
cross sections.

@ NAG61/SHINE plans to continue taking hadron production measurements for future neutrino program at
Fermilab in the U.S. and discussion has started for the Hyper-Kamiokande experiment in Japan.

@ The work accomplished in this thesis covers:

extraction of 71 and 7~ spectra at the surface of the T2K replica target

estimations of systematic uncertainties of these spectra

comparisons of thin target and T2K replica target results, based on a framework developed by the
T2K beam group

predictions of the T2K neutrino beam at the near and far detectors using the T2K replica target
measurements

estimations of the T2K neutrino beam uncertainties when using the T2K replica target
measurements to constrain the neutrino fluxes

estimations of the effect of different proton beam profiles on the pion spectra off the surface of the
T2K replica target

@ The NA61/SHINE collaboration plans to publish the results of this thesis in an article

@ The T2K collaboration is currently working on implementing the work of this thesis in the T2K neutrino
beam prediction framework
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T2K\

T2K replica target measurements in NA61/SHINE
and T2K neutrino flux predictions

Alexis Hasler

®

Thank you for your attention

Thank you to the members of the jury and my colleagues
for the interesting discussions and guidance
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Hadron production experiments for neutrino physics

Few examples of hadron production experiments for neutrino experiments:

HARP, CERN-PS Mini- Sci- Micro- BooNE at Fermilab
1.5 - 15 GeV Beam K2K (KEK to Super-Kamiokande)
NA20 & SPY/NA56, SPS WANF (NOMAD, CHORUS)
400 - 450 GeV Beam CNGS (OPERA, ICARUS)
NA49, CERN-SPS
160 GeV Beam NuMi Beam Line in Fermilab
MIPP, FNAL-E907 MINOS, MINERVA, NOVA
120 GeV beam
T2K (Tokai to Super-Kamiokande)
NA61/SHINE, CERN-SPS NuMI (MINOS+,MINERVA, NOVA)
13-400 GeV Beam Future Long Base Line Experiments
(LBNF, LBNO, T2HK)
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]
NA61 and T2K Beam Profiles

t = (r,¢,2,y, 2, P(x), P(K), P(e), P(p))

90

Entries

8

S

7

S

6

S

S
LA RN RN A RN AR AR R RN

51

4

S

3

S

2

=]

N A
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dE/dx [a.u.]
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]
NA61 and T2K Beam Profiles

T2K Beam

Alexis Hasler (DPNC University of Geneva)

NA61 Beam

dx/dz,

Entries

s0f-

aof-

10° L L L L L I L
N R
radial distributions for NA61
E (black) and T2K (red)
B I
¥ fem]
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Beam Profile Re-weighting

@ NAG61 and T2K have different beam profiles
@ T2K replica target results are given with respect to NA61/SHINE beam profile
@ weights should be applied to T2K beam profile
=

show that it is possible to go from one beam profile to the second one by re-weighting the pion spectra at
the surface of the target with respect to the different beam profiles.

Start with NA61 beam: number of pions at the surface of the target
wf =" cbf (1)
i

with i = (p, 6, z) analysis bin; c;; contribution for the beam bin j with number of entries b;
if the contributions c;; are identical for the NA61 and T2K beam settings then

T T N, N
W= e = Y ey e
J J

where d is the ratio for each beam bin j between the NA61 and T2K beam profile.
= compare the reweighted spectra with a T2K simulation for each (p, 6, z) bins; see if they are consistent
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Beam profiles

NA61/SHINE

Alexis Hasler (DPNC University of Geneva)

NA61/SHINE
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PhD defense
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Contribution of the beam bins to the (p, 6, z) bins

(p, 0,2)

102

00 20 40 60 30 100 120 14 160
(r, #)
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|
Ratio of reweighted NA61 spectra over T2K spectra

@ 4 million protons on target for T2K and NA61 simulations

@ Start with NA61 spectra, use the above matrix and multiply it by the column vector containing the T2K
beam profile:

