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ABSTRACT

In the era of high precision oscillation measurements, lead by DUNE and Hyper-K, the
Near Detector (ND) faces unprecedented challenges and opportunities. Among the
various neutrino events in ND, Coherent meson production plays a special role. It is a
non-negligible background to the oscillation signal. However the cross-section models
for neutrino induced Coherent meson currently being used are old and imprecise. On
the other hand, Coherent meson has a simple experimental signature with minimal
nuclear effect making it unique among neutrino-nucleon interactions. Furthermore,
the cross section for Coherent meson is the same in neutrino and antineutrino modes.
It, thus, potentially could offer the most precise constraints on NuMuBar/NuMu flux
ratio. Coherent pion production has been studied in NOMAD experiment, It has
resulted in the most precise determination of the process to date. Two different model
has been used and compared with an attempt to test PCAC hypothesis. Inspired by
NOMAD detector, a straw tube technology based tracking device is proposed for
the Near Detector complex of DUNE, it’s performance and advantages are shown,
Coherent meson production is also developed in it with validation of it’s application

to flux ratio determination.

www.manharaa.com




TABLE OF CONTENTS

DEDICATION . . . . . . 1ii
ACKNOWLEDGMENTS . . o v v v oo o e i e e s d s s iv
ABSTRACT . . . o o o o o v
LIST OF TABLES . . . . . .« o o o o e e s s ix
LIST OF FIGURES . . . . . . . o e s s s X
CHAPTER 1 INTRODUCTION . . . . . . o o v i i s s s s 1

1.1 The Discovery of Neutrino . . . . . . . ... ... ... .. ...... 1

1.2 Neutrino oscillation model: PMNS matrix . . . . . . . . . . .. ... 2

1.3 the discovery of neutrino oscillation and early neutrino oscillation
experiments . . . . . ... L Lo 6

1.4 atmosphere neutrino experiment . . . . . . .. ... 15

CHAPTER 2 CHALLENGES FACED BY PRECISION OSCILLATION MEA-
SUREMENTS . . . . . o v o v o o e s s s 20

2.1 DUNE Sensitivities . . . . . . . . . o o v 20

2.2 The potential application of Coherent meson interaction for oscil-
lation experiment . . . . . . ... ... 23

CHAPTER 3 COHERENT PION INTERACTION MODELS . . . . . . . . . .. 27

vi

www.manharaa.com




3.1  Weak Interaction Scattering Amplitude . . . . . . . ... ... ... 27

CHAPTER 4 THE NOMAD EXPERIMENT . . . . . . . . . ... ..... 37
4.1 beam and flux measurement . . . . . .. ... 37
4.2 detector . . . ... 39
4.3  Simulation, Reconstruction and detector performance . . . . . . .. 44
4.4 Tneutrinosearch . . . . ... Lo 47
4.5 Summary ... ... 49

CHAPTER 5 COHERENT PIiON PrODUCTION IN NOMAD . . . .. .. .. 51
5.1 Normalization . . . . . . .. ... L 53
5.2 Selection . . . . .. 53
5.3 Multi Dimensional Likelihood . . . . . . . ... ... ... ... ... 55
5.4 Neural Network . . . . . .. ... oo 60
5.5 Background Normalization . . . . . . . . . ... ... ... .. .... 63
5.6 Unfolding . . ... . . . . . 65
5.7 Ratio to v, inclusive CC events . . . . . .. ... ... .. ... ... 68
5.8 Cross Section . . . . . . .. 69
5.9 systematics . . . ... Lo 69
5.10 Comparison with World Data . . . . . . . ... ... ... ...... 73

CHAPTER 6 COHERENT 7 APPLICATION IN PROPOSED STRAW TUBE

TRACKER BASED SAND DeTECTOR IN DUNE . . . . . .. 77
6.1 The Near Detector of DUNE . . . . . . . . . . . . . . . . .. .. ... 77
6.2 SAND . . 78

vii

www.manharaa.com




6.3 Straw Tube Tracker . . . . . . . . . . . .. 80

6.4 Coherent pion potential on flux ratio determination . . . . . . . . .. 88

BIBLIOGRAPHY . . . . . . . o o o 91

www.manharaa.com




LI1ST OF TABLES

Table 1.1 Characteristic valuesof Land E. . . . . . . . . . . . . . . .. ... 6

Table 1.2 Measurements of the double ratio for various atmospheric neu-

trino experiments . . . . .. .. o000 Lo 16
Table 5.1 Normalization factors for each channel . . . . . . . . . . . ... .. 53
Table 5.2 Fiducial cut of Z minimum for NOMAD data . . . . . ... .. .. 54
Table 5.3 Systematic Uncertainties for each selection cut in 14 F, bins. . . . 70

Table 5.4 Systematic Uncertainties for background cross section modeling
inld E,bins. . . . ... 71

Table 5.5 Systematic Uncertainties for Flux, FSI and the summary of total

systematic errors, statistical errors and total errors in 14 F, bins. . 72
Table 5.6 Cut table for normalization (neglibDIS). . . . . ... ... ... .. 74
Table 5.7 Cut Table for all single cuts(neglibDIS) . . . . .. ... ... ... 75

Table 5.8 R and cross-section for coherent m+ selection, 14 E,;, bins are
used, with non-fixed BN (background normalization), NN is used
for multivariate analysis . . . . . . . .. ..o 76

ix

www.manharaa.com




Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5
Figure 1.6
Figure 1.7

Figure 1.8

Figure 1.9

LisT OF FIGURES

The Standard Solar Model’s prediction of neutrino flux. Thresh-
old for each solar experiment is shown at the top. . . . . . . . .. 7

The angle between measured electron direction in Super-Kamiokande
solar-neutrino data with respect to the direction to the Sun, a

peak can be seen around 1. The broad spectrum is due to the
kinematic smearing and multiple smearing of the electron. . . . . 8

The three different channels that SNO is sensitive to . . . . . . . 11

Left: Combined fitting to 615 and A%m;, from solar neutrino
experiment and Kamland. Right: Result of a combined two-
neutrino oscillation analysis of KamLAND and observed solar-
neutrino fluxes under the assumption of CPT invariance. The

fit gives A2 = 7.975:% x 107%eV? and tan?0 = 0.4070¢%. [28] . .. 13
Location of Dayabay reactor 6 cores and 8 detectors . . . . . . . . 15
The fitting of 013 and A%m,, with Dayabay 1958 days’ data [6] . . 15
The cascade of cosmicrays . . . . . . .. .. ... ... .. 15

Zenith angle distribution of atmosphere neutrino events de-
tected by Super-Kamiokande. The left panel shows v, like
events, right panel shows v, like events. The red lines are the
expectation from standard cosmic ray models, the black points
are SuperK’s measurements. From top to bottom, neutrino en-
Ergy INCreases. . . . . . . . . . o v v it 18

The left plot is based on the 1998 analysis of 33.0 kt-yr of Super-
K data. The right plot contains the 90% confidence interval
from a 2015 (preliminary) SK atmospheric oscillation analysis.
This interval assumes normal hierarchy, and is compared to final
results from MINOS and recent results from T2K. The bold
inset square region on the left plot approximates the interval
from the right plot for SK atmospheric neutrinos.[14] . . . . . . . 19

www.manaraa.com



Figure 2.1 The significance of mass hierarchy as a function of the dcp
value for an exposure of 300kt-MW-year assuming normal MH
(left) or inverted MH(right). The shaded region represents the
variation of sensitivity due to variations of beam design. . . . . . 21

Figure 2.2 The significance of CP violation as a function of the dop value
for an exposure of 300kt-MW-year assuming normal MH (left)
or inverted MH(right). The shaded region represents the vari-
ation of sensitivity due to variations of beam design. . . . . . . . 22

Figure 2.3 Predicted sensitivity of DUNE to determination of mass hier-
archy (top panel) and CP violation as a function of exposure.
Equal running in neutrino mode and antineutrino mode is as-
sumed. The variations are for a range of values for v, and
v, signal normalization uncertainties from 5%®3% to 5%®1%.
The sensitivities quoted are the minimum sensitivity for MH
(top)under all dcp values, and 50% (bottom left) or 75%(bot-
tom right) of dcp values for CP sensitivity. The blue hashed
band is for the CDR Reference Design and the solid green band
is for the Optimized Design. . . . . . . .. . . ... ... .. ... 24

Figure 2.4 Feynman diagram for top left: charged current coherent 7+
interaction, top right: neutral current coherent 7° interaction,
bottom left: charged current coherent p* interaction, bottom
right: neutral current coherent p® interaction. . . . ... ... .. 25

Figure 3.1 Total elastic pion Carbon cross section versus pion laboratory
momentum. Left: The dotted line represents the Rein-Sehgal
model, solid line represented the BS model by fitting with pion
Carbon data. Right: The fitting result of the coefficients A1,b1l
from BS equation. [25] . . .. ... 36

Figure 4.1 Schematic layout of the West Area Neutrino Facility (WANF)

beam line. . . . . . . ... 38

Figure 4.2 Predicted Neutrino Flux for NOMAD . . . . . .. ... ... ... 39

Figure 4.3 A side view of NOMAD detector and it’s structure. . . . . . . .. 40

Figure 4.4 2+ invariant mass distribution which signify the existence of 7%, . 43

Figure 4.5 The workflow between the several packages within NEGLIB. . . . 45
xi

www.manaraa.com



Figure 4.6 Candidate v,CC event reconstructed in the NOMAD detector. . . 46
Figure 4.7 Candidate v.C'C' event reconstructed in the NOMAD detector . . 46

Figure 4.8 Energy deposited in the TRD straw tubes for pions and elec-
trons . . ... 47

Figure 4.9 Final exclusion plot in the plane sin6,,A for two flavor oscil-

lation.[30] . . . . . L 49
Figure 5.1 Feynman Diagram of coherent 7= interaction . . . .. ... ... 52
Figure 5.2 A event picture of coherent 7 candidate . . . . . . . . . .. ... 52

Figure 5.3 Missing transverse momentum distribution before multi-variate

analysis. . . . .. 57
Figure 5.4 ¢ distribution before multi-variate analysis. . . . . . . . .. .. o7
Figure 5.5 (. distribution before multi-variate analysis. . . . . . . . .. . .. 58
Figure 5.6 Xbj distribution before multi-variate analysis. . . . . . . . .. .. 58
Figure 5.7 PEF distribution before multi-variate analysis. . . . . . .. .. .. 59
Figure 5.8 t distribution before multi-variate analysis. . . . . . . . . ... .. 59

Figure 5.9 Correlations between kinematic variables used to construct like-

lihood functions for background(left) and signal(right) . . . . .. 61
Figure 5.10 The likelihood result . . . . . . .. ... ... ... ... .. ... 62
Figure 5.11 Neural Network structure for coherent =+ selection . . . . . . .. 63
Figure 5.12 Neural Network structure for coherent = selection . . . . . . .. 64
Figure 5.13 E, distribution in signal region (left) and control region(right). . . 65
Figure 5.14 Xbj distribution in signal region (left) and control region(right). . 66
Figure 5.15 Ybj distribution in signal region (left) and control region(right). . 66
Figure 5.16 Q? distribution in signal region (left) and control region(right). . . 66

xii

www.manaraa.com



Figure 5.17 Missing transverse momentum distribution in signal region (left)

and control region(right). . . . . ... ... . o o L. 67
Figure 5.18 ¢ distribution in signal region (left) and control region(right). . . 67
Figure 5.19 t distribution in signal region (left) and control region(right). . . . 67
Figure 5.20 t’ distribution in signal region (left) and control region(right). . . 68

Figure 5.21 the ratio of coherent 7" cross section to the cross section of
inclusive CC . . . . . . . . .. 69

Figure 5.22 Cross section of coherent 7 as a function of neutrino energy,
in comparison with RS model. Left: neutrino energy in linear

scale, Right: neutrino energy in logarithmic scale. . . . . . . . .. 70

Figure 5.23 coherent 7+ cross section as a function of E,, comparing with
RS model, Left: E, is in linear scale, Right: E, is in log scale. . . 72

Figure 5.24 coherent 7+ cross section as a function of E,, comparing with

RS model, Left: E, is in linear scale, Right: E, is in log scale . . 73
Figure 6.1 DUNE Near Detector Complex . . . . . .. .. ... ... .... 78
Figure 6.2 The DUNE neutrino beam line . . . .. .. ... ... ... ... 78
Figure 6.3 The KLOE experiment . . . . . . . ... .. .. ... ... .... 79

Figure 6.4 Geometry of the complete detector with the inner magnetic
volume filled by the STT supplemented by the LAr meniscus,
as implemented in the GEANT4 simulations. . . . . . . . ... .. 80

Figure 6.5 Drawing of a default compact STT module including three main
elements (left to right): (a) a tunable polypropylene CH, target;
(b) a radiator with 150 polypropylene foils for e* ID; (c) four
straw layers XXY'Y. The radiator and plastic target are removed
for modules to be equipped with nuclear targets. . . . . . . . . .. 83

Figure 6.6 Drawing of one compact STT module equipped with graphite
(pure C) target. The thickness of the C graphite plate is tuned
to provide the same fraction of Xy as the CHy modules. . . . . . 84

xiii

www.manaraa.com



Figure 6.7 Views of the detailed STT geometry. The upstream empty
space corresponds to the location of the internal LAr target, the
first upstream STT module following the LAr target includes
8 straw layers XXYY+XXYY, the blue modules correspond
to the ones equipped with graphite targets and are interleaved
with standard CH; modules shown in green. . . . . . ... ... 85

Figure 6.8 Reconstructed missing transverse momentum for coherent 7w+
(left panel) and 7~ (right panel) selected in STT in neutrino
beam mode. The histograms show the actual statistics expected. . 89

Figure 6.9 Uncertainty on the v, /7, flux ratio determined in STT from the
ratio of coherent pion production in FHC neutrino mode (left
panel) and RHC antineutrino mode(right panel). The uncer-
tainties obtained by PPFX from the beam group are in comparison 90

Xiv

www.manharaa.com




CHAPTER 1

INTRODUCTION

1.1 THE DISCOVERY OF NEUTRINO

The idea of neutrino is introduced in 1930s to solve the problem found in nuclear beta
decay.[38] At that time, what people noticed is some radioactive nucleus transformed
to a lighter nucleus with emission of a electron, some examples are potassium goes
to calcium, tritium goes to helium. But the common sense of two-body decay that
the outgoing particles’ energies are fixed is not supported by electron’s large energy
variation showed in experiments. Niels Bohr tried to explain it by giving up the law of
conservation of energy, when Pauli proposed another neutral, light and undiscovered
particle exists to share the missing energy. Later on Fermi coined the name "neutrino"
and it becomes what has been used till today.

