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Abstract

The Deep Underground Neutrino Experiment (DUNE) is a future long-baseline os-
cillation experiment designed to address long-standing open questions in neutrino
physics. Its primary goals are to establish whether nature violates CP symmetry
in the lepton sector and, if so, to measure the phase dcp, to determine the neutrino
mass ordering, and to improve the precision on 653 and its octant. DUNE will use
a high-intensity muon (anti)neutrino beam, produced at Fermilab (FNAL), and
will measure oscillations in both appearance and disappearance channels using
two detectors located at near and far sites with respect to the beam production
point.

The far detector, installed at the Sanford Underground Research Facility in South
Dakota, will consist of a modular 68 kt liquid-argon time projection chamber de-
tector. The near detector (ND) complex at FNAL will combine three complemen-
tary subsystems to measure the unoscillated neutrino flux and to constrain the
interaction and flux systematics that currently limit the extrapolation of event
rates from near to far.

SAND (System for on-Axis Neutrino Detection) is one of the three ND sub-
detectors and will be permanently located on-axis, acting as DUNE’s primary
beam monitor. It will host a 0.6 T superconducting magnet and a lead—scintillating
fiber sampling electromagnetic calorimeter (ECal), both refurbished from the
KLOE experiment. The ECal will provide nearly hermetic coverage of the in-
ner volume, which will be instrumented with a low-density target—tracker system
and a ~ 1t liquid-argon detector, GRAIN (GRANular Argon for Interaction of
Neutrinos), to image neutrino interactions via scintillation light.

SAND is expected to carry out a broad physics program, including measurements
of (anti)neutrino fluxes using interactions on hydrogen, constraints on the system-
atic uncertainties entering the far-detector rate prediction, and measurements of
v—nucleus cross sections on several targets. The successful operation of the ECal
in particle reconstruction and identification is therefore crucial.

This thesis develops a complete simulation-to-analysis chain for the SAND ECal,
from the modeling of energy deposits in the scintillating fibers to high-level recon-
structed clusters and their association with Monte Carlo truth. Dedicated digiti-
zation, clustering, and truth-matching algorithms are implemented and integrated
in the SAND software framework, and the calorimeter response is characterized
for both electromagnetic showers and muons. The active—to—total energy calibra-
tion factor and the energy resolution compatible with the performance achieved
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by KLOE have been found, providing a quantitative validation of the ECal re-
construction chain and an infrastructure for future calibration, performance, and

particle-identification studies.

Building on this framework, a dedicated selection procedure for neutron tagging
in 7, + p — pt + n channel on hydrogen in the SAND tracker targets is devel-
oped. The ECal signal efficiency, purity and non-hydrogen background rejection
are quantified, yielding a neutron-tagged, hydrogen-enriched selection suitable for
neutrino—hydrogen analyses and for constraints on flux and cross-section system-
atics in the DUNE oscillation program.
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Introduction

Neutrinos are extremely light, electrically neutral particles that have been studied
over the last decades, producing evidence of physics beyond the Standard Model.
Experiments have shown that neutrinos change flavour as they propagate, imply-
ing that their mass states are different from their flavour states and that neutrinos
have non-zero masses. Most oscillation parameters are now measured with good
precision, and the focus of current and future facilities has shifted toward over-
constraining the three-flavour framework and searching for deviations that could
indicate new physics.

The Deep Underground Neutrino Experiment (DUNE) is designed to address
several of the most pressing open questions in neutrino physics. By observing the
oscillations of a high-intensity v, and 7, beam over a baseline of about 1300 km,
DUNE aims to determine the ordering of neutrino masses and to test whether
charge-parity (CP) symmetry is violated in the leptonic sector. A significant
CP-violating phase could provide a clue to understanding the matter-antimatter
asymmetry of the Universe. In addition to its long-baseline program, DUNE will
be sensitive to atmospheric neutrinos, search for proton decay and other rare
processes, and record neutrinos from a potential core-collapse supernova, offering
a broad physics program that extends beyond oscillation measurements.

To achieve these goals, the experiment will use a high intensity (anti)neutrino
beam produced at Fermilab and directed toward a multi-kiloton liquid-argon time-
projection chamber detector, located deep underground at the Sanford Under-
ground Research Facility in South Dakota. A Near Detector system at Fermilab
will measure the unoscillated beam and characterize neutrino interactions close
to the source. Precise near-site measurements are essential both for monitoring
the beam and for constraining neutrino interaction models, which in turn control
many of the dominant systematic uncertainties in the oscillation analysis.