N/’W
C1,1 C1,2 s Cl,n b7 77}\’
@1 Q2 r Cn blr ™
2 =1 . (3)
. . : ij :
Cm1 Cm2 -  Cmn m  Nrw
m

o
L and related uncertainties
By

i

@ compute ratios of
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Ratio of reweighted NA61 spectra over T2K spectra
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dE /dx and m? resolutions
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Coefficients of Pions for each Neutrino Energy Bin

Pions coefficients in (p,0,z) for each v, energy bin
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Thin Target Measurements

@ Double differential cross section 22 in (p, 6) bins extracting for 7 particle species:

dpd6
‘n'i, Ki, KO A, protons
@ Derivation of spectra:

doo _ owg (1 Anl e Angt
dpdd 1 —e \ Nin ApAO  Nout ApAf
@ Hadron multiplicity:
dng, 1 do,

where  Oprod = Ototal — Telastic — O quasi—el.

dpdf O proq dpd®
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Ve v thin target kaon production

S10° — Total
S —=x
5 K
2108 — K
> —u
3 .
S0t Thin target K+
wn —
N I .
5107 — £ 0<6<20 mrad 20 <6 <40 mrad
X £ +
E 5 04r K S
3 2
[T, =l
10 02] s
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|
Off Axis beam technique

Off-axis neutrino beam
decay beam near detectors
30 GeV PS target horns oipe damp (o onis and off-axis) far detector
MUMON
Vi Ve -
ﬁax;;
on-axis
w i
o m 118 m 280 m_ 295 km
Eoony |/ o 1
P(v, — ve) ~ sin®(fo3) sin®(013) sin®(1.27TAm2, L/ E) Bous ‘ | P(v, > V,)
L is set to 290 km (distance between Tokai and Kamioka) oo Sm?2 2.4 x 10%eV?
E is the free parameter we can tune ¢———> oo
.
Mpx—m, o008 [ —
Plon decay kinematics F, = =" __ ML,
= 2E.—pn» cos(0), -
> Basoo[
o
g »
O = 3000
N— 1. =
b: 1 >‘2500f
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Breakdown of Neutrino Flux Uncertainties

Fractional Error
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Figure 104: The total uncertainties evaluated on the SK flux prediction. The 13av1 uncertainty
is the current version. The 11bv3.2 is the previous version.
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Neutrino Nucleon Interactions

Neutrino-Nucleon interactions

Determine precisely the neutrino beam energy spectrum

p+
: : Vu -
CC qua5|-elast|c| > K
______________________ (muon momentum and angle
_______________________________________ good energy estimate)
+ T e
D e DL
1% I - -
s / — |CC non quasi-elastic |
n - e
Hadrons e

(muon momentum underestimates energy) ~_____...o--ees

.................... |
Vy )

—_’;lg

(energy estimate difficult)

Precise measurements of each of these intercations in ND280
through TPCs and FGDs
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Neutrino Nucleon Interactions

Neutrino-Nucleon interactions

n\oA 7, EM shower
e~
g <
Final state can look the same as electron 6+
CCgqe if some particles are missed

Precise pi-zero measurements in the POD

Beam flavour content is important for v, appearance, reduce
the v, background in the high v, flux

+
electron y P
. . €
CC quasi-elastic >
p+ v
VH / M
/

muon
NC pi-zero
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|
T2K Analysis Strategy

NA6 | /SHINE data ND280 Detector Model

+Detector uncertainties

Flux Model

I:GBlD/zeat:‘ + flux uncertainties p——— Fit to ND280 <«— ND280 data
onitor da data to reduce
flux and cross section
uncertainties
e Cross section Model

+ uncertainties from
external data fits

cross section data

SK Detector Model
o o
Detector uncertainties

SKdaa l

oscillation fit

oscillation parameters
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]
T2K Measurements