The direct experimental confirmation of the existence of neutrino didn’t come un-
til mid-1950s at Savannah River nuclear reactor in South Carolina, where Cowan and
Reines used a large tank of water to capture anti-neutrino by "inverse' beta decay

reaction:

v+pt—>n+et (1.1)

The reactor had a anti-neutrino flux of 5 x 10'® neutrinos per second per square
centimeter, which gave them two to three events per hour. In the end, they measured

the cross-section to be 6.3 x 10~*em?.
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1.2 NEUTRINO OSCILLATION MODEL: PMNS MATRIX

Before we dive into the history how neutrino oscillation are discovered, and how
each parameter are measured and constrained by different generations of neutrino
detectors, let’s get familiar with the theoretical model first.

In Standard model, there are three known flavors of neutrinos, electron neutrino
(ve), muon neutrino (v,) and tau neutrino(v, ), corresponding to their charged coun-
terparts: electron, muon and tau. All three types of neutrinos can only be generated
by weak interaction and only interact through weak channel, which make them three
weak eigenstates or flavor eigenstates. It had been a long while that physicists believe
neutrinos are massless. But from a few decades ago, this last brick of standard model
grand building get broken.

Contrary to standard model, neutrinos actually possess mass. There are three
mass eigenstates of neutrinos, v, vy and 3, and they are different from the three

flavor eigenstates. Their relationship can be expressed by PMNS matrix:

Ve Uel UeZ Ue3 141
Uy - U,ul U;LQ U,u3 Vo (12)
Vr UTl UT2 UT3 V3

The matrix is unitary, and it follows:

* * *

151 el nl T1 Ve
— * * *
V2 2 Ypo U Yy (1.3)
* * *
V3 e3 u3 73 Vr
2
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The unitarity give a few useful relations:
UelU:]_ + UlllU;]. + UT]_U:]_ = ]_
UeaUgy + Up2U g + UraUZy = 1

(1.4)
UaUj + UnUjy + UesUps = 1
UelU:]_ + UeQU:2 + Ue3U:3 - 1
Un Uz 4+ UppUZy + UpsUzy = 1
Assume at time 0, the neutrino is in it’s flavor eigenstate |v,)
[6(t = 0)) = Uar [11) + Uaz |v2) + Uas |v3) (1.5)
so the wavefunction at x(t) will be:
|¢(t)> = Ual |l/1> €_ip1x + Uag |V2> e_iPQx + Ua3 |I/3> e—ipgz (16)
where p;x = E;t — piX. After distance L, the wavefunction becomes
|¢(t)> = Ual |V1> €_i¢1 + Ua2 |I/2> 6_i¢2 + Uag |V3> €_i¢3 (17)
m2
where ¢; = p;x = E;it — |p;i|L =~ (E; — |pi|) L. Since E; ~ p; + 215 , SO
m2L
6= (Bi= DL~ T (1.9

Expressing each mass eigenstate with flavor eigenstates in (1.8) and after rearrange-

ment gives:

[9(t)) :(Ualele_wl + Ua2U:2e_i¢2 + Ua3U:36_i¢3) |ve)
+ (Uaa Ul + UnoUle ™™ + UpsUsige %) |1,) (1.9)

+ (UalU;*le_wl + anUjge_i(252 + UasU:36_i¢3) |vr)
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The oscillation probability P(v, — vg can be obtained :
P(ve = vg) = [(vplva) |
= (UatUj1e7"" + UnoUlpe ™ + UnsUjge %)

= |Uar Uy P+ Un2Upo |*+|UasUps P +2R(Uat Uy Uiy Ugoe ™ (41792

(1.10)
+ UalUﬁ*lesUB?se_i((ﬁl_qS?’) + UaQUEQUa*3U536_i(¢2_¢3))
= (UarUjy + UaaUpy + UasUps)? + 2R[Ua U Uy Upa (e 792 — 1]
+ 2R[Uai U3 Uy Ups(e 71799 — 1)] + 2R[UnoUsy Uy Ups (e 79279 — 1)]
since:
e—i(¢1=62) _ | _—izp(mi-m3 1
Am?2, L o (AmA L
:(COS< 2E112 ) — 1) -+ ZSlH( 2E112 ) (111)
Am?2,L Am?, L
= — 2sin’( TE ) + isin( 72”;72 )
where AmZ; =m? —m3 with 4, j = 1,2,3 we have:
Am2 L
P(vo = vg) =0ap — 4> Re(UaiU5;UqsUj;) sin’( 4];77 )
i<j
AL (1.12)
* * .92 1]
+23_ Im(UaiUUa; Usy)sin®(—515—)

1<j

if the CP-violation angle d, is zero, then the imaginary term vanishes and we are left

with:
Am?.L
P _ _4 TT* T7* Vain?2 ) 1.1
(Vo — vg) = dap ;Re(UazUmUaJUﬂj)sm (—4E ) (1.13)
and if we use km as the unit of L, GeV as the unit of E, then:
Am?.L L[Km]
— Y7 = 1.27AmZ[eV? 1.14
5 7TAm;;[eV7] E[Gev] (1.14)

The PMNS matrix can be expressed by three rotation matrices and three complex

phases:
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1 0 0 cos O3 0 sin@yze e

U=10 cosby; sinby; 0 1 0
0 —sinfyy cosfys | | —sinbize™@» 0 cosbs
(1.15)
COS 912 sin 012 0 1 0 0
X [ —sinfys cosh, 0|0 ei@2/2
0 0 1/\0 0 e/?

The phase factors ay and a3 are non-zero only if neutrinos are Majorana particles,
and do not enter into oscillation phenomena regardless. The phase factor ¢ is no-zero
only if neutrino oscillation violates the CP symmetry. If experiment shows this 3 x 3
matrix to be not unitary, a sterile neutrino or some other new physics is required.

Now Let’s assume neutrinos are neither Majorana particles nor sterile, the last
matrix becomes identity matrix, put all matrices together, we have:

0

C12C13 S$12C13 S13€
U= —512C23 — C12523513€" C12C23 — S12523513€" 523C13 (1'16)
id id
512523 — C12€23513€ —C12523 — 512€23513€ C23C13

In order to have oscillation, the probability has to be non-zero, it requires three
neutrino mass eigenstates have different masses and the angles are not zero. So
when neutrino oscillations are being/already confirmed, we are left with a bunch of
parameters to measure: three angles( 012,613, 693), and two mass differences (Am?3,
and AmZ,, this will be discussed later) and 1 phase angle (dcp). Unluckily there’s no
single experiment so far can be sensitive to all of them, and it already took a couple
of generations and types of neutrino detectors to measure and constrain them.

In order to be sensitive to the oscillation parameters, the term in sin() can
not be too small or too large which means we have to set up experiment to make
E/L = Amg;. If E/L > Am; the neutrino doesn’t travel long enough to oscillate

J

to-another flavor becausesin® r;; < 1. For F/L < Am?j , the oscillating phase goes
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Table 1.1: Characteristic values of L and E for various neutrino sources and experi-

ments.[10]
Experiment L [m] E [MeV]
Solar 10%° 1
Atmospheric 104 — 107 | 102 — 10°
Reactor 102 — 10° 1
Accelerator 102 103 — 10*
Long Baseline Accelerator | 10° — 10¢ | 103 — 10*

through many cycles before detection and, since in general neutrino beams are neither
monochromatic nor from a point source, the phase is averaged to < sin?6;; >=1/2

and it becomes insensitive too.

1.3 THE DISCOVERY OF NEUTRINO OSCILLATION AND EARLY NEUTRINO

OSCILLATION EXPERIMENTS

1.3.1 THE SOLAR NEUTRINO PROBLEM

The Standard Solar Model predicts that most of the flux comes from the pp neutrinos
with energies below 0.4 MeV. Only the Gallium experiments are sensitive to this
component. The Chlorine experiments can just observe part of the 7Be line, and can
see the other components. The big water experiments (Super-Kamiokande, SNO)
can only view the 8B neutrinos as they have too high a threshold to see below about

5 MeV.

Homestake

Ray Davis’ Homestake experiment [33] was the first neutrino experiment designed to
look for solar neutrinos. It was built in the period 1965 to 1967 to measure the solar
neutrinos above 0.814 MeV. It was in Homestake mine, 4850 feet underground, to
shield from cosmic rays, with al00,000-gallon tank full of perchloroethylene, or dry

cleaning fluid. A radiochemical technique is used, based on the inverse beta reaction:

Ve 13701 53TAr 4 e (1.17)
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Figure 1.1: The Standard Solar Model’s prediction of neutrino flux. Threshold for
each solar experiment is shown at the top.

and after several years of running produced a result for the average capture rate of
solar neutrinos of 2.5640.25 SNU (remember that 1 SNU = 10~*neutrino interactions
per target atom per second). The big surprise was that the Standard Solar Models of
the time predicted that Homestake should have seen about 8.1£1.2 SNU, over three
times larger than the measured rate. This discrepancy became known as the Solar

Neutrino Problem.

Kamiokande and Super-Kamiokande

The Kamiokande detector was built originally to detect proton decay which is one
of the fundamental questions of elementary particle physics, later on at 1985 it was
upgraded to allow it to observe solar neutrinos. As a result, it became sensitive
enough to detect Supernova neutrinos , which indeed happened in 1987 in Large

Magellanic Cloud. Super-Kamiokande was proposed, and it was built to be a 50
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Figure 1.2: The angle between measured electron direction in Super-Kamiokande
solar-neutrino data with respect to the direction to the Sun, a peak can be seen around
1. The broad spectrum is due to the kinematic smearing and multiple smearing of
the electron.

kiloton detector which was 20 times of the size of Kamiokande, also got funding from
US, who in addition contributed many PMTs from it’s IMB experiment.
Different than Homestake, Super-K was able to directly detect outgoing electrons

from its sensitive interaction channel elastic scattering which has a threshold of 5MeV:
Vo+e—v,+e (1.18)

This threshold comes from the design of the detector - neutrinos with energies less
than 5 MeV which elastically scatter in the water will not generate an electron with
enough momentum to be seen in the detector. Super-Kamiokande observed a capture
rate of about 0.454+ 0.02 SNU, with a model prediction of 1.0 £+ 0.2 SNU, almost a
factor of two larger than observation. In addition, since Super-Kamiokande was able
to reconstruct the direction of the incoming electron (with some large resolution due
to both scattering kinematics - Super-Kamiokande sees the final state electron which
isn’t quite collinear with the incoming neutrino direction - and to multiple scattering
of the final state electron - which smears the directional resolution out even more), it

was able to show that the electron neutrinos do indeed come from the sun.
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The Homestake experiment was simply a counting experiment and it couldn’t
detect electrons , neither prove the neutrino flux come from the Sun. But Super-
K, this water Cerenkov experiment capable to directly prove them. However, it
was basically measuring the disappearance of original v, flux from the sun, but not
measure the new neutrino flavor which v, oscillated to. The solar neutrino energies
are less than about 30 MeV, this is enough to allow both Neutral Current(NC) and
Charged Current (CC) of electron neutrino interactions happen, but only NC of v,
and v, to happen since the charged lepton i need at least 106MeV to be generated, let
alone the heavy 7. In later era, this problem would be solved by accelerator neutrino
detectors. But here we’ll introduce another experiment which was able to prove the

existence of v, and v, and also their combined flux ratio to v..

SNO experiment
The SNO experiment used a tank of 1000 tons of heavy water as its target. Similar to
Super-K, SNO is also a water Cherenkov detector. The high speed electron moving
in the water created the Cherenkov light, which was then detected by an array of
9600 photomultiplier tubes mounted on a geodesic support structure surrounding the
heavy water vessel. Heavy water consists of D,O with the deuteron containing a
proton and a neutron, rather than just a proton (as in Hydrogen). The important
point is that the deuteron is a very fragile nucleus. It only takes about 2 MeV to
break it apart into a proton and a neutron. Solar neutrinos have energies up to 30
MeV and so any of the neutrino v, v, v, can break apart a deuteron in a neutral
current interaction. SNO was able to detect the final state neutron and so all those
neutrinos that weren’t visible to the radiochemical or water Cerenkov experiments
are visible to SNO.

In fact, SNO was able to detect neutrino via three different, and redundant,

interactions:
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e The Elastic Scattering (ES) channel :

v+e—v+te (1.19)

This is same channel used by super-K, both CC and NC of v, interaction would take
place, and only NC of v, and v, was possible to happen. And due to the smaller
cross section of v, and v,, the total interaction rate of v, is about six times of v, and
Ur:

6(1e) +0.15(6(1,,) + B(v)) (1.20)

e The Charged Current (CC) channel :

Vet+d—ptpte (1.21)

v, is the only flavor interact in this channel, therefore this channel can only measure

o(ve).

e The Neutral Current (NC) channel :

v+d—=n+p+v (1.22)

all three flavors of neutrino will have this interaction, it measures the total flux :

P(ve) + ¢(vy) + o(vr)

By measuring three independent channel, SNO was able to disentangle each indi-

vidual fluxes of neutrinos. The measurement results, in units of 1078 cm=2 s7!,

Ors =0(Ve) + 0.15(p(1,) + ¢ (vy)) =2.39 +0.26 (1.23)
pcc =¢(ve) = 1.76 £ 0.01 (1.24)
one =¢(ve) + ¢(vu) + d(vr) = 5.09 +0.63 (1.25)

The total flux of muon neutrino and tau neutrino can be derived: (3.33+ 0.63)x

N—Q ~Ar—2 o—1 )

bout twice of measured electron neutrino flux. This result is

10
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Figure 1.3: The three different channels that SNO is sensitive to

consistent with Homestake’s experiment in which % of electron neutrino disappeared
according to SSM. So SNO experiment not only prove electron(solar) neutrino change
flavor during its travel to Earth, but also directly measure the flavor it changed to.
With oscillation being proved, we can try to use PMNS matrix to see how the
probability is calculated and measure the parameters the experiments are sensitive
to. For solar neutrino experiments we just talked about, they are basically v, disap-
pearance experiment which the experiment can measure how much electron neutrino

disappear, but not how much other two flavors appear separately. From equation

(1.15),

L
Plv.—v.)=1-4 U31U32sin2(1.2mm§2§)

L
+ U621U238in2(1.27Am§2§) (1.26)

L
+ U32U33sm2(1.2mm§2§)
11
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2 L

Before we proceed further, let’s abbreviate A;; = Am;; .

Plve—>v,)=1—-4 [Uferzzsz'n2A12 + ULU%sin? Ags + U31U623sz'n2A13]
=1-4 [0%20333%20%332'712A12 + U4 (UZ,5in*Ngs + Uflsz'nzAlg)}
=1 — 4c3,52,cl55in% Agy — 4825 (525 245102 Aoy + 1255107 A13)
=1 — cos® 01351n%(2015)sin* A1y — 457505 ( 579517 A3 + c1osin?Ags
= 1 — cos® 01351n%(2012)sin? A1y — sin®(2013)(sin 62,5in> Ags + cos 02,5in%A13)

(1.27)

since Am?, ~ Am3,, we have:
P(ve — v.) = 1 — cos® 01351n*(2013)sin* A1y — s5in*(2013)sin’ A3 (1.28)

From posterior experiments, we know 63 is very small, in the precision level of

old solar experiments, the third term could be neglected. And the equation becomes:

L
Plve = v.)=1— smz(2eu)sm2(1.2mm§2E) (1.29)

measure A2m12 with reactors

The solar experiments don’t do well on measuring A?m15. In order to check the solar
oscillation analysis we need to make an experiment which is sensitive to A%m;, ~
107%eV2. This can be done using reactors. The reactors produce electron anti-
neutrinos with energies around 5 MeV. Using these as a source, one only requires a
baseline of about 100 km.