SAND (System for on-Axis Neutrino Detection) is one of the three detectors that
constitute the DUNE Near Detector complex. Placed on-axis in the neutrino
beam, SAND will provide a continuous monitor of the beam intensity, direction,
and energy spectrum. Beyond this beam-monitoring role, SAND is a versatile
neutrino interaction detector. It combines a magnetic low-mass gas-based track-
ing system with a high-performance surrounding electromagnetic calorimeter and
hosts interchangeable nuclear targets, enabling detailed studies of v and 7 in-
teractions on different materials. A 1-ton active target for v-Ar interactions,
called GRAIN (GRanular Argon for Interaction of Neutrinos), is located in front
of the tracker and is designed to image neutrino interactions using scintillation
light produced in argon by charged particles, providing an on-axis argon target
for cross-calibration with the other ND detectors and dedicated measurements of
v-Ar cross sections and nuclear effects.

In particular, by comparing interaction rates on hydrocarbon (CHz) and graphite
targets, SAND can isolate charged-current interactions on free protons in hydrogen
through the so-called solid-hydrogen technique. The resulting hydrogen-enhanced
samples, largely free of nuclear effects, can be used to constrain both the absolute
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Introduction

and relative neutrino and antineutrino fluxes and to measure cross sections on free
nucleons. In combination with data on several nuclear and argon targets, these
measurements allow SAND to quantify nuclear effects and final-state interactions
and to reduce model uncertainties in the near-to-far extrapolation used in the
DUNE oscillation analysis.

The magnetized tracking volume, together with the surrounding electromagnetic
calorimeter, provides nearly 47 coverage, enabling precise tracking and calorimet-
ric measurements of charged particles and photons, and allowing the reconstruc-
tion and tagging of final-state hadrons, including neutrons. A detailed under-
standing of the ECal response is therefore essential, both for the reconstruction
of neutrino energy and for the kinematic selection of hydrogen events, used in
flux and cross-section measurements. The work presented in this thesis develops
a complete simulation—to—analysis chain for the SAND ECal, including realistic
digitization of the scintillating-fiber signals, clustering, and truth-matching tools
that are exploited to tune the reconstruction parameters, quantify the intrinsic
energy resolution, and develop the strategy and tools for the complete particle
identification in SAND. In addition, the neutron-induced activity in the calorime-
ter has been characterized, and the neutron-tagging selection has been performed
and characterized for v,p — p*n interactions on hydrogen. These studies pro-
vide the first quantitative evaluation of the ECal performance needed for the
solid-hydrogen program at SAND and for using exclusive v and 7 interactions on
hydrogen to obtain precise constraints on the neutrino flux and interaction models
in the DUNE oscillation analysis.

The thesis is organized as follows:

e Chapter 1 introduces the basic concepts of neutrino oscillations and reviews
the current status of neutrino physics.

e Chapter 2 presents the DUNE experiment, describing the LBNF beam, the
Far Detector and the Near Detector complex, and summarizing the main
physics goals that drive the detector design.

e Chapter 3 is devoted to the SAND detector. It describes the supercon-
ducting magnet, the electromagnetic calorimeter, the GRAIN liquid-argon
target, and the options for the inner tracker with their modular nuclear tar-
gets. This chapter also outlines the SAND physics program, including beam
monitoring, flux measurements, and studies of nuclear effects for interactions
on hydrogen.

e Chapter 4 presents the simulation and reconstruction framework used in this
thesis for the SAND ECal. It summarizes the edep-sim energy-deposit sim-
ulation and the digitization that converts the energy hits in the scintillating
fibers into realistic electronic signals. In addition, it gives an overview of
the existing reconstruction chains for the inner tracker and for GRAIN.

viii



Introduction

e Chapter 5 presents the reconstruction and truth-matching algorithms for
the SAND ECal. It details the clustering procedure and introduces the
edep-reader and backtracking tools that associate reconstructed clusters to
Monte Carlo trajectories and build their truth counterparts. Using dedicated
particle-gun and neutrino samples, the results of the reconstruction-truth
chain validation are presented.