1 R e s
Abe, K., et al. Physical Review D 91.7 (2015): 072010
osk K et im0 o e
E g 90% Creditle Interval
s 1 E - 65 Creditle Interval
< of H Vargial Posterir
E o E 10 Posteior Mode
sk 26 4 g
24F B £
; N ]
B . L . ! 2 NG o 08 5
002 004 006 008 0.1 et NOS jotnt OA Z
i, 3 035 04 045 05 055 0.6 065 0. =
sin’(®,.) o,
First measurement of flavor World-leading joint analysis (v, + ve)
appearance with 28 ve measurement of 823 First constraint of Scp
candidates Significant measurement
Independent measurement of 813 of Am?3;

012 = 33.4+£0.85° | | Am3, = (7.53 +£0.18) - 10~°eV?
013 = 8.88 +0.39° |Am32,| = (2.44 +0.06) - 10~3eV?
Oo3 = 45.8 + 3.2° dcp = [—m,0.14x] and [0.877, 7] 90% interval

parameters measured by T2K

Mass hierarchy, CP phase (and Majorana phases) still not known

only possible with long base line experiments
Melody Ravonel Salzgeber, University of Geneva
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|
T2K Future Sensitivity

cp
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Figure 8: dcp vs. sin? 2613 90% C.L. allowed regions for 7.8 x 102! POT. Contours are plotted
assuming true sin 2613 = 0.1, dcp = 0°, sin” fa3 = 0.5, and Amg2 =24 %1073 eV The
blue curves are fit assuming the correct MH, while the red are fit assuming the incorrect
MH. The solid contours are with statistical error only, while the dashed contours include
current systematic errors fully correlated between v and .
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Figure 13: The expected Ax? significance to resolve sindop # 0 as a function of dcp for
various values of sin? fa3 (given in the legend) in case of the inverted mass hierarchy.
The MH and sin®fa3 octant are considered unknown (unless it can be constrained by the
T2K data) and a constraint based on the ultimate reactor error is used.
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Figure 12: The expected Ax? significance to resolve sindcp # 0 as a function of dcp for
various values of sin® fa3 (given in the legend) in case of the normal mass hierarchy. The
MH and sin?
data) and a constraint based on the ultimate reactor error is used.
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Figure 19: The expected Ax? significance for sindcp # 0 plotted as a function of POT.
Plots assume true sin? 2613 = 0.1, dcp = +90°, inverted MH, and various true values of
sin? B3 (as given in the plot legends). The solid lines assume statistical error only, while the
dashed lines include current systematic errors fully correlated between v and v. Note that
the sensitivity heavily depends on the assumed conditions, and that the conditions applied
for these figures (dcp = +90°, inverted MH) correspond to the case where the sensitivity
for sindcp # 0 is maximal.
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‘Appearance Disappearance

BANFF (fluxé&cross section) 5.0% 4.2%
cross section not-constrained by ND 7.4 % 6.2%
SK detector and FSI 3.9 % 11.0%
total 9.7 % 13.3 %

Table 4: The systematic error on the expected number of events in the 2012 oscillation
analysis.

3.5 Effect of the systematic error size reduction

TN-151 also reports an extensive study of the effect of systematic error sizes. Even though
actual effect depends on details of errors (see TN-151 for details), here, we generally sum-
marize the results of the study. As shown in Tab.4, the systematic error on Ngx in the 2012
oscillation analysis is 9.7% for the v, apearance sample and 13% for the v, disappearance
sample. For the measurement of dcp, it is desired to reduce this to

e 5~8% for v, sample

e ~10% for 17, sample

to maximally achieve the T2K sensitivity. Results are rather independent from the size of
error on v, and v, samples if we can achieve error size on v, similar to the current v,’s
error. For the measurement of #53 and Amgz, the systematic error sizes are already visible
compared to the statistical error and there would be benefit of systematic error reduction
even if the error size is reduced as little as 5%.
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