The Kamioka Liquid-scintillator Anti-Neutrino Detector (KamLAND) experiment
is situated in the old Kamiokande cavity in a horizontal mine drift in the Japanese
Alps. The site is surrounded by 53 Japanese commercial power reactors, at a flux
e distance of ~180 km from the reactors.

weighted avera,

12
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Figure 1.4: Left: Combined fitting to 615 and A%m;, from solar neutrino experiment
and Kamland. Right: Result of a combined two-neutrino oscillation analysis of Kam-
LAND and observed solar-neutrino fluxes under the assumption of CPT invariance.
The fit gives A2, = 7.970¢ x 107°eV? and tan? 6 = 0.40709. [28]

Electron anti-neutrinos are detected via the inverse -decay reaction,
Vet+p—en (1.30)

The prompt scintillation light from the e™ gives an estimate of the incident anti-
neutrino energy, £, = Epomp+ < B, > +0.8MeV, where .o is the prompt event
energy including the positron kinetic energy and the e+e—annihilation energy. The
quantity <En> is the average neutron recoil energy, which is only a few tens of keV.
The neutron captures on hydrogen ~ 200us later, emitting a characteristic 2.2 MeV
~ ray. This delayed coincidence signature is a very powerful tool for distinguishing
anti-neutrinos from backgrounds produced by other particles.

The Kamland experiment’s sensitivity to A%my, can be shown by figure 1.4. A
combined fitting using Kamland’s data and solar experiments’ data, the A?m,5 and

012 can be measured precisely.

13
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1.3.2 REACTOR ANTINEUTRINO OSCILLATION EXPERIMENT WITH 63

Since 6;3 is notoriously small. They are not measured until recent years. To measure

013, we need to take a deep look at equation:
P(7, — 7,) = P(v, — v.) = 1—cos* 0135in*(2015)sin* A1 —sin?(2013)sin* Ae, (1.31)

where sin?A.. = sin 62,51n? Aoz + cos 02,51n? A 3.

For Kamland or any solar neutrino experiments, the second term is large and the
third term is relatively close to 0. If our precision to 615 and A%m;, is not good
enough, any attempt to measure 613 will be very hard to succeed. The best way
to independently measure 613 without other parameters’ interference is to make the
second term as small as possible which make the third term becomes the dominant
one. If this method is conducted in reactor experiment, then the detector has to be
built very close to the neutrino source, around 1km. The three main currently going
on experiments are Double Chooz in France, RENO in South Korea and Daya bay in
China.

The Daya Bay experiment is most sensitive to #;3 among all the current reactor
experiment[13]. Its nuclear-power complex contains six reactors which are grouped
into three pairs with each pair referred to as a nuclear power plant(NPP). All six cores
are viewed by 8 antineutrino detectors located in three different places. Each detector
consists of 20 tons of liquid scintillator (linear alkylbenzene doped with gadolinium)
surrounded by photomultiplier tubes and shielding. The location of the cores and the
detectors are showed in figure 1.5. Daya bay started to take data at December 2011,
and after 1958 days’ data accumulation, it clearly showed the deficiency due to 63

term which is small but not zero. The result [6] is:
sin? 20,5 = 0.0856 = 0.0029 (1.32)

This shows the 6,3 ~ 8.5°.

14
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Figure 1.7: The cascade of cosmic rays

1.4 ATMOSPHERE NEUTRINO EXPERIMENT

The Earth atmosphere is constantly bombarded by cosmic rays. These are composed
of protons (95%), alpha particles (5%) and heavier nuclei and electrons (< 1%). The
primary cosmic rays interact with nuclei in the atmosphere , they shower and forms a
cascade of hadrons. These hadrons decay during flight and neutrinos are generated.

The dominant part of the decay chain is

15
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Table 1.2: Measurements of the double ratio for various atmospheric neutrino exper-

iments
Experiment Type of experiment R
Super-Kamiokande Water Cerenkov 0.675+0.085
Soudan2 Iron Tracking Calorimeter 0.69+0.13
IMB Water Cerenkov 0.54+0.12
Kamiokande Water Cerenkov 0.60£0.07
Frejus Iron Tracking Calorimeter 1.040.15

= uty, ot = ety

(1.33)
T =Yy, poo—r e Vel
At higher energies, one starts to see kaon decay with emission of neutrinos as well.
In general, the ratio:
vy + vy

R=1+_"HK (1.34)

Ve + 1,
should be equal to 2.

Since the Earth is surrounded by atmosphere, and neutrinos can easily cross the
whole Earth without any interaction. Any detectors are supposed to see neutrinos
coming from every direction. If the detector is sitting on the Earth’s surface, the dis-
tance from where the neutrino generated to the detector range from shortest distance
15km (come from the top) to longest distance 13,000 km 9(come from down below
on the other side of the planet).

Atmosphere neutrino detectors measure the v, flux and v, flux separately and cal-
culate the ratio. To help interpret the results and to cancel systematic uncertainties,

the experiment normally use a double ratio:

(Nu/Ne)data

R - (Np./Ne)sim

(1.35)

A compilation of R values from a number of different experiments is shown in Table

1.2.
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With the exception of Frejus, all measurements of R are significantly less than 1,
indicating that either there was less v, in the data than in the prediction, or there
was more v, , or both. This became known as the Atmospheric Neutrino Anomaly.

Super-Kamiokande was not only able to measure R, but also able to measure R
as a function of angle, since it was able to measure the direction of the incoming
neutrino by a not so bad of reconstruction of outgoing electron with its cherenkov
radiation. In principle, we expect the neutrino flux to be isotropic. The zenith angle
distributions from Super-Kamiokande are shown in figure : The left panel shows
v like events, right panel shows v, like events. The red lines are the expectation
from standard cosmic ray models, the black points are SuperK’s measurements. The
top and middle rows show sub GeV neutrino events, the bottom row shows multi-
GeV neutrino events. For v, like events on the left, the superK data is more or less
consistent with model prediction. However, the v, like events from measurement are
obviously less than the prediction, and when energy is high enough, the deficiency
has a dependency on zenith angle. For neutrinos coming from the top(cos = 1) , it’s
still consistent with prediction, but when zenith angle increase, the deficiency keep
increasing.

Same as before, we can try to use PMNS matrix to explain then see what param-
eters the experiment is sensitive to.

Py, —v,)=1-4 {UilUigsinZAlg + U52U53sin2A23 + UilUigsm2A13}

=1 =AU (U2, + Uly)sin®Aos

_ 2 2 2

=1 —4U,5(1 — U3)sin”Ags (1.36)
=1 —4ciy55,(1 — C4855)sin* Aos

=1 — 4535535107 A3

=1- sin2(2€23)sin2A23

17
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Figure 1.8: Zenith angle distribution of atmosphere neutrino events detected by
Super-Kamiokande. The left panel shows v, like events, right panel shows v, like
events. The red lines are the expectation from standard cosmic ray models, the black
points are SuperK’s measurements. From top to bottom, neutrino energy increases.
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Figure 1.9: The left plot is based on the 1998 analysis of 33.0 kt-yr of Super-K
data. The right plot contains the 90% confidence interval from a 2015 (preliminary)
SK atmospheric oscillation analysis. This interval assumes normal hierarchy, and is
compared to final results from MINOS and recent results from T2K. The bold inset
square region on the left plot approximates the interval from the right plot for SK
atmospheric neutrinos.|[14]

The sin?A;, is neglected due to the small distance (max is 13,000 km) and GeV-
level energy. The sin?Aqs and sin?A;3 are combined due to their closeness. 65 is
approximated to zero since it’s very small. Based on this equation and the super-K
data, we are able to do a fitting and find the confidence interval of 3 and Ams.

Figure 1.9 shows the fitting result of super-K.

19

www.manharaa.com




CHAPTER 2
CHALLENGES FACED BY PRECISION OSCILLATION

MEASUREMENTS

2.1 DUNE SENSITIVITIES

There are two specific goals DUNE experiment intend to achieve regarding to neutrino

oscillation measurements:

e Mass hierarchy determined with a significance of at least of 50 for all ., values

using beam neutrinos.

e CP violation determined with high significance ( for example: 5o for 50% of d,,

values or 3o for 75% of 4, values).

where the sensitivities are defined as:

AX3 1 = X7y — Xy (true normal hierarchy),

AX3 1 = Xg — X7y (true normal hierarchy),

AXGpy = Min[Axep(0cy = 0), Ax¢p(0¢p = )], where

Axep = thce;t - X?g;;e-

Sensitivities to the mass hierarchy and the degree of CP violation are obtained by
simultaneously fitting the v, — v,,v, — v,,v, — v, and v, — 1, oscillated spectra.
It is assumed that neutrino beam mode and antineutrino beam mode are 50% /50%,
which has been shown to produce a nearly optimal sensitivity. The neutrino oscil-
lation parameters are all allowed to vary, constrained by a Gaussian prior with 1o

----- matic uncertainties are also included in the sensitivity search.
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Figure 2.1: The significance of mass hierarchy as a function of the dcp value for an
exposure of 300kt-MW-year assuming normal MH (left) or inverted MH(right). The
shaded region represents the variation of sensitivity due to variations of beam design.

Assuming an exposure of 300kt-MV-year, which corresponds to a seven years of
data taking(3.5 years in neutrino mode plus 3.5 years in antineutrino mode) with a
40-kt detector and a 1.07-MW 80-GeV beam, the significance of mass hierarchy as a
function of d¢p is shown in Figure 2.1 [18]. For same assumption, the significance of
CP violation is shown in Figure 2.2[18].

There are many factors affecting the sensitivity of both mass hierarchy and CP vi-
olation besides fiducial mass, beam intensity and the number of years of data taking,
one is the true values of every involved oscillation parameter, another is systematic
uncertainties. For any experiment, the main systematic uncertainties are determined
by the analysis strategy employed and the performance of the detector[20]. The typ-
ical analysis strategy for extracting oscillation parameters in long-baseline neutrino
oscillation experiments is shown in Figure. Near detector is used to measure the
un-oscillated v, and v, flux, and then extrapolated to the far detector and are used

to predict the oscillated flux and compare with data. The v, disappearance and v,
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Figure 2.2: The significance of CP violation as a function of the dcp value for an
exposure of 300kt-MW-year assuming normal MH (left) or inverted MH(right). The
shaded region represents the variation of sensitivity due to variations of beam design.

appearance can be conducted separately and then combined to fit on the oscillation

parameters.

In near detector, the measured spectrum of neutrino events is a product of 1,

beam flux 2, detector efficiency and smearing, 3, neutrino interaction dynamics. In

order to extrapolate the spectra in near detector to far detector, three corrections

have to be made:

e Differences in the beam flux in the near and far detectors, ®rp/Pyp: The

far detector sees the beam as a point source but near detector sees it as an

extended source since it’s much closer to the beamline. The beam never really

gives off neutrino rays pointing to same direction, instead, it’s diverged, as a

result, near detector sees a greater divergence of the beam and far detector sees

a less divergence of the beam.

Differences in near and far detector smearing and efficiencies, exp/enp: The

largest uncertainties are from the difference event selection efficiencies in the
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near and far detectors, in particular, the energy scale. For v, disappearance,
most of these uncertainties can be cancelled, however, for v, appearance, the
v, signal is extrapolated from N (1,), and there are irreducible residual un-
certainties from different selection of v, and v, events and different detector

response.

e Differences in the neutrino interactions of near and far detector. opp/onp:
Most uncertainties can be cancelled in v, disappearance, but uncertainties re-

main for v, appearance, i.e opp(ve)/onp (V).

The systematic uncertainties play a significant role in DUNE sensitivity to the
CP violation or mass hierarchy. By varying one of the systematic uncertainty: signal
normalization uncertainty from 5%®3% to 5%®1%, the differences can be found in

Figure 2.3 [18].

2.2 THE POTENTIAL APPLICATION OF COHERENT MESON INTERACTION FOR

OSCILLATION EXPERIMENT

Coherent meson interactions are very special neutrino interaction channels where all
nucleons in the same nucleus participate the interaction, as a result, the nucleus stays
unbroken and in its ground state with little momentum gained. The interaction can
be neutral charged where same neutrino comes in and comes out, at same time, a
neutral meson is produced (7° or p° ), or charged current where a charged lepton and
charged meson( 7%/~ /p*/~) with opposite sign come out. Their Feynman diagrams
are shown in Figure 2.4.

The first reason we want to study coherent meson interactions in an oscillation
experiment is that the neutral charged coherent meson interaction could mimic v,
signal and becomes one of the backgrounds. For neutral current coherent pion in-

teraction, the meson 7° exclusively decays to two gammas, if the two gammas are
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Figure 2.3: Predicted sensitivity of DUNE to determination of mass hierarchy (top
panel) and CP violation as a function of exposure. Equal running in neutrino mode
and antineutrino mode is assumed. The variations are for a range of values for v,
and 7, signal normalization uncertainties from 5%®3% to 5%®1%. The sensitivities
quoted are the minimum sensitivity for MH (top)under all dcp values, and 50%
(bottom left) or 75%(bottom right) of dcp values for CP sensitivity. The blue hashed
band is for the CDR Reference Design and the solid green band is for the Optimized
Design.
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Figure 2.4: Feynman diagram for top left: charged current coherent 7" interaction,
top right: neutral current coherent 7° interaction, bottom left: charged current co-
herent p* interaction, bottom right: neutral current coherent p® interaction.

collinear or one of the gamma inherit most of the energy from the m in lab frame,
which makes the other gamma unregistered in the detector, this large-energy gamma
could be mis-identified as a electron, especially in a high-density detector. For neutral
current coherent rho interaction, the meson p decays to 777, one of them could be
mis-identified as an electron.