Chapter 6 applies this framework to neutron detection in the SAND hydro-
gen program. The ECal neutron detection efficiency is quantified at hit and
cluster level, then final-state neutron signals from 7,p — ptn are charac-
terized. The procedure for neutron tagging and evaluation of its efficiency,
purity, non-H interaction rejection and impact on flux and cross-section
measurements on hydrogen are presented.
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Chapter 1

Neutrino physics

1.1 Neutrino introduction

The neutrino was first postulated by W. Pauli in 1930 as a neutral particle with
spin-%, proposed as a “desperate remedy” to save energy conservation in S de-
cay [1]. In 1933, E. Fermi developed a model to explain # decay in which the
undetected particle was taken into account and called neutrino [2]. To account for
the parity violation of the weak interactions, verified by the experiment performed
in 1956 by C. S. Wu [3], the vector current in Fermi’s theory was replaced by the
V-A (vector minus axial) form [4, 5]. The nowadays-called Fermi theory, here
reported for the beta decay,

L=——F[er"(1—75)ve] [Pra(l —ars)n] + he, (1.1)
V2
with ¢ = 1.2695 £ 0.0029 and G the Fermi constant, describes the point-like
interaction between four fermions and is the low-energy effective theory of the
weak interactions. The results obtained by this effective theory are accurate only
when the energies of the involved particles are much smaller than the weak scale,
ie. E < My ~ 80 GeV with My the W-boson mass [6].

The first electron antineutrino (7,.) was discovered by F. Reines and C. Cowan [7]
in 1956 at the Savannah River reactor via the inverse-3 decay process

Ued+p—et 4+n.

The detector consisted of two water tanks doped with cadmium salts, each placed
between liquid scintillator chambers [8]. The antineutrino interacts with a proton,
producing a neutron and a positron. The positron promptly annihilates, emitting
two back-to-back v rays; the resulting Compton electrons are detected in the
scintillators as a prompt coincident signal. The event signature is completed by
the delayed « rays from neutron capture on Cd (see also [8]).

B. Pontecorvo in 1959 [9] proposed that neutrinos produced in pion decay were
different from those produced together with the electron in 8 decay. In 1962 the
muon neutrino was discovered by L. Lederman, M. Schwartz, J. Steinberger and



Chapter 1. Neutrino physics

collaborators [10] at Brookhaven National Laboratory. In their experiment, pions
produced by a proton beam on a beryllium target decayed as

™ =ty and S VR S 7

A series of ten modules, each composed of nine spark chambers, was exposed to the
neutrino beam. The photographs were scanned, searching for muon tracks easily
distinguishable from the electromagnetic showers produced by electrons. Many
muon tracks were observed, but no electron events. The conclusion was that a
neutrino produced in association with a muon yields muons in charged-current
interactions (here with neutrons and protons),

Vpt+n—p +p, vyt+p—pt+n,

supporting the hypothesis of different neutrino types. Eventually, also the third
neutrino family, with the first direct detection of the v, was observed by the
DONUT experiment at Fermilab in 2000 [11].

Compared to other particles, neutrinos have a much smaller probability of inter-
acting with matter and, being neutral, cannot be detected via continuous ioniza-
tion tracks as charged particles are. Neutrinos are never directly observed and
different neutrino flavours can be distinguished only by the flavours of the charged
lepton counterparts produced in the weak interactions. Despite the experimental
difficulties, neutrino physics has attracted sustained attention since the discovery
of lepton flavour change due to the phenomenon of flavour oscillations. Neutrino
oscillations prove that neutrinos have mass, but the mechanism responsible for
their mass generation has not yet been confirmed; consequently, the current effort
of neutrino physics, with most measurements consistent with three-flavour oscil-
lations, has shifted to precision determination of the mixing parameters and to
establishing the absolute scale and nature of neutrino masses (see Section 1.3).

1.2 Neutrinos in the Standard Model

The Standard Model (SM) describes what is known and understood in particle
physics. It is a gauge theory based on the symmetry group SU(3)c x SU(2)p %
U(1)y. Particles are present as fermions and bosons, and the strong, weak and
electromagnetic forces are described as an interaction term between the fermion
fields and the corresponding spin 1 interaction boson field. The fermion content
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of the theory can be written as

()
u

quarks: q(Lf): (d(Lf)>7 ug), dg),
L

()
leptons: E(Lf) = (V(Lf)) ) 6%)7
€r

(1.2)

where the index f labels the three quark and lepton families. The fields have been
split into left and right-handed chirality components. Left-handed fields are weak
isospin doublets transforming as SU(2); doublets, while right-handed fields are
singlets; only left-handed fermions participate in charged-current weak interac-
tions because of maximal parity violation. Right-handed neutrino is not present
in the minimal SM because there is no experimental evidence of its existence.