Secondly, Determination of v/v flux ratio. The measurement of v/v flux ratio

is important for two reasons. First, to measure CP violation, DUNE is planned to
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be operated half of time under neutrino mode and the other half under antineu-
trino mode, it eventually will combine data under both modes to do the oscillation
parameters fitting. Secondly, under each neutrino beam mode, the correct-sign neu-
trinos are always coexist with wrong-sign neutrinos. However, for neutrino-nucleon
interactions between neutrino and anti-neutrino, they differ in energy-scale, topolo-
gies, cross-section and nuclear effect[7], etc. This could seriously jeopardize the high
precision goals required by DUNE. Coherent-meson interaction, according to its the-
oretical model, it has same cross section for neutrino and anti-neutrino interactions.
The topologies are also the same for neutrino and anti-neutrino interactions. For ex-
ample, coherent 71 give off a 4~ and a 7, coherent 7~ give off a u™ and a 7~. And
there’s little nuclear effect for both neutrino and anti-neutrino interactions. With all
these being considered, coherent-meson interaction offer a unique and powerful tool

on measuring neutrino and anti-neutrino flux ratio.
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CHAPTER 3

COHERENT PION INTERACTION MODELS

Before we talk about any theoretical models of coherent meson interaction, let’s define

some notations used in this chapter.

e [/, and F, : The incoming neutrino and outgoing lepton’s energy.

py and p, : The incoming neutrino and outgoing lepton’s four-momentum.

p and p’ The four momentum of the initial and final state of hadronic system.

q: The four-momentum transfer (out of leptonic system).

e v: The energy transfer out of leptonic system.

M: The target mass.

(Q?*: The negative of the square of the four-momentum transfer.

Y= EL(Bjorken y)

2 2
= 2;2‘ i 25)\241/(Bjorken X)

(3.1)

3.1 WEAK INTERACTION SCATTERING AMPLITUDE

In most neutrino oscillation experiment, the mass of W boson is much larger than the
mass of momentum transfer, the scattering amplitude of a neutrino CC interaction
can be written as:

Gy .
— L e 3.2
M Nk (3.2)

Where Gy is is the Fermi coupling constant, jg is the weak leptonic current coupled

is the corresponding hadronic current. The CC leptonic
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current can be expressed as:

Jo =y (1= "), (3.3)

The form of the hadronic current is not the same as the leptonic one since the nu-
cleon/nucleus is not a point particle but a composite system made of quarks and

gluons/multiple nucleons. Generally it is expressed as:

Wy = lEpfya(Va - Aa)d)n (34)

The V,, A, here are the vector and axial-vector components of the current respectively.

Combining the leptonic and hadronic currents we have:

Mzgyﬁm—ﬁmm—&A (3.5)

Where we have absorbed 1/_)p and ), into the definitions of V,, and A,.

The square of the scattering amplitude gives:

G3 - -
MPP==E0y (1= 7 [Va = Aal{try* (1 = ) [V — Agl}*
G3 - -
=P (L= VWV = Al [V = A5l (1 =27

G2 )
=07 (1= 7Yy (1 =) Ve — Aal [V — A3
(3.6)

G2 _ )

—Tr (b (L= 7 (1 = )V — AV — 4]

G2

=LTr(p, 7 (1= 7)), + M)y (1= 7" Ve = AdIV5 = A}
G2

= L Wos

In the middle, Casimir’s trick is used. And spins are implicitly summed for incoming
neutrino and outgoing lepton by equation:
> uu = 4p, + me (3.7)
spins
Normally the initial particles spins are averaged and the final particles spins

inos are always left handed(anti-neutrinos are always right-
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handed), so you won’t see a 1/2 here. And we also defined:

LY =Tr(p, 27 (1 =) (p, +mu)y* (1 =7))

Was =[Va — Ad][V5 — AF]

(3.8)

Be aware the subscripts v and p represent the neutrino and the muon, not the four-

vector indices. The leptonic tensor can be evaluated as:

L =2 [T r(p, P+ (P ) = Tr(p, "y P %) — mTr(p, 7a75)]
(3.9)
The trace of any odd number of gamma matrices is zero so the second trace does
not contribute. 7° contains an even number of gamma matrices, so if it is paired
with an odd number of gamma matrices the trace is zero, so the last term does
not contribute. And after using some "trace theorems" which you can find in most

quantum field theory books, we are left with:

LY =8 [pipf + pip) — (P - pu)g™ — i€ (pu)A(pu)o (3.10)

If we can assume negligible lepton mass we’ll have:

2

Pv - Pu = %(m,u — 0) (311)

If we take the low Q? limit, then, then the term p, - p, vanishes.

Since Q* = 2E,E,(1 — cosf), in Q* — 0 limit, § — 0, muon is parallel with
neutrino. So in this limit, p; p, and ¢ all the three vectors are all parallel. And
because we are neglecting muon mass for high energies, we can describe the lepton

4-vectors in terms of the 4-momentum transfer:

E,
Pv :(7)(1
7 (3.12)
=(—)q
p =
S
So we can express the leptonic tensor in terms of q:
EE .
= 851 |¢°¢° + ¢°g" — ie* g, (3.13)
v
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The last term contains a anti-symmetric tensor, multiplied by a a term that is sym-
metric under the same exchange, so the term will vanish after summation.So we have

our final form of the leptonic tensor as:

EVEM a (B

L% =16 q“q (3.14)

V2
3.1.1 HADRONIC TENSOR W,z

One of the fundamental postulates of quantum mechanics is the representation of

momentum and energy as derivatives of space and time:
p— — iA
(3.15)
E —io0,

Applying this to the classical equation of conservation of energy (E = p?/2m+V),
we immediately get the Schrodinger equation, and we can obtain the Klein-Gordon
equation by applying it to the relativistic version. A simpler 4-vector way to describe
the above relation is :

P = (E,p) — i0* = i(8,, —A) (3.16)
Considering the amplitude for a one particle pion state with momentum q,

(0] Jo(z) |7) = (0] P2 T2(0)e =% ) = (0] J*(0) |} e~ (3.17)

The derivative of this is:
0a (0] J |7 = (0] 8a(J*(0)e ™) |7} = (0] — iqsJ*(0)e™ " D |)
= (0] = igs J*Oaz” ) = (0] — iqs.J* 0 |m) (3.18)
= — 1o (0] J* |7)
from this we can conclude:

O™ = —igqaJ” (3.19)

which is in accordance with the fundamental postulate in (3.16). Furthermore, the

square of the amplitude’s derivative is :

a9 0|2

: *4 * I
[

= —ianO‘)(iquﬂ*) = qaq5Jo‘J5* = qanBWa'B (3.20)
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Once we put the final form of leptonic tensor into the amplitude squared, we’ll arrive

at:
G2

E,E,
IM|*= f16

EE, ..
4% Wap = 8G5 = £10%(Vy — Ad))? (3.21)
By CVC we have 0°V, = 0 at low Q?, which leaves only the dependence on the

axial-vector current in the amplitude squared.

|IM|*= 8G2

J2(Q? = 0&my = 0) (3.22)

The PCAC hypothesis relates the divergence of the axial-vector current to the am-
plitude of the pion field, ¢,.
"AY = frmion (3.23)
According to Adler using PCAC[40] and the Goldberger-Treiman relation we can
equate the divergence of the axial-vector current with the corresponding scattering
of a pion.

(8] Ouambaa A™ ) [P= fZIM(mer — B)|* (3.24)

putting this into our form of |M|?, we have:

| MP= 8632222 2| Mo — B)P (3.25)

At this point we have related the weak neutrino interaction to pion nucleus scat-
tering and we are in a good position to calculate the cross-section. According to

Fermi’s Golden rule on cross-section for one incoming particle hit on a static target:

_MP (dPp 1 By 1 .
da_zE oni \@ryp 2, ) \@ep oy ) B0 0ot 0= b P)

(3.26)

2 M(ra— )7 <<d p; ) (éjrp)/gzlpé) (2m)*6* (py +p — pu — V')

3.1.2 do IN TERMS OF dQ? AND dv

We would now like to express do in terms of dQ? and dv rather than d®p, . When

ignoring the lepton mass, we have Q% ~ 2EFE’'(1 — cosf). take it’s derivative:

dQ?* = (aaQ;) do + (?g) dE’ (3.27)
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The initial energy is assumed to be fixed, so it’s not included here. Now for dv we
have dv = d(E — E') = dE — dE' — dv = —dE’, The minus sign seems troublesome,

but it is a simple matter of changing the integration limits.

E 0 E
/ dE’:—/ dz/:/ dv (3.28)
0 E 0

It is easier to understand in the way that when the outgoing lepton has zero energy
then the full energy E has been transferred to the hadronic system. So it’s totally

safe to think dv = dF’, so we multiply the two sides with them respectively, we have:

0Q* 0Q?
25 / "2
dQ*dv = ( 50 )deE + <8E’ (dE") (3.29)
The second term is too small to be integrated and we finally have:
2 an ! [ /
dQ*dv = 20 dOdE" = (2EE'"sin 0)d0dE (3.30)

For d®p we have:

Pp =|k|2d|k|dQ ~ EPdE'dQ = 2n B dE' sin 0d0
3.31)
I (

:WEdQQdV

Use this equation to replace d®p, in bla. We have:

_ G%EudQQdny [lM(’/TCY — B)|? ( d3p’
(

d
4 onvE, T M2

Gt 2;)) (2m)*0* (py +p — pu — 1)
(3.32)
Now we want to replace the amplitude of the pion scattering process with the cross-
section of it. We will have the same target a with 4-momentum p=(M,0,0,0), the
same final hadron state § with 4-momentum p’, and an initial pion with 4-momentum
(pv — pu- We will assume the relative velocity can be approximated as unity when
either the initial pion is off-shell by an amount on the order of its mass, or we are
assuming a very high energy pion where its mass is negligible. To reiterate, we must

take the 4-vector of the initial pion to be the difference of the lepton 4-vector.
Pr=py —py — Ex=9yE, (3.33)

32

www.manaraa.com



With this, we can find out the cross-section for the pion scattering process:

M(ra — B)[?
2M2v

dmwg):[ ((d?’p' 1)x<2w>464<py+p—pu—p'> (334

2m)? 2pp
Comparing this cross-section with neutrino cross-section we arrived a while ago, ev-
erything in the brackets are exactly the same, so we finally have:

Polva > pf)|  _ <G%f3(1 —y)
Q2—0

dQ?dv

272y

) do(ra = B)|g _yp, (3.35)

This expression is known as Adler’s theorem[40], it relates the weak neutrino-nucleus

cross-section to that of the strong pion-nucleus cross-section.

3.1.3 ANTINEUTRINO CROSS-SECTION

It should be very quick to find out that the antineutrino cross-section is identical to

its neutrino counterpart, i.e.

o(va — up) =o(va — upf) (3.36)

3.1.4 THE NEUTRAL CURRENT CROSS-SECTION

For the neutral current,, one simply need to replace the pion’s decay constant due to

isospin.
fra =12 (3.37)
0 = = .
V2
So the cross section simply becomes:
d?o(va = pf) GLf2(1—y)
dQ2dv |, 12y o(ra = Blg.—ym, (3.38)

So the NC cross-section is simply half of the CC cross-section. This quantity is often

given in terms of Bjorken variables x and y. Let’s work on it. From the definition of

x and y, we have:

Q? =2Mvzx
(3.39)
v=FEy
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Take the derivatives of them we’ll have(dE, = 0):

dQ? =2Mvdx + 2M xdv

(3.40)
v=E,dy
so, we’ll have:
dQ*dv =(2Mvdz + 2Mzdv)(E,dy)
=(2M E,ydx + 2MxE,dy)(E,dy) (3.41)

2_
(W=09 0y E2ydxdy

Take this into the cross section equation and after some organization, we final have

our cross-section:

do(va — vrla)
dxdydt

(3.42)

_ GLf2ME,(1—y)\ [do(ra — 7a)
=0 272 dt

] Er=yE,

3.1.5 REIN AND SEHGAL MODEL

The cross-section for coherent pion production derived from Adler’s so far has assumed
that Q> = 0. Rein and Sehgal model[39] extended it to non-zero Q*, and used
pion-nucleon scattering to model the pion-nucleus cross-section. Rein and Sehgal

introduced a form factor to transit the cross-section from zero Q? to non-zero Q? :

Bo(vA— vi®A)  (GEL2ME,(1—y) M2\’ [do(xA — wA) (3.43)
dedydt N 272 M3+ Q? dt ‘

To model the pion-nucleus cross-section, the authors used forward pion-nucleon scat-

tering:
do(rA — 1 A)
d|t|

do(m"N — 7°N)
dlt]

= A*|Fa(t)? (3.44)

t=0

where F4(t) is the nuclear form factor and A is the number of nucleons within the

nucleus. With the optical theorem, we have:

(=)

_ Re(fu(0))
T fan (0))

d|t| 167

do(nrN — 7N) 1 [ <ON

o R (3.45)
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fan(0) is t he m — N forward amplitude and U;OtN gives the total cross-section for

m — N scattering. The nuclear form factor is modeled with an exponential:
1
|Fa(t)P=eME,; b= §R2; R = RyA'Y? (3.46)

where F;s representing the effects of pion absorption in the nucleus. R is the nuclear

radius and Ry is 1.12fm. By combining all the above we have our final R.S. formula:

do GZM 1 [ 2 ME:o\?
_ A2EV 1 —y)— |7 N E, 1 2 A —b|t\Fa .
Todgdlil = a7 B =) [l B ) g ) e
(3.47)
The absorption factor can be estimated by
Fabs = €7<x>/)\ (348)

where <x> is the average path length traversed by a 7 produced in nucleus, and \
is the absorption length defined in terms of the pion-nucleon inelastic cross-section

and the nuclear density p by A = 04,4p where p = A(4/37R3)~!. Finally we get:

_9al/3
Fus=e %" (3.49)
R.S. model agrees very well with data for neutrino energy above 2GeV. For NO-
MAD experiment, of which the average energy is 25GeV, this is adequate for the
precision we needed on coherent pion cross-section measurement. However, in the
era of precise oscillation measurement, the neutrino energy centers around only a few
GeV, correction of R.S model or different methods are needed for this low energy

challenge.

3.1.6 BERGER SEHGAL

Berger Sehgal model[25] is proposed to solve the low energy issue suffered by Rein
and Sehgal model. In resonance region, the derivation 3.44 and 3.49 based on simple
classical ansatz may not be a valid estimation of pion-nucleus scattering. To circum-

vent.the uncertainties indnodelling nuclear processes, Berger model directly appeal
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Figure 3.1: Total elastic pion Carbon cross section versus pion laboratory momentum.
Left: The dotted line represents the Rein-Sehgal model, solid line represented the BS
model by fitting with pion Carbon data. Right: The fitting result of the coefficients
A1,bl from BS equation. [25]

to data on pion nucleus elastic scattering. They found out the elastic mp cross section

can be simply parametrized by:

do(rA — 1A)
dlt]

= Aje !t (3.50)

where coefficients A1, bl can be fitted by external data. The result based on the fitted
equation is show in figure 3.1, in comparison with Rein-Sehgal model’s prediction. It
is obvious that the cross section from Berger Sehgal’s fitting with pion Carbon data is
much below the RS model. And when P, approaches 1 GeV, the two curves become
consistent which justify the ansatz. It also suggests that the RS model fails in the

region of the A resonance, but may be a valid description at higher energies.
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CHAPTER 4

THE NOMAD EXPERIMENT

The NOMAD experiment [31] took data in CERN SPS wide-band neutrino beam from
1995 to 1998. It collected 2.2 x10* POT, more than one million charged current
v, events were detected and reconstructed with an accuracy which could only be
achieved by bubble chambers previously.

The NOMAD detector was designed to search v, to v, oscillation. A few theoret-
ical models suggested v, may have a mass of 1eV /c? or higher, and therefore could be
the main constituent of the dark matter. Even though no oscillation was observed due
to too small mass difference which was not expected, it still restrained the oscillation
probability of v, to v, down to more than one order of magnitude smaller than limits
set by the previous generation of experiments. For the first time a purely kinematical
approach was applied to the detection of v, CC interactions. This demonstrated that

the approach developed into a mature technique.

4.1 BEAM AND FLUX MEASUREMENT

The NOMAD detector was exposed to the SPS wide-band neutrino beam consisting
mainly of v,. The neutrinos were produced from the in-flight decays of mesons such as
7%, K* which were secondary particles created from the 450GeV protons impinging
on a beryllium target. The 7% and x* are focused by two magnetic lenses, the
horn and the reflector, and later entering a 290m vacuum tunnel for decaying into
neutrinos. The survived hadrons and muons are stopped by iron and earth shields.

The NOMAD detector was located 835 m downstream. The average distance between
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Figure 4.1: Schematic layout of the West Area Neutrino Facility (WANF) beam line.

the meson decay points and NOMAD was 620 m. A schematic layout for the beam
line is shown in figure 4.1.

A neutrino beam monitoring system based on the detection of muon yields at
several depths into the iron shield was also built . Silicon detectors provided an
absolute flux measurement. Another independent measurement of the flux was given
by the number of protons incident on the target, the POT is estimated from a pair
of beam current transformers (BCT) upstream of the target.

The neutrino flux is predicted by a detailed GEANT4 simulation of beam line.
The simulation predicted the relative abundance of neutrino species v, : v, : v, : e
= 1.00 : 0.061 : 0.0094 : 0.0024 with average energies of 23.5, 19.2, 37.1, and 31.3
GeV, respectively. The detailed distribution is shown in figure 4.2. The prompt v,
contamination is also evaluated and found to be negligible comparing to the sensitivity
of the experiment.

During the four years of data taking, 1995-1998, NOMAD collected a total of 2.2

01 inci on the target (POT).

38

—

www.manharaa.com



Neutrinos /m” /3 GeV/Ing‘ o.t.

10°

Neutrino Flux

10

10

10?2

111111

ey,
........

10° L

10

U P HPU R R RS S
20 40 60 30 100 120

Neutrino Erergy (GeV)

[

Figure 4.2: Predicted Neutrino Flux for NOMAD

4.2 DETECTOR

The detector is showed in Figure 4.3. The coordinate system used for NOMAD
had the x-axis into the plane of the figure, the y axis directed upwards and z-axis
horizontal to the right. The beam line is approximately along the z-axis but with
a 2.4° upwards. The main components of the detector are surrounded by a dipole
magnet which created a magnetic field along x-axis with value 0.4T. The inner volume
of the magnet is 7.5m along z and 3.5x3.5 along transverse plane.

The components along z-axis from upstream to downstream are a veto counter sys-
tem, a front calorimeter, drift chambers, a transition radiation detector, a preshower,
an electromagnetic calorimeter, a hadron calorimeter, and an iron filter consisting

in the return-yoke of the magnet and a set of large drift chambers used for muon
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Figure 4.3: A side view of NOMAD detector and it’s structure.

identification. Upstream and downstream of the transition radiation detector, two

large hodoscopes of scintillators provided a fast trigger.

The veto counters

The 59 scintillation counters are at the upstream of the whole detector to reject the
charged particles crossing through. These are either produced by neutrino interaction
within the upstream material such as iron magnet support, rock, or cosmic rays
traveling in every possible direction.The charged particle rejection efficiency of the

veto system was constantly monitored and remained stable at a level of 96-97%.

The Front Calorimeter (FCAL)
FCAL provides additional massive active target for neutrino interactions. it had a
depth of about 5 nuclear interaction lengths and a total mass of about 17.7 tons.

A minimum ionizing particle(MIP) traversing the whole FCAL had an equivalent
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hadronic energy of 430 MeV. The FCAL was particularly useful for the study of

charm dimuon production.

The Drift Chambers (DC)

DC provides both tracking and target. They were designed with conflicting require-
ments that the material has to be as heavy as possible to maximize the number of
neutrino interactions and as light as possible to minimize multiple scattering and sec-
ondary interactions. The complete target consisted of 145 drift chambers, with a 2.9
tons over a fiducial area of 2.6 x 2.6 m2. Each chamber contributed 0.02 X,. Overall,
the target had a density of 0.1 g/cm3 and a total length of 1.0 Xy; The fiducial mass
of the NOMAD drift chamber, composed mainly of carbon (64%), oxygen (22%),
nitrogen (6%), and hydrogen (5%), was 2.7 tons. The measured composition of the
target was 52.43% protons and 47.57% neutrons. The correction for non-isoscalarity
was about 5%.

Each chamber is made of 4 3x3m?

aramid-fiber panels sandwiched by Kevlar-
epoxy resin skins. The three 8 mm gaps between the panels were filled with an
argon-ethane (40%—60%) mixture at atmospheric pressure.

The central gap was equipped with sense wires at 5° and —5° with respect to the
magnetic field direction. These sense wires were 20 pym in diameter and were made
of gold-plated tungsten. They were interleaved with 100 um potential wires made of
Cu-Be. The momentum resolution provided by the drift chambers was a function of

momentum and track length. For charged hadrons and muons traveling normal to

the plane of the chambers, it was parameterized as

op, 0.05 0.008p

v/ Ay (4.1)

The Transition Radiation Detector (TRD)

The TRD was designed to separate electrons from pions with a pion rejection factor

greater than 103 for-a-90% eclectron efficiency in the momentum range from 1 to
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50 GeV/c. In order to be able to extrapolate track from the drift chamber to the
calorimeter, five drift chambers were embedded in the TRD, one after each TRD
doublet and one after the last module.

Each TRD module is made by a radiator block followed by a detection plane.
The radiator block was a set of 315 polypropylene foils, each 15 pym thick and 2.85
x 2.85 m? in area, separated by 250 pum air gaps. The foils were stretched on an
aluminum frame and embossed to ensure a regular spacing in spite of their large size
and electrostatic effects. The detection plane consisted of 176 vertical straw tubes,
each 3 m long and 16 mm in diameter, separated by 0.2 mm. The straw tubes were
fed in parallel with a xenon-methane (80%—-20%) gas mixture. They were made of
two shifted 12.5 pm thick ribbons of aluminized mylar rolled and glued along a 16
mm diameter helix. The sensitive anode was a 50 pm diameter gold-plated tungsten

wire stretched with a tension of 100 g.

The Preshower Detector (PRS)

The Preshower detector was installed for the purpose of enhancing photon conversion
and improve electron/pion separation.It was located just in front of ECAL, consists
of a lead-antimony converter followed by two planes of proportional tubes. One
plane has 286 horizontal tubes and the other has 288 vertical tubes. Each aluminum
proportional tube is 9mm wide and fitted with a 30pum-diameter tungsten anode, and
filled with an 80%-20% Ar-CO2 gas mixture.

The resolution was about 1 ¢m, much smaller than the dimensions of a single
tower of the electromagnetic calorimeter, this allows a precise determination of the
impact point of photon conversion if it happens in the lead radiator. It turns out
approximately 70% of photons convert in PRS. By using PRS’ spatial resolution
to distinguish two photons and the energy resolution of the ECAL, ©° can be recon-
structed with a resolution found to be 11 MeV/c2. The 2 invariant mass distribution

is shown in Figure 4.4.
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Figure 4.4: 27 invariant mass distribution which signify the existence of 7.

For particles energies greater than 4 GeV, by looking at the pulse-height spectrum,

the PRS can be used to identify electrons from pions with a 90% efficiency and 10%

contamination.

The Electromagnetic Calorimeter (ECAL)

ECAL plays a significant role in identification and measurement of final-state elec-

trons. It is also crucial to measure the neutral component(due to photons) of the

transverse momentum of final state particles. To accommodate a good energy resolu-

tion over a range from 100MeV to 100GeV, the homogeneous Cherenkov calorimeter

is made of 875 lead-
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has dimensions 79mmx112mmx494mm. They are calibrated in a test beam of 10
GeV electrons. The spatial resolution of electromagnetic showers is measured to be
about 4mm. The energy resolution is measured to be AE/E = a + b/v/E with E in
GeV, gave a = (1.04 £ 0.01)% and b = (3.22 £0.07)%.

The Hadronic Calorimeter (HCAL)

The HCAL was installed for the purpose of detecting neutral hadrons and to provide
a measurement of the energy of charged hadrons complementary to that derived
from momentum measurements in the DC’s. It is also important to measure the
transverse momentum which the neutral hadrons such as K; and neutrons could
carry a lot. Furthermore, calorimetric measurements of charged particles can be used
as consistency check on their momentum measurements in DC, and it also can be

used to distinguish between muons and charged hadrons. The HCAL had a energy

resolution about AE/E = 100%/,/E(GeV).

The Muon Chambers

In order to provide for the identification of final-state muons,10 drift chambers previ-
ously used in the UA1 experiment was installed. Each chamber contains four planes
of aluminum drift tubes, with two planes of drift tubes along horizontal and two
planes along vertical. Between each two planes, they are staggered by half a tube
width in order to resolve left-right ambiguities. The total active area per chamber is

3.75x5.55m?, the maximum drift length is 7cm.

4.3 SIMULATION, RECONSTRUCTION AND DETECTOR PERFORMANCE

The neutrino events are generated by the NEGLIB (NOMAD Event Generator LI-
Brary) which uses LEPTO 6.1 and JETSET 7.4. LEPTO simulate the deep inelastic
scattering, JETSET simulate the fragmentation of produced partons into hadrons.

NEGLIB also able to simulate quasielatic and resonance events. Later on, coherent
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Figure 4.5: The workflow between the several packages within NEGLIB.

model based on Reign Sehgal and Berger Sehgal were added and the coherent events
were generated too. As for the vertex of each neutrino interaction, the geometry of
NOMAD is used according to the material density distribution along the beam axis.
The workflow of the several packages within NEGLIB is shown in Figure 4.5.

After events generation, detector simulation is done by GENOM(GEant NOMad
library), which is based on GEANT.

The reconstruction is performed in two stages. The first stage, Phase I, recon-
structs raw data from each subdetector with RECON, a general reconstruction pack-
age, within phase I, the tracks and vertices in the drift and muon chambers and
clusters of hits in the calorimeters are assembled. The second stage, Phase II, iden-
tifies each individual particles. The Phase II output is then stored in a DST(Data
Summary Tape) format for use.

Not all the events or information is really needed for almost any analyses. The
Calisto package is used to apply some initial loose selection upon the DST files and
save most commonly used variables in ntuple format.The ntuple format based file can
be easily processed by PAW or convert to ROOT from where, one can proceed his

intereted study and make plots.
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Figure 4.7: Candidate v,CC event reconstructed in the NOMAD detector

Electron Identification

Electron can be identified from other particles when they both pass through TRDs.
When charged particle pass through inhomogeneous media, they lose their energy on
different ways based on their Lorentz factors (v = E/mc?), particles with  lose their
energy predominantly by ionization, whereas charged particles with v > 500 (mainly
electrons) also produced transition radiation X-rays at the interfaces of the foils. As
a result, a few low energy photons in keV range were produced, about 60% of them
were absorbed by the detection plane due to the large cross section between xenon
and keV photons. And because the emitted X-ray peaked around the initial particle

deposition was added on top of the ionization losses from
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same charged particle. The deposited energy distribution for electrons and pions in
TRD straw tubes are shown in figure 4.8.

A likelihood ratio based algorithm using the responses of all the straw tubes was

45 10 GeV pions

15
Energy (keV)

Figure 4.8: Energy deposited in the TRD straw tubes for pions and electrons

developed for electron identification. A pion rejection factor greater than 1000 was
obtained with the 9 TRD modules in the momentum range from 1 to 50 GeV/c, while

retaining an electron efficiency of 90%.

4.4 T NEUTRINO SEARCH

The NOMAD experiment was designed to search for 7 neutrino appearance from
v, — v,. Even though the oscillation was not observed through the whole operation
of the experiment, a brief introduction is deserved here. The v, search is performed
by looking for its charged current interaction v, + N — 7~ + X, 7 can be identified
by its decay products:

7 — decay products + v, (4.2)

Given the lifetime of 7 and its energy, the 7 travelled 1mm before decaying.

esolution of NOMAD is not good enough to recognize this
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secondary vertex. The decay products would be seen as the primary particles coming
from the neutrino vertex. The five primary decay channels are e~ vev;, p~v,v;, 7 v,
p vy and 7wy, they sum up to 86% of the total branching ratio.

For the p channel, v, CC interaction is the main background. Two variables are
used to do the selection. On the transverse plan, the angle between hadronic jet
direction and muon direction ¢, , and the angle between hadronic jet direction and
missing momentum ¢,,;,. In practice, a two-dimensional search in the combined space
of ¢, and ¢y, can be performed to improve the result.

For the electron channel, after a electron is identified ( a DC track associated
with primary vertex, satisfy TRD identification algorithm, ECAL cluster shape, con-
sistency between DC momentum measurement and ECAL deposited energy), the
main backgrounds are v, CC interactions with a genuine primary electron, NC events
with an electron from photon conversion or 7° Dalitz decay. In v, CC events the
electron was well isolated and balanced the hadron jet momentum in the transverse
plane. However, in NC events the electron was embedded in the hadron jet, so it’s
transverse momentum is almost aligned with the jet. The signal events had interme-
diate feature between the two extreme cases since neutrinos carried away transverse
momentum and the large 7 mass introduced a component of the electron momentum
perpendicular to the 7 direction, thus reducing its isolation. Based on the kinematics,
two likelihood ratios AY¢, A\C¢ are separated trained to distinguish signal from two
separate background source. Then, the plane ( AYY, \¢C) was considered to select
events and optimize the sensitivity of oscillation search.

Unfortunately, the analysis of the full NOMAD data sample gave no evidence for
T appearance. However, it gave a upper limit on v, — v, oscillation probability with
90% C.L.[30]:

Py, »v,;) <22x 107" (4.3)
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Figure 4.9: Final exclusion plot in the plane sin?6,,A for two flavor oscillation.[30]

In the two-family oscillation scenario, this sets a 90% CL allowed region in the
sin®0,, Am? plane which includes sin?6,, < 3.3 x 107* at large Am? and Am? <

0.7eV?/c* at sin?20,, =1 .

4.5 SUMMARY

The NOMAD experiment didn’t discover neutrino oscillation. However, it puts limits
on v, — v, oscillation probability two orders of magnitude better than previous
published results and remains this record until 15 years later.