Mass terms of the type —m ¢ cannot be added to the Lagrangian density as they
would violate the required gauge invariances. Particle masses are instead gener-
ated by the spontaneous breaking of SU(2)y x U(1)y via the Brout-Englert—Higgs
mechanism, which postulates the existence of a complex scalar doublet ¢. This
field is an SU(2);, doublet with hypercharge Yy = +% fixed by the requirement
that the zero-field configuration (the vacuum) is left unchanged by electromagnetic
gauge transformations that correspond to the subgroup U(1)em:

_ L (e _ L (o
¢—ﬂ<¢0>, <¢>—ﬂ<v). (13)

The interaction with the field ¢ generates Yukawa terms in the Lagrangian density
that, after EWSB and in unitary gauge, for one family and restricting to the
fermionic sector, can be written as

—Ly = meegrer, + e hegrer + deRdL + md hcszL
v m v (1.4)
— u —
+ my ugur, + — hugur + h.c.,
v

where v is the vacuum expectation value of ¢, h is the physical Higgs field, m; =
Yrv/ V2, and Y} is the Yukawa coupling for fermion f. It can be noticed that in
the original formulation of the SM, neutrinos were taken to be massless because
there was no evidence for neutrino masses, and no vg field or neutrino Yukawa
term was included.
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1.2.1 Extension to three families and Vo,

The Lagrangian density extended to three families, without considering strong
interactions, can be written as

LSM = LYM + L¢ + LFermions + LYukawaa (15)

where

1 1
o Lyy=— Wi, W — ~B,B".

o Ly=(Dup) (D"¢)—V(¢'¢), with D, =0, —ig G W —ig 1B, (for the
Higgs with Yy = %) and V(¢T¢) = —p2 ¢To + Mol )2

L LFermions = Lkzn +£’em +LCC +LNC = ZEEL+lQ¢Q +iURlDUR+
iDrI) Dr+i Eg I Er . Where L4, are the kinetic terms, L), are the elec-

tromagnetic interaction terms, Lo and £ o are the charged and neutral
weak interaction terms.

o Lyukawa = —Ye ER¢'L — Yy Dpo'Q — Y, Ur¢'Q + hec., with ¢ = ioog*
and Yy are 3 x 3 matrices.

Particles are grouped as vectors in flavour space:

duL/R ur/R dr/r
quarks: QLR = | Ger/R | Ur=|crr |- Drr=|sr|:
q4tL/R tr/R br/r
le €L/R VeL
leptons: L= 14,1, Err= |t |- Np = |vur
Lr TL/R vrL
(1.6)
with

U c t Ve v vy
quL = L y deL = L 3 qtr = L y Ee: L 3 e,u,: n y ET: L .
dr, S, br er KL L

After EWSB, the Yukawa term can be written as

_ _ _ M.
Lyukawa = — Me EREr, — Mg DpDyp, — M, UrUr, — Te ErELh
(1.7)
My - M, -
— 4 PpDrh — ““UrULK + hec.,
v v
with My =Yyv/ V2. In the basis of the eigenstates of interaction, M ¢ are generic
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1.3. Neutrino masses

non-diagonal 3 x 3 matrices, while I) is diagonal. Fields can be transformed as

E, = V.E| Er = U.E}
D, = VgD, Dr = UyDl, (1.8)
U, = VU, Up = U,Up

Performing the bi-unitary transformations so that V]:r MUy = M;lmg , the Yukawa
term becomes

Lyukawa D — E ME9E, — Dy M9 D, — Up M39U, . (1.9)
where M?wg are now diagonal.

All terms in Lgj; remain unchanged except the charged current term £¢C =
% (W, J~H+W, J*H], in which, for example, J~* = Niy*Er,+Ury* Dy, becomes
JH = Npy*V, By + U, ViIiVyAH DY (1.10)

There is no reason to rotate neutrinos (they are massless here), but they can be
redefined as N;, = V., N}, so that

I = N VIV Ep + UL ViV Dy = NpAPEL + Up Vorm A Dy, (1.11)

where Vo = VJ Vy is the Cabibbo-Kobayashi-Maskawa matrix. Charged cur-
rents in the quark sector are not diagonal, so in the Standard Model, there is
flavour changing in charged current, while charged currents in the leptonic sector
are diagonal. If neutrinos had a non-zero mass, it would be necessary to make an
independent transformation on Ny, and also for the leptonic sector, there would
be flavour changing in charged current.