More importantly, the NOMAD experiment developed excellent detector tech-
nologies with high resolution and identification capabilities, which can be learned by

future experiments. Indeed, inspired by NOMAD, a straw tube based fine grained
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tracker is proposed as one component of DUNE ND complex. This will be talked in

detail in Chapter 6.
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CHAPTER 5

COHERENT P1oN ProDUCTION IN NOMAD

As we mentioned before, for a coherent interaction, there’s no exchange of charge or
isospin between the neutrino and the nucleus, which doesn’t break and recoil very
little, this basically tells us the four momentum transfer to the nucleus, especially
the square of it, must be very small. Our derivation of coherent pion cross-section in
chapter3 starts with low (2, this leads to collinearity between the outgoing charged
lepton with the neutrino, and because of the low-recoil of nucleus, momentum conser-
vation requires the collinearity of outgoing pion at same time. All these indicate the
pion’s and lepton’s momentum on transverse plane must be small on their own and
their combined momentum on transverse plane (missing Pt) is small too. Further-
more, their separate and combined angles with respect to the neutrino direction(beam
direction) have to be small too. A event picture is shown in Figure 5.2. It can be
tell that both muon and pion tracks are forward-going with little momentum on
transverse plane, pion track going upward, muon track going downward which fur-
ther cancel away the total momentum on transverse plane. It is worth noting that
(Q)? is not necessarily zero, therefore the intrinsic transverse momentum for coherent
interaction exists and is not negligible.

In reality, the Q2 of coherent production is never necessarily to be zero, the out-
going lepton’s mass is not zero too, and the detector smearing is not negligible when
we reconstructing the kinematics, all these will make the above distinguishing vari-
ables less significant, but considering the high precision of NOMAD detector, these

variables are still appreciable to make a selection.
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Table 5.1: Normalization factors for each channel

(v,)Channel Event Number with ratio

CC 1,436, 000

DIS 143600/ (1 + 0.055)

Res 143600/(1 + 0.055) x 0.055/(1 + 0.75)

QE 143600/(1 + 0.055) x 0.055/(1 + 0.75) x 0.75

cohr* 143600/(1 + 0.055) x 0.055/(1 + 0.75) x 0.75 x 0.26
cohp™ 4350

5.1 NORMALIZATION

In the era when NOMAD experiment was taking data. High energy physics doesn’t
have much knowledge about the cross section for each neutrino channel or even the
inclusive ensemble, experimentalist cannot completely rely on Monte Carlo softwares
to do an absolute normalization or a normalization between different interaction chan-
nels. And for the Monte Carlo softwares used for neutrino event generation, it may or
may not able to calculate the cross section, and may only take event number requested
as input and then simply work on generating the kinematics for each interaction. To
take the full advantage of Monte Carlo simulation and ensure it matches data well,
applying a normalization upon all the event samples is needed before selection. One
also can fine tune the normalization factors according to his/her own specific study
and use variables which are particular important to the study. The normalization

table is showed in table 5.6.

5.2 SELECTION

A list of selection cut is explained as following:

1. Fermi Momentum Cut(Pfermi < 1.0GeV): Fermi momentum cut is applied to

all MC events to remove the non-physical events.
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Table 5.2: Fiducial cut of Z minimum for NOMAD data

run No. < 8375 [8376,9344] [0345,14164] >14165
Zmin(cm) 265.0  115.0 5.0 35.0

. W2s Cut(W2s > 1.96GeV?): The invariance hadronic mass only applied to DIS

and NC events.

. Fiducial Volume Cut: It’s always necessary to apply fiducial cut to cut out the
events took place close to detector surface, so the rest of them are equivalently
well reconstructed and will have same cut efficiencies for future cuts. The
fiducial volume used in this analysis is —bem < Z < 405em, | X|< 120cm,
|Y —5|< 120cm. For data, the minimum z used varies according to run number,

the detail is showed in table 5.2.

. Muon Identification: During Phase II of reconstruction, a DC track can be
matched to a hit in the muon chambers within 40cm in the first station, or
within 50cm in the second station. The cut will get passed if one of the three

conditions satisfied:

e Muon probability is greater than 0.999 and track momentum greater than

2.5GeV

e The track can be matched to muon chamber first or second station with

both x, y detected.

e [s a muon stub
. Tube/Veto Cut: this cut is applied to remove rock muon or cosmic muons.

. ncand=2: Number of primary charged track must be exactly 2, This cut will
move the QE with only one primary track and Resonance and DIS channel

which have more than three tracks.
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7. p — m+the selected muon track have negative charge and the other track (call
it hadron track) have positive charge: A magnitized detector like NOMAD is

able to apply such a cut, this will remove the wrong-sign events.

8. Angle cut: Cut on the angle between lepton track and hadron track. Coherent

events are outstanding with the collinearity of both lepton and hadron.

9. Missing Transverse Momentum Cut (P!, < 0.5GeV), Coherent events have very

small missing transverse momentum.

10. Neutral vertex and Cluster Cut: events have neutron hadrons can form sec-
ondary vertex which can be identified by decayed charged tracks. 7° and p° are
the most common ones, and their masses can be reconstructed. If the recon-

structed mass is greater than 0.05 GeV, the event fails the cut.

The cut table for all the single cuts is shown in Figure 5.7.

5.3 MuLTI DIMENSIONAL LIKELIHOOD

After the last single variable cut, there are still many CCDIS events and cohp” events
left. All the backgrounds are more than twice of coherent 7+ events. It has been
tested a few more single variable cuts doesn’t do a good job, therefore we develop
a multi-dimensional likelihood method to maximize the selection. The five variables

we found out to be the best candidates are:

o PT

) is Missing transverse momentum has very strong selection power as I men-
tioned above. The single cut we already applied on this variable is a very gentle

cut, and we have not exhausted its power.

e ¢/"s  Coherent pion events are more well balanced on transverse plane, the
angle between the Missing transverse momentum and hadron momentum on

the transverse-plane is relatively greater for the signal events.
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e (, thisis defined as: E,(1—cosf,), because of pion’s collinearity with neutrino,

(r is a very commonly used variable to select coherent events.

e xbj. coherent events typically has a low Xbj since a meson is created when the

nucleus stays unmodified.

e P this is the double transverse momentum of muon. A double transverse
variables is a very powerful tool in selecting events having no nuclear effect such
as neutrino hydrogen interaction. Since in coherent events neutrino interact

with the whole nucleus coherently, so there’s no nuclear effect.

Another variable can be considered is t, which is the squared of four momentum
transfer to nucleus. Since both lepton and pion’s momentum can be measured, the t

can be estimated as following:

1= 1(g — p=)*|= |(pv — Du — x| (5.1)
py = (Ey,0,0,E,) = (E, + E,,0,0,E, + Ey) (5.2)

Before we start to do any multi-variate analysis, let’s look at a the distribution of
the key variables. The 5 variables are shown in Figure 5.3 to Figure 5.8.

Their correlations are shown in figure 5.9. Because of their correlation, simple
single cut won’t be a good option to do further selection. We’ll try to use likelihood
ratio to training and testing. Since there are quite a few variables available to be
implemented in likelihood ratio, one can group three variables into one set, train them
within their three-degree phase space, obtain the likelihood ratio result, then use it
as an independent variable and group it with another two variables to train again,
the final likelihood ratio will have the highest selection power. The arrangement of

variables used in likelihood ratio training is:

[Pnj;z‘sv ¢mis,had7 Cﬂ'? [l’b], PIZ—:T{']] (53)
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After training, the likelihood ratio is applied to whole Monte Carlo sample and

data, the result is shown in figure 5.10.

5.4 NEURAL NETWORK

Artificial Neural Network is a machine learning technique which has already been used
in HEP community for a long while, but comparing to the traditional likelihood, it’s
still a modern tool. Comparing to the bubble chamber era, HEP experiments nowa-
days require millions or trillions events to be reconstructed on a very sophisticated
detector. More complicated algorithms are applied to do reconstruction, more com-
plex variables are saved to the final ntuples, more Monte carlo events are created,
at same time physicists pursue more precise result, the traditional one-dimensional
cut or multi-dimensional likelihood may not handle the current issue or not give the
best result. Machine learning relying on high speed computing provide a totally new
perspective for us, it can handle more variables, generally gives better result.

Artificial neural network are layered networks of artificial neurons mimicking bio-
logical neurons. The neutrons in each layer don’t communicate among themselves, in-
stead, each of them receive signal from previous layer neutrons as input, add weights,
and form an output signal and transmit to next layer. The very first layer receive
inputs from the user, then it will process the information and transmit to next layer,
this procedure continues until last layer, where the output will be the final result.
Initially neural network have zero knowledge about how to process the inputs, so the
result will simply be random. It has to be "trained" properly to eventually output
good result. Now let’s use N;; to represent the jth neuron in layer i, the layer i has O;
neurons, the neuron’s internal process is simply a non-linear function, for example, a
sigmoid function Out(in) =1/(14 e~™) , and the input of neuron N;; is:

Oi—1
In(Ni;) = Y wriOut(Ni-1,) (5.4)
r=1
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Figure 5.10: The likelihood result

All the neurons in the network can have same and known internal function, so the
uniqueness of the network is completely represented by a set of weights w, ;;. The
training procedure of the network is essentially to train the network until it achieves
a good set of weights, which will enable the network output decent result after taking
inputs.

In HEP experiment context, a simplest neural network is feed with a few vari-
ables, for examples, the kinematics of a detected neutrino event, the number of input
variables is the dimension, it can be as large as user needs, then the output will be
a 1 or 0, (signal or background). Before the training, the weights w, j,; are randomly
assigned, the user’s input is feed one entry by one entry, directly to the first layer of
the network, the first layer neurons process them and transmit the output to next
layer, so it’s a forward propagation process, after a while the last layer will output a
final value and this will be compared with the "true" value, if it predicts well, it will
reward the neighbor weighs, or it will punish them. This punish/reward mechanism

goes backward, the opposite way how the input information get processed. Ideally,
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Figure 5.11: Neural Network structure for coherent 7+ selection

user can provide enough input data, so after many rounds of forward and backward
work, the weights are trained to the extent that once a new input is given, it still can
predict the result well.

When working with likelihood, one generally has to carefully select a few variables
which already have strong power to select signal from background, but with neural
network, this is not necessary. With enough number of inputs to cover the kinematic
space of the neutrino interaction, it is still able to achieve decent result.

This neural network is trained with 6 variables: P7, PY, P, Pi.i, Pr.g Pig
besides the input layer and output layer, a configuration of 2 intermediate layers
with 10 and 5 neurons respectively is used. The structure is shown in Figure 5.11.

The training result is shown in Figure 5.12.

5.5 BACKGROUND NORMALIZATION

After the multivariate analysis no matter using likelihood or neural network, a signal
region is chosen by a cut on the output variable (LH or NN), this will be the region
where we count the number of signal events and start to calculate the cross section

by|[2]:

N _
- data ka:g (55)
€ X Ntarget X (b
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Figure 5.12: Neural Network structure for coherent 7 selection

The Nguq is the data in signal region, however, the way we choose the signal
region is to maximize the purity of signal and also maximize the efficiency of it. A
low-efficiency selection is more susceptible to variations in the signal or background
model, a low-purity selection is more susceptible to how background processes are
modeled. Therefore, there’s a trade-off between maximizing efficiency and purity of
a selection. Generally a figure of merit is used to optimize the combination. Back
to the equation, since the background cannot be completed reduced to zero after the
final cut, we have to deduct it from the data to get a raw-signal, that’s why there’s
a Npig in the numerator. e is the overall selection efficiency of signal calculated from
simulation, Nigg4e is the number of nuclei (for neutrino-nucleon interaction, this will
be number of nucleon) in the detector fiducial volume, and ¢ is the integrated neutrino
flux.

Before we deduct the background, we want to normalize it to make it more consis-
tent with our data. A control region or another term sideband used in collider physics
is chosen where background are dominant with little signal contamination, this region
can be used to constrain the background and the normalization will be applied to the

signal region. A very simple way to do the normalization is to check the number of
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Figure 5.13: E, distribution in signal region (left) and control region(right).

signal and background in signal region and control region separately and tune them
to be consistent with the number of data. A few iterations are generally needed to

maximize the normalization. The detailed equations are shown below:

_Njata — BN x lekg

SA
sig

_Ncll)ata — SN X Nsblg
Né)kg

SN

(5.6)
BN

Where the N3, and N, are the number of data in signal region and control re-
gion(background region) separately. Ng; and N b , are the number of MC signal events
in signal region and control region separately. Ny, and Nj  are the number of MC
background events in signal region and control region separately.

This can be done in whole phase space or in a few separate regions, in my analysis,
both methods are conducted. For the latter, visible neutrino energy is used to split to

7/14/24 regions, within each region, the background normalization is independently

conducted.

5.6 UNFOLDING

Unfolding (or deconvolution) is a general term for removing the effect of a measuring
device from a measurement. So far we have been using reconstructed variables to

do the selection, the reconstructed value is the truth value smeared by our detector
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Figure 5.19: t distribution in signal region (left) and control region(right).
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Figure 5.20: t’ distribution in signal region (left) and control region(right).

NOMAD, what we really interested are the true value, only with this, we can compare
it with results from other experiment. And unfolding is exactly what we are trying
to do. The simplest way to do unfolding is to create an unfolding matrix, a matrix
with row/column represent true value, column/row represent reconstructed value,
by using reconstructed Monte Carlo, the matrix can be filled. If the detector is
perfect and 100% reconstructs the truth out. Then the unfolding matrix is simply
all ones along the diagonal, zeros off-diagonal and unfolding is not necessary. But
in real experiment, reconstruction is hardly close to truth, and unfolding is generally

necessary. After unfolding, the fully corrected number of Coh 77 is:

7762.2 4 171.4(Stat.) + 48.3(BN) + 326.7(Syst.) 5
5.7

= 7762.2 + 372.1(Stat. © Syst.)(+£4.8%)
5.7 RATIO TO v, INCLUSIVE CC EVENTS

v, inclusive CC[27] has been studied and well-measured in NOMAD, the result can
be directly used to calculate the cross section of other channels. Therefore, instead
of using the cross-section equation above to calculate the coherent 7, we find out
the ratio of number of coherent 7 events to number of v, inclusive CC events, and

multiply it with the average mass number of detector fiducial area 12.8, it will give
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Figure 5.21: the ratio of coherent 7" cross section to the cross section of inclusive
cC

the ratio of coherent 7™ cross section to the cross section of inclusive CC . The ratio

is shown in Figure 5.21 and Table 5.8.

5.8 (CROSS SECTION

After obtaining the ratio of coherent 7 cross section to the cross section of inclusive
CC, then it’s straightforward to calculate coherent 7 cross section by using inclusive
CC result [27]. The cross-section result in 14 E, bins is shown in Figure 5.23 and in
Table 5.8.

The final cross section we obtained by using non-fixed background normalization
in 14 neutrino energy bins is: 0 = 117.82742.7(stat.)+4.96(syst.) x 10~*°cm? /nucleus

at the average neutrino energy of 25GeV, at average atomic number A=12.8.

5.9 SYSTEMATICS

There are a couple of systematic uncertainties I will talk about.

e Selection efficiency. For each cut we applied, we cut it on reconstructed value
since we don’t know the true value, it will more or less affect the efficiency which
is the denominator of the cross-section equation. Generally the better resolution

we have for the cut variable, we suffer less uncertainty of efficiency from it, the
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Figure 5.22: Cross section of coherent 7 as a function of neutrino energy, in com-
parison with RS model. Left: neutrino energy in linear scale, Right: neutrino energy
in logarithmic scale.

Table 5.3: Systematic Uncertainties for each selection cut in 14 E, bins.

E (GeV) E.—0 FE.+0 Up—0 O,+c PY -0 PM+o
2.5~ 6.0 11.68 14.92 0 1.22 -0.69 1.69
6.0 ~ 8.0 -8.79 -13.24  0.19 -2.21 -3.2 -0.2
8.0 ~ 10.0 2.98 -0.39 0.66 -0.29 1.35 0.04
10.0 ~ 12.0 2.39 -3.4 -0.04 0.67 -1.55 -0.19
12.0 ~ 15.0 0.17 -1.25 2.18 1.79 0.71 1.42
15.0 ~ 20.0 1.02 0.74 0.47 -0.3 -0.12 0.04
20.0 ~ 25.0 -0.59 1.84 1.15 0.13 0.99 0.45
25.0 ~ 30.0 1.01 -0.38 0.38 0.94 0.98 -0.17
30.0 ~ 40.0 0.86 -1.25 0.48 -1.25 0.15 -0.4
40.0 ~ 50.0 -0.11 -1.19 0.9 -1.56 -0.52 0.82
50.0 ~ 70.0 0.99 1.48 0.64 -0.47 -0.75 -0.12
70.0 ~ 100.0 -0.01 -1.62 1.91 -0.37 3.04 -1.6
100.0 ~ 130.0 3.11 -1.1 -0.43 -1.7 -0.27 -0.06
130.0 ~ 300.0 -0.5 -3.86 -0.97 6.62 -0.87 -1.79
2.5 ~ 300.0 0.64 -0.6 0.75 -0.02 0.21 0.09

uncertainty for each cut variable is showed in Figure 5.3. For each cut, we
vary it by minus then plus one sigma (from resolution),find out the corrected
signal , then compare it with the nominal one, the percentage difference will be

assigned as the uncertainty.

e Backgrond normalization error. As I mentioned above, there are two ways have

been used to do background normalization, one is to split "visible neutrino
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Table 5.4: Systematic Uncertainties for background cross section modeling in 14 F,
bins.

E (GeV) Res—o Res+o Cohp—o0 Cohp+o LH—o LH+o
2.5 ~6.0 7.39 -1.57 1.42 -1.03 7.97 -2.08
6.0 ~ 8.0 -4.78 -2.98 -5.82 1.27 -6.53  -3.02
8.0 ~ 10.0 0.6 -1.4 1.35 1.67 -0.24  -1.72
10.0 ~ 12.0 -2.5 0.83 -1.43 -0.18 -2.73  1.08
12.0 ~ 15.0 0.96 1.11 -0.66 1.03 0.86 1.55
15.0 ~ 20.0 -0.93 -0.52 -1.76 0.62 -0.88  -0.88
20.0 ~ 25.0 0.43 2.49 -1.5 2.67 0.52 2.36
25.0 ~ 30.0 2.28 1.25 -0.53 3.94 1.57 1.58
30.0 ~ 40.0 -0.02 -1.9 -2.32 1.25 -0.27  -2.11
40.0 ~ 50.0 1.76 2.74 -3.13 3.45 1.85 2.25
50.0 ~ 70.0 -2.99 -0.01 -2.43 2.32 -2.78  -0.98
70.0 ~ 100.0 -6.4 2.61 -2.75 0.71 -6.27  2.64
100.0 ~ 130.0 -2.23 -5.36 -6.42 1.75 -2.08 -3.82
130.0 ~ 300.0 2.49 9.43 -1.14 8.1 2.52 6.43
2.5 ~ 300.0 -0.38 0.47 -1.7 1.68 -0.52  0.33

energy"' to few bins and do background normalization separately, the other is
to do it in whole range. The difference between the two is considered as a

systematic uncertainty.

e Cross section error. A big systematic uncertainty comes from the cross section
prediction for each background channel. We find out the error the same way
we do for selection efficiency. The 1 sigma error used for CC Resonance is
7%, from NOMAD measurement [16], the 1 sigma error for CC coherent p™ is
8%[22], from another NOMAD measurement. Comparing to these two chan-
nels, the uncertainty coming from quasi-elastic is negligible. for DIS, we already
used control region to restrain it. Its error is contained in the background nor-
malization error. The systematic uncertainties for each channel’s cross section

modeling is shown in Figure 5.4.

e Systematics from Final State Interaction(FSI). For coherent processes, it’s not

sensitive to final state interaction since neutrino interact with whole nucleus
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Table 5.5: Systematic Uncertainties for Flux, FSI and the summary of total system-
atic errors, statistical errors and total errors in 14 E, bins.

E (GeV) Flux Err FST  Stat  Tot Sys. Tot Err (%)
2.5 ~ 6.0 3.3 4.51 34.66 22.87 41.53
6.0 ~ 8.0 3.5 451 15.86 20.48 25.90
8.0 ~ 10.0 3.7 4.5 10.83 7.43 13.14
10.0 ~ 12.0 2.6 468 892 8.15 12.09
12.0 ~ 15.0 2.6 4 6.87 6.45 9.43
15.0 ~ 20.0 2.3 453 516 5.82 7.78
20.0 ~ 25.0 2.3 2.45 5.76  6.26 8.50
25.0 ~ 30.0 2.3 2.4 6.93 6.46 9.48
30.0 ~ 40.0 3.2 1.75 578 5.71 8.13
40.0 ~ 50.0 3.2 1.64 826 7.70 11.30
50.0 ~ 70.0 59 0.71 824 8.24 11.66
70.0 ~ 100.0 5.9 -2.83 9,59 12.77 15.97
100.0 ~ 130.0 7.5 -3.5  16.13 13.40 20.97
130.0 ~ 300.0 7.5 8.5 21.45 20.05 29.37
2.5 ~ 300.0 2.5 1.8 2.16 4.16 4.69
B Eiee 5§ F o

150; @% 150;

50: 50%

%20 " &0 8 10 120 10 160 Ecz;e\é())o o 1o ‘ ‘szV(Gev)

Figure 5.23: coherent 7 cross section as a function of E,,, comparing with RS model,
Left: E, is in linear scale, Right: F, is in log scale.

and pion is generated out of this effect.

However, FSI affect any neutrino-

nucleon background processes. So by switching FSI on and off in Monte Carlo,

we generate separate MC datasets and compare the result, we are able to find

out the size of the uncertainty. The uncertainty is shown in Figure 5.4.

e Flux uncertainty. This is shown in the table 5.5.
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Figure 5.24: coherent 7 cross section as a function of E,,, comparing with RS model,
Left: E, is in linear scale, Right: F, is in log scale

By combining all the systematic uncertainties from different sources, we can find
out the total systematic uncertainty, it’s shown in Figure 5.5 together with statistical

uncertainty and total uncertainty.

5.10 COMPARISON WITH WORLD DATA

The comparison between this analysis with the historical measurement from other
experiments is shown in Figure 5.24 together with Rein-Sehgal model and Berger-
Sehgal model. The data are from experiments E632[35, 36], BEBC[37], Charm II[34],
MINVERvA[9]. All the experiments measurements are scaled to have equivalent
atomic number A=12.8 by (14/12.8)1/3 for the purpose of comparison. The cross
section measurement of this NOMAD analysis is consistent with the cross-section
prediction of Rein-Sehgal Model. So far, even though NOMAD data was taken more
than two decades ago, this analysis still provides the largest coherent pion interaction
statistics and most precise measurement of cross section with average F, =25 GeV.

It is worth nothing that the counterpart of this analysis: coherent 7~ analysis with

NOMAD data, has already been conducted, interested reader can find it here[17].
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Table 5.6: Cut table for normalization (neglibDIS).

Cut QE Res CC-DIS  Cohrho+ Cohpi+ MC data data/MC
Total  35480.3 47316.8 1561739.4 4691.9 11416.5 1660644.9 4018980 2.42
Pfermi 35257.3 47031.2 1547988.8 4691.9 11416.5 1646385.7 4018980 2.44
W2 35207.3 47031.2 1472166.6 4691.9 11416.5 1570563.5 4018980 2.56
Fidu 32084.0 42778.6 1361137.4 4350.0 10330.1 1450680.2 3135328 2.16
Epi 32084.0 42778.6 1361137.4 4350.0 8341.8  1448691.8 1926258 1.33
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Table 5.7: Cut Table for all single cuts(neglibDIS)

Cuts QE Res CC-DIS Cohrho+ Cohpi+ MC Data | Data/MC
Total 21166.0 28377.3 956794.5  4214.1  10003.0 1020554.8 | 4018980 3.94
pfermi 21047.8 28213.4 948625.6  4214.1  10003.0 1012103.9 | 4018980 3.97
w2 21047.8 28213.4 902910.4  4214.1  10003.0 966388.7 | 4018980 4.16
fidu 19381.9 25925.4 835571.0  3908.7 9211.0 8939979 | 3135328 3.51
ph2mu 19101.6 25564.2 735207.1  3577.8 9075.0  792525.6 | 1240972 1.57
tube/veto 18930.4 25176.9 730634.8  3519.8 9008.9  787270.7 | 1175872 1.49
ncand=2 7681.5 13293.9 71994.6 2692.9 8228.3  103891.2 | 141752 1.36
mu- 7680.9 13291.0 71819.5 2665.1 8204.9  103661.4 | 132297 1.28
had+ 7466.4 12989.6 68296.8 2638.5 8149.0  99540.3 123453 1.24
theta<177.5 7462.4 12985.0 68285.4 2638.2 8147.2  99518.2 121038 1.22
Fit Matrix Error 7372.6 12892.9 67658.4 2601.6 8076.6  98602.1 119277 1.21
Epi>1.0 GeV 3186.4  3975.1  41141.1 2405.1 5376.9  56084.6 66282 1.18
Theta<0.5 Rad 10.7 1174.2  25484.3 2397.3 5180.7  34247.2 41118 1.20
mPt<0.5 GeV 7.4 554.2 9978.4 2146.5 5006.4 17692.8 18619 1.05
asym__phadpneu>0. 7.4 550.9 7793.9 1211.5 4994.8 14558.5 14421 0.99
mgg<0.05 7.4 550.7 7514.0 997.5 4971.2 14040.8 13709 0.98
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Table 5.8: R and cross-section for coherent m+ selection, 14 E,;s bins are used, with non-fixed BN(background normalization),

NN is used for multivariate analysis

Evis E | Norm-bkg Data | Raw-sig  Eff Corr-sig + Stat | R R-Err Xsec £ Stat
25~6.0 4.6 8.4 24 15.6 0.1628 90 £ 31.18 6.77 2.345 31.31 £+ 10.853
6.0 ~ 8.0 7.1 21.8 81 59.2 0.2675 218 + 34.58 8.26 1.31 55.45 £ 8.797
8.0 ~ 10.0 9.1 31.7 142 110.3  0.3029 3709 4+ 40.18 | 815 0.882  67.27 £ 7.286
10.0 ~ 12.0 11 44.8 213 168.2  0.3262 513 £+ 45.78 853 0.762  84.72 £ 7.561
12.0 ~ 15.0  13.5 68.7 340 271.3  0.3464 7924 £ 5445 | 7.5 0.515 90.6 £ 6.226
15.0 ~20.0 174 109.8 590 480.2  0.3727 1294.2 £66.82 | 7.19 0.371 112.06 £ 5.785
20.0 ~ 25.0 224 92.7 495 402.3  0.3984 9989 £+ 57.51 | 6.35 0.365  126.8 £ 7.301
25.0 ~ 30.0 274 76.1 340 263.9  0.4095  672.5 £46.62 | 5.32 0.369 129.46 £ 8.975
30.0 ~ 40.0  34.5 82.9 487 404.1 0.432  916.7 = 53.01 | 5.39 0.312 161.47 4+ 9.338

40.0 ~ 50.0  44.6 59.1 264 204.9  0.4272  481.7 £39.8 | 437 0.361 169.15 + 13.977
50.0 ~ 70.0  59.1 62.1 278 2159  0.4145 513.9 £42.34 | 3.69 0.304 188.96 + 15.57
70.0 ~ 100.0  83.8 48.2 207 158.8  0.3843  412.1 £ 39.52 | 2.93 0.281 212.79 £ 20.406
100.0 ~ 130.0 113.2 33 102 69 0.3775 1829 +£29.5 | 229 0.37 225.25 £ 36.335
130.0 ~ 300.0 170.2 25.7 72 46.3 0.3362 135.6 £ 29.1 1.57 0.337 232.1 4+ 49.791
2.5 ~ 300.0 25 752.5 3635 | 2882.5 0.3736 7715.6 & 166.48 | 5.35 0.116  119.91 + 2.587
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CHAPTER 6
COHERENT 7 APPLICATION IN PROPOSED STRAW TUBE

TRACKER BASED SAND DETECTOR IN DUNE

6.1 THE NEAR DETECTOR OF DUNE

Similar to any other near detectors of long baseline experiments, the near detector
of DUNE serves two purposes[3, 1]. (1) Constraining the systematic uncertainties re-
lated to the oscillation measurements. (2) Advancing short-baseline neutrino physics
such as precision measurements of neutrino interactions. The design of near detector
is still being actively discussed and developed. The current reference configuration of
Near detector complex include three components: a large mass Liquid Argon Time
projection Chamber (LArTPC) without magnetic field, a magnetized Multi- Purpose
Detector (MPD), both of them plan to be moveable according to DUNE PRISM
program. A third detector, System for on-Axis Neutrino Detection (SAND) will be
located on-axis to do beam monitoring and perform various physics measurements.
The Near Detector complex structure is illustrated at figure 6.1 This chapter will
focus on introducing the SAND and the coherent pion channel’s application within
it.