1.3 Neutrino masses

The evidence for the flavour oscillation phenomenon, discussed in Section 1.4, is
in contrast with the massless nature of neutrinos. In this light, vz can be taken
into account to build a Yukawa term

LYukawa D) _YVNR$TL + h.c. (112)
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which, after the EWSB, gives rise to a Dirac mass term —M, NgN;. To diago-
nalize M, it is necessary to operate a transformation on the fields

N, =V,N;, Nr =U,Ng, (1.13)
that modify the charged currents
J " > Npy*L — N} VIV.AHE] (1.14)

where VJ Ve is the Upnns (Pontecorvo-Maki-Nakagawa—Sakata) matrix. The in-
troduction of neutrino masses generates flavour change in the charged current also
in the leptonic sector.

There is another term that, given the null charge of neutrinos, is compatible with
the gauge invariances of the £g)s and so it can be added to the Lagrangian density.
It is a Majorana mass term, and it is written, for one family,

1
iMDIC%VR—Fh.C. . (1.15)

V¢ is obtained through
P =Cop’ (1.16)

where C is the particle—antiparticle conjugation operator. Under the action of C
all the quantum charges change their sign and in particular a left-handed field is
transformed into a right-handed one, and vice versa. It is possible that the right-
handed component of the neutrino field is equal to its C-conjugated left-handed
field. If this possibility is verified then the neutrino is said to be a Majorana par-
ticle, while for a Dirac particle left- and right-handed components are completely
independent.

An important point to underline is that M is a new mass scale introduced in the
Standard Model and the introduction of this term is evidence of physics beyond the
Standard Model. The Majorana mass term breaks the accidental lepton-number
symmetry; this leads to two options: Lgjys is invariant under the global lepton-
number symmetry (so the Majorana term is not present) or Lgyy is invariant only
under gauge and Lorentz symmetries and the term must be taken into account.

If one assumes that the Dirac mass is the only mass for neutrinos, the Dirac mass
term generated by the EWSB is somewhat unnatural because it gives rise to much
smaller Yukawa couplings with respect to the couplings of the other particles,

Y, my,

Y=Y <107S. 1.17
Y. " m. (1.17)
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The introduction of M can represent a solution to this problem. Considering for
one flavour the general Lagrangian density,

L=-Y, v vrrvrp, + M (D]C%I/R + ﬁRV]CpL) (118)

V2

with Y, % = m, = mp, this can be written as
1/ _ 0 mp vy,
—— (v h.c. 1.19
2 (VL VR) (mD M) (V%) + e, ( )

M £/ M? + 4m?

2

whose eigenvalues are mj o = . Assuming M > mp it turns

2

m
out that m; ~ ——2 my ~ M and vy ~ vy, v ~ vpg; therefore, in this hypoth-
esis, the introduction of the Majorana term leads to a light neutrino v which is
essentially the observed particle v;,. Thanks to the presence of M the smallness

of the mass mp is justified also with a Y}, of the order of the Yukawa couplings of
2 2,2
m Yiv
the oth ticles, being —2 = —“—.
e other particles, being — - i

The mechanism described above, which gives an explanation for the smallness of
the neutrino mass with the introduction of the Majorana mass term, is called
the see-saw mechanism. If the Lgjps is seen as an effective theory, a composite
operator

07" = (£ 9) (67 41)

with dimension 5 can be considered, as shown in Eq. (1.19):

LSM+€0d:5. (1.20)
A
The EWSB of this term gives rise in the £gps to a Majorana term My, v§ vy, where
My, is linked to the vacuum expectation value of ¢. Depending on the choice of the
propagator between the two interaction vertices there are three kinds of see-saw
mechanisms, called I, II, III.

1.4 Neutrino oscillations

In the late 1960s the Homestake experiment [12] was testing the Standard Solar
Model (SSM), which describes the Sun’s behaviour, by measuring the predicted
neutrino flux from the Sun. The experiment used a radiochemical technique to
measure the flux of solar neutrinos by counting the number of 3" Ar atoms produced
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in the charged—current capture
Ve +31C1 — 3TAr + .

The number of interactions per day was expected to be 1.7, but the observed rate
was only 0.4840.04 neutrino interactions per day; this deficit became known as the
solar neutrino problem. Gallium-based radiochemical experiments (SAGE [13] and
GALLEX [14]) also measured a deficit of solar neutrinos. The Super-Kamiokande
[15] water Cherenkov detector clearly observed the direction of solar neutrinos
from the Sun, but the flux was about half the SSM expectation.

Could it be that the Standard Solar Model is not correct? The SNO experi-
ment [16], a Cherenkov detector consisting of 10% kg of D20, could measure both
the total and the electron—neutrino fluxes from the Sun. The SNO data demon-
strated that the total flux of neutrinos from the Sun was consistent with the
theoretical expectation, ¢(1)model = (5.1 £ 0.9) x 105 cm~2s~!, but rather than
consisting only of v, there was a large component of v, and/or v,; in particular,

(V) + d(vr) = (3.41 £0.63) x 10° cm 2571,

These results confirmed that the number of v, produced at the source was correct
and that the missing v, were actually converted into neutrinos of other flavours.

What is observed by the experiments can be explained by the phenomenon of
neutrino oscillations, suggested by B. Pontecorvo in 1967 [17] and improved by
V.N. Gribov and Pontecorvo in 1969 [18], then framed in the flavour-mass mixing
scheme introduced by Z. Maki, M. Nakagawa, and S. Sakata in 1962 [19].

1.4.1 Oscillations in vacuum

The fundamental motivation of why neutrinos oscillate is that they are emitted
in states with definite flavour which are not eigenstates of the free particle Hamil-
tonian (mass eigenstates), so when they propagate in vacuum they have to be
decomposed into the basis of the mass eigenstates and the evolution of these must
be considered separately.

Consider a neutrino beam of definite flavour, produced at some initial time ¢t = 0,
denoting with a Greek index the flavour eigenstates, and with a Roman index
the mass eigenstates. The neutrino flavour eigenstates are related to the mass
eigenstates by the unitary Upnng defined in Equation 1.14. Then we have:

va) = Usi i), (1.21)
i=1



1.4. Neutrino oscillations

where U, are the complex conjugates of the elements of the PMNS matrix. Since
massive eigenstates ‘1/1> have definite mass and energy, they evolve in time as

plane waves:
|vi(t)) = e BFmPil) |1, (0)), (1.22)

where L is the distance travelled in the time interval ¢. Exploiting the fact that
neutrinos are almost massless, this gives

5 5 m?
. —_— ~Y . 71
L~t : E; =\/pf +m; _pl—|—2 , (1.23)

|va(L)) :ZU;e*i%L\W(o». (1.24)

The probability amplitude for observing a 8 flavour neutrino after the time t is

i) _-mi
(vg|va(L ZUBJ by = ZU& . (1.25)

The corresponding probability is given by

2
Pa_>/3(L = ‘ I/ﬁ|l/a ZUfB] U e_i sz L
(1.26)
mz,mz
* k¥ ;] 1
=Y (UsiU%) (UsUs) e o0
ij
Defining the squared—mass differences Am = m2 — m , the phases are
Am?j L

From Equations 1.26-1.27 it can be noticed that:

e the phases depend on the squared neutrino mass differences m2 — m?,

plying neutrino flavor oscillations occurring only if at least two species of

im-

neutrinos have a nonzero mass and their masses are not all the same,

!The equal momentum assumption and the light-ray L = ¢ approximation are not justified in
the formulation with plane waves, but are irrelevant or justified in the derivation of the oscillation
probability with the wave packets treatment [20]
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e both parameters that can be tuned in the experiment design as L, the
source—detector distance and F, the neutrino energy, and physical constants
Am?j are present in the oscillation probability phases,

e the amplitude of the oscillations is governed by the constant elements of the
mixing matrix Upyins,

e only information about the values of the squared-mass differences can be
inferred from neutrino oscillations, but not on the absolute values of neutrino
masses.

A useful formulation of Equation 1.26 is the one with separated real and imaginary
parts, resulting in

P(I/a—H/ﬁ) = 5o¢ﬂ — 42%{U2iUﬁanjUEj} sin2 Aij

i>j (1.28)
+2 S{UniUsiUa;Uj; } sin(24A4),
i>7
with
A AmyL 1.29
W4 R (129

If « # [ oscillation probabilities are called transition probabilities, while the
oscillation probabilities of the channels with @ = § are usually called survival
probabilities. For survival channels (a« = (), the quartic products are real, giving
the simple form:

P(vo—va) =1-4> |Unil*|Uas|* sin® Aj;. (1.30)
1>7

In practice, oscillations are observable only when the phase A;; in Eq. (1.29) is of
order unity; for A;; < 1 the modulation behaves as sin? Ajj~ Afj and is too small,
while for very large A;; rapid oscillations are averaged by the L/E resolution.

Experiments therefore, choose L/E to target specific Am? ranges, here reported
some accelerator baseline (cf. Table 7.1 in [20]):

e short-baseline: L~1km and E~1GeV is sensitive to Am?~1eV?, giving
Aij ~ 127,

e long-baseline: L~ 10°km and E ~1GeV probes Am? ~ 1073 eV?, again

e very-long-baseline: L ~ 10*km and F ~ 1GeV targets Am? ~ 10~ *eV?

10



1.4. Neutrino oscillations

These choices place data near the first oscillation maximum and maximize visibil-
ity.

1.4.2 Two flavour approximation

Many situations are well described by an effective two—flavour framework in which
only two flavour states (vo,vg) mix with two mass eigenstates (v1,12). In this

(Va> U (1/1) , U ( co.s19 sinﬁ) ’
Vg V9 —sin®  cos

with mixing angle 0 < ¢ < /2 and the squared-mass difference Am? = Am2; =

m3 — m? (taking vy as the lighter state so that Am? > 0). The a — 3 transition

probability from Equations (1.26)—(1.29) is reduced to

approximation

Am?2L Am?2L
P(vy — vg) = § sin® 20 [1 - cos( ;nE ﬂ = sin? 20 sin2( TE > , (a # B).
(1.31)
The survival probability is
Am?L
P(Vy — Vg) =1 — P(vg — vg) = 1 — sin? 249 sin® <ZZ?> . (1.32)

These expressions are consistent with the general three—flavour formulae when a
single frequency dominates, so A;; in Equation (1.29) reduces to Am2L/(4E)
and the quartic products in Equation (1.28) collapse to sin? 29.

1.4.3 Antineutrino formulation

For antineutrinos, flavour states are superpositions of massive antineutrinos, dif-
fering from the neutrino case by the use of Upyng. With the same conventions as

Equation (1.21),
Pa) = Y Uai|7i). (1.33)

Using Ay = Am?jL /(4E) from Equation (1.29) and the neutrino decomposition

11
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in Eq. (1.28), the antineutrino probability is

P00 —D3) = 6ag — 4> _ R{UUpiUa;Us; } sin® Ay
1>]

— 2 {ULUzUL,Us, } sin(2A5). (1.34)
1>]

Comparing Equations (1.28) and (1.34) shows that the only difference between
neutrino and antineutrino case in vacuum is the sign of the term proportional to
the imaginary parts of the term

JZ]B = Uy, Ui Uaj Ug;.

«

This sign flip comes from CP conjugation, which sends U — U* while leaving
the phase A;; unchanged. Hence any neutrino—antineutrino difference arises from
complex phases in Upyins.

1.4.4 CP violation in vacuum

Charge conjugation (C), parity (P) and time reversal (T) are discrete symmetries
of space-time. The combined operation CPT is an exact symmetry of any local,
Lorentz—invariant quantum field theory,

CPT =1L (1.35)

In the neutrino context, a CP transformation interchanges neutrinos with antineu-
trinos and reverses the helicity [21], so that

ve <2 7. (1.36)
Consequently, CP maps oscillation channels according to
CP _ _
Va—Vg — Ug—1p. (1.37)
A T transformation exchanges the initial and final flavour states,
T _ _ T _ _
Vo —Vg > Vg—rUq, Vo =g < Ug—1,. (1.38)
Using CPT, one obtains the exact vacuum relation
P(va—vg) = P(Ug—Ua). (1.39)

12
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A useful corollary is that survival probabilities are identical in vacuum as can be
seen also using Equation (1.30),

Pva—va) = Plia— 7). (1.40)

The CP-asymmetry can be quantified as the difference between the two probabil-
ities for neutrino and antineutrino in Equations (1.28) and (1.34):

APas = P(va—vp) — P(la—1g) = 4> S{J2} sin(244)). (1.41)
1>7
In the three flavour case Equation (1.41) reduces to the Jarlskog form
Apag = 16 Jag sin Azl sin Agl sin A32, Jag = :I:J, (1.42)
where
J = C12 S12 €23 593 6%3 S13 sin 6CP (143)

is the Jarlskog