The ND complex will be placed 62m underground, at a distance of 574 m from
target. A schematic view of the neutrino beam line and near detector location is

shown in Figure 6.2.
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Figure 6.1: DUNE Near Detector Complex

Primary Beam Enclosure
Apex of Embankment ~ 60"

MI-10 Point of Extraction
Near Detector Absorber Hall Target Hall Complex
Kirk Service Building Service Building (LBNF-20)
Road (LBNF-40) (LBNF-30)
Absorber Hall

Primary Beam
Service Building
(LBNF-5)

Figure 6.2: The DUNE neutrino beam line

6.2 SAND

The System for on-Axis Neutrino Detection (SAND) utilize the existing KLOE[29]
magnet and electromagnetic calorimeter, a low-density tracking device will be placed
in the center. The old KLOE detector is shown in figure reffig:kloe_pic The proposed
design is a straw tube technology based tracker (STT), a liquid argon volume can be
added to do cross-calibration between different ND components and unravel nuclear

effects. The proposed geometry is show in figure 6.4.
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Figure 6.3: The KLOE experiment

The KLOE magnet is a superconducting magnet which successfully served for the
KLOE experiment(K-LOng Experiment). It produces 0.6 T over a cylinder volume
with 4.3 m length and 4.8 m diameter. The magnetic field is along the axial direction.
The coil and cryostat weigh 8.5 tons, the return yoke weighs 475 tons.

The KLOE electromagnetic calorimeter[29] is a lead-scintillating fiber sampling
calorimeter. Scintillating fibers offer high light transmission over several meters, sub-
ns timing accuracy and very good hermetivity. It’s composed of a barrel which is
cylindrical and two endcaps ensure hermeticity. The barrel calorimeter consists of 24
modules, each one is 4.3 long, 23 thick with trapezoidal cross-section. Each module
is made by 209 scintillating layer interleaved with 209 Lead layers. The scintillating
fiber is along the axial direction and connect to photomultiplier tubes at two ends.
For each module, there are 12x5 photomultiplier tubes connected. The two end-

caps have similar structure. The total weight of calorimeter is about 100 tons, the
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YZ view (beam -0.101 rad along Z) XY view (B along X)

Figure 6.4: Geometry of the complete detector with the inner magnetic volume filled
by the STT supplemented by the LAr meniscus, as implemented in the GEANT4
simulations.

readout system includes 4880 photo-tubes. The energy resolution for the calorimeter

is 0/E =5%/\/E(GeV), the timing resolution is 54//FE(GeV) ps.

6.3 STrRAW TUBE TRACKER

Typical neutrino detectors suffer from a conflict between two opposing requirements:
large target mass to produce large quantity of neutrino interaction, low-dense enough
to minimize multiple-scattering and provide high resolution tracking. Furthermore,
in most fine-grained neutrino detectors, the active detector consisting of several dif-
ferent material and also provides target mass, a drawback of this configuration is
the difficulty to precisely control the target chemical composition and size, limiting
the ultimate precision achievable in the measurements. Additionally, it rarely pro-
vide an option to modify the target configuration during data taking. A straw tube

technology based detector, is designed to offer a strategy to solve these outstanding
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issues. It’s named as Straw Tube Tracker (STT), it is configured in a way where
the neutrino targets are physically separated from the actual tracking system (the
straws) of negligible mass. The target mass materials are alternated with tracking
straw tubes, therefore the mass is uniformly distributed throughout the tracker with
an overall average low density. And the target modules can use different material
at different location to serve different physics interests. It’s also practical to replace
target module during data taking.

STT is very flexible due to its modular design. By changing the modules’ con-
stituent and rearrange all the modules in a specific way, it can satisfy many demands
such as total fiducial mass, specific target mass, average density. After a meticulous
tuning of the module components and placement of different types modules, the fol-
lowing features can be achieved for STT: average density rho 0.18g/cm?, radiation
length Xy 2.8m, tracking sampling 0.15(0.36)%Xqo L(]])-

A typical module, or standard module is designed with a total width of 44.09mm

as following and shown in figure 6.5.

e The straws can be fabricated with either the ultrasonic welding or the tradi-
tional winding technologies. Each module consists of four straw layers XXYY
glued together where the XX denotes two horizontal layers providing y co-
ordinates measurement, YY denotes two vertical layers provide x coordinates

measurements.

e The ultrasonic welding technology has been demonstrated in the COMET ex-
periment that it’s feasible to build straws with wall thickness of 12um and 5mm
diameter. A conservative design would be 20 pum. The wall will be coated with
70nm Al, the central wire is made of tungsten with 20um diameter with a 20

nm gold coating.
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e The four straw layers are preceded by a radiator composed of 150 polypropylene
CHs;, foils 15 pm thick, interspaced by 120 pum air gaps. it’s designed in this way
to enhance transition radiation from which electron can be identified from pion.
NOMAD have similar design and proved to have excellent e/m separation. The
total thickness of the CH, in a single radiator is 2.25mm. The total thickness

of one radiator is 20.13mm.

e The radiator is preceded by a solid polypropylene CH, target slab. The thick-
ness of this slab, 5.3mm, can be tuned in order to achieve the desired target

mass and detector density.

e Both the radiator and the CHj slab are removable without affecting the func-

tionality and mechanical stability of the STT module.

e The default gas mixture for modules equipped with radiators is Xe/CO4 70/30

operated with a internal pressure of about 1.9 atm.

e Each STT standard module contains a total of 7.55 mm thickness of CHy cor-

responding to 1.5% of the radiation length X.

6.3.1 NUCLEAR TARGETS AND "SOLID'" HYDROGEN CONCEPT

The STT is designed to offer a control of the configuration, chemical composition
and mass of the neutrino targets similar to the one achieved in electron scattering
experiments[5]. Various thin nuclear targets can be integrated into a STT module
after removing the radiator and the polypropylene target slab.

The most important nuclear target material is graphite. CH, target slab and
polypropylene provide interactions on CHjy, graphite slab provide interactions on C,
by measuring them in same detector, a high precision of Hydrogen events can be
extracted, these Hydrogen events are extremely valuable for flux measurement deter-

mination[8l.and nuclear.effect constraining. The graphite target can be implemented
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Figure 6.5: Drawing of a default compact STT module including three main elements
(left to right): (a) a tunable polypropylene CHy target; (b) a radiator with 150
polypropylene foils for e ID; (c) four straw layers XXYY. The radiator and plastic
target are removed for modules to be equipped with nuclear targets.

by a "graphite module" in which the CHs slab and radiator are replaced by a graphite
slab. The module structure is shown in Figure 6.6. The total length is 22.66mm
and corresponds to about 2% of radiation length X,. Ca is another important nu-
clear target, it has same atomic weight as Ar but is isoscalar, allowing a complete
characterization of A= 40 nucleus, as well as various measurements related to isospin
physics. A thin cryogenic liquid argon target is also planed to be added in front of
the STT assembly. Above all, additional nuclear targets can be installed (Fe, Pb etc)
depending upon nuclear measurements requested by the community. The default gas
mixture used for STT modules equipped with nuclear targets (without radiator) is
Ar/CO5 70/30 with an 1.9 atm internal pressure.

The STT and related nuclear targets will fill the entire inner volume of KLOE

magnet and ECAL, which is about 42.5m3. As you can see, the targets’ type and
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22.6600

YY straws

Figure 6.6: Drawing of one compact STT module equipped with graphite (pure C)
target. The thickness of the C graphite plate is tuned to provide the same fraction
of Xy as the CHy modules.

width/mass can be tuned to achieve a desired fiducial mass and resolution and satisfy
different physics goals at same time. The baseline STT configuration is described

below and show in Figure 6.7.

e 91 modules installed horizontally along beam direction. They are introduced

following the beamline

e LAr module: A liquid argon target located in the very front, followed with 8
straw layers XXYY + XXYY.

e 3 standard modules with CH, target slab and radiator.

e A sequence of 6 blocks, each composed of a "graphite module" followed by 12

standard module.

e One graphite module
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Figure 6.7: Views of the detailed STT geometry. The upstream empty space cor-
responds to the location of the internal LAr target, the first upstream STT module
following the LAr target includes 8 straw layers XXYY+XXYY, the blue modules
correspond to the ones equipped with graphite targets and are interleaved with stan-
dard CH; modules shown in green.

e 3 standard modules
e 5 tracking modules with CH, radiators but without target slab.

e The total thickness of the STT with the default configuration corresponds to

about 1.42 X, including the straws and all target materials.

6.3.2 PERFORMANCE AND ADVANTAGES

Conservatively speaking, straw tubes have single hit resolution <200um. But it’s
worth noting that the tracker of the COMET experiment implementing same tech-
nology as STT achieved a single hit resolution of about 140 gm. The STT provides
superb momentum( 3.5%), angular ( 2mrad), and timing ( 1ns) resolutions, as well
as particle identification using both ionization signals dE/dx and the transition ra-
diation. In NOMAD, transition radiation planes were able to have 7 rejections 10?

for 90% electron efficiency.
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The STT offers several unique advantages with respect to the other inner tracker

candidates:

e By using polypropylene target radiators CH2 with 100% chemical purity and
graphite target, a solid hydrogen target and its neutrino interactions can be

well extracted and selected.

e Offering multiple nuclear targets candiates (e.g. C, Ca, Ar, etc.) to measure
nuclear effects and compare with Hydrogen within the same detector with same

acceptance.

e Timing resolution allowing to resolve the beam structure & withstanding high

rates.
e Transition Radiation (TR) capability for electron/positron identification.
e 47 detection of 7 from 7 conversions within the STT volume.

e Flexible design allowing a variation of the target configuration with density

0.005 < p <0.18 g/cm?.

6.3.3 EVENT SIMULATION AND RECONSTRUCTION

Neutrino events are simulated by GENIE[15] and NUNDIS in FLUKA separately by
different group. I specifically work on using GENIE to generate neutrino events. GE-
NIE is very good at handling flux and geometry, it’s able to accept flux as simple as
a flat energy range ; or as complicated as the output of upstream hadron production
simulation done by another Monte Carlo program(dk2nu), or intermediately a three
dimensional structure with both initial position and momentum of each neutrino ray
( GSIMPLE, as the name says, it’s still a simple format). As for the geometry, it can
accept as simple as a list of target and their mass ratios, or more realistic like a gdml

file. Geometry Description Markup Language (GDML) is a specialized XMIL-based
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language designed as an application-independent persistent format for describing the
geometries of detectors associated with physics measurements.It’s not specific to a
particular software, but supported by many HEP softwares such as GEANT and
ROOT. GENIE is able to take GDML and realistic flux file like GSIMPLE/dk2nu as
input, generate vertex by analyzing each neutrino ray traversing the detector geom-
etry one by one. With official DUNE flux provided by fermilab beam group, and the
STT based SAND detector geometry implemented in GDML, one is able to generate
very realistic neutrino events with all the flavors of neutrino and all the target and
their spatial relation considered.

Detector simulation is done by using GEANT4[24] and FLUKA separately. I focus
on using GEANT4 based software EDep-sim. Edep-sim is basically a wrapper around
GEANT4 with good input and output interface. Where it’s available (in particular
for argon), the simulation implements fairly detailed model of the energy deposited as
ionization and scintillation. This is implemented using the NEST model. Edep-sim
output is then converted into detector digits in order to be used for the subsequent
event reconstruction.

Event reconstruction is also done separately in a detailed way (by a few Italian
institutes) and fast way. I work on fast reconstruction particularly. Fast reconstruc-
tion is appreciable when detector is not built and there’s no way to implement and
validate a complete reconstruction which generally take years to do. But still, fast re-
construction can be realistic by using all the available detector/empirical /theoretical
knowledge , and can be flexible enough to quickly serve downstream physics analyses.
The fast reconstruction treat activity in electromagnetic calorimeter and STT differ-
ently. it also use different strategy for events originating in different detector area.
Here I focus on events whose vertex is in fiducial volume of STT which is defined
as 20cm inward from its boundary. For any charged particles such as pt/=, nt/—,

their activities in STT are considered firstly, the number of straw tube hits can be
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extracted from edep-sim, if it’s number of y hit( track hitting horizontal straw tube
will give y coordinate) is less than 4, it will be considered as un-reconstructable by
STT, then calorimeter will be left to reconstruct it which may succeed or fail. If num-
ber of y hit is >4, Gluckstern formula is used to find out the track’s measurement

uncertainty of momentum and angle:
2 2 2
(m) [ opointprL | 720 i 0.05 [1.43L
P ) \03BL2\ N+4 BLY Xy
2 2
9 o |12(N —1) n 0.015 | L
og =| —| % —t =
b L\ N(N+1) V3p V X0

with the track length, number of y hits as input. Later on a circular fit is developed

too.

6.4 COHERENT PION POTENTIAL ON FLUX RATIO DETERMINATION

As I mentioned in previous chapters, Coherent pion has a clean experimental signa-
ture. It has very little momentum transfer to the nucleus which remains in its ground
state, small missing P, and only a muon and a pion coming out without any other
activities in the detector. Nuclear effects are much smaller than neutrino-nucleon

interactions.

6.4.1 WRONG SIGN CONTAMINATION MEASUREMENT

In any accelerator based oscillation experiment, the neutrino beam is always contam-
inated with wrong-sign neutrinos, i.e neutrino-mode contaminated by antineutrinos,
anti-neutrino mode contaminated by neutrinos. It becomes critical to measure the
ratio of v/v to achieve a high precision oscillation measurement. The ratio of CC
coherent m — /7+ provides an excellent way to precisely measure the v, /v, flux ratio
as a function of energy. Both interactions have the same experimental signatures

with opposite charge (u~7+ and ptm— | respectively), the systematic uncertainties
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Figure 6.8: Reconstructed missing transverse momentum for coherent 7 (left panel)
and 7~ (right panel) selected in STT in neutrino beam mode. The histograms show
the actual statistics expected.

related to the event selection largely cancel out by the ratio. Model uncertainties also
significantly cancel out. In particular, Adler’s theorem which is based on the partially
conserved axial current (PCAC) theorem, relating the neutrino-nucleus cross section
to the pion-nucleus elastic cross section, predict that the neutrino and antineutrino
cross-sections are the same for an isoscalar target. Small corrections from interference
effects with the vector current are expected in some microscopic models. Coherent
7+ interactions in the STT radiators occur on isoscalar carbon nucleus, thus offering
a potential reduction of systematics.

The most important experimental parameter is the resolution of |t|( the momen-
tum transfer to the nucleus), requiring high momentum and angular resolutions. The
fiducial mass of STT provides enough statistics for a precise measurement of the
wrong sign component of the beam through coherent mproduction. the STT selection
result of coherent 7. in the FHC beam mode is shown in Figure 6.8. Overall, we can
achieve an efficiency of 43% (42%) with a purity of 87% (86%) for coherent 7+ (7—)
in STT. In Figure 6.9 we summarize the corresponding precision on the v, /v, flux
ratio achievable in STT for both the FHC and RHC beam modes, the uncertainty
predicted by PPFX[11] is in comparison. PPFX is package developed in Fermilab

to predict the flux with hadron production corrections using all relevant data. It
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Figure 6.9: Uncertainty on the v, /7, flux ratio determined in STT from the ratio of
coherent pion production in FHC neutrino mode (left panel) and RHC antineutrino
mode(right panel). The uncertainties obtained by PPFX from the beam group are in
comparison

can be seen the STT measurements with coherent pion channel offer a powerful in-

situ constraint on such flux ratios, with uncertainties greatly reduced comparing to

PPFX’s.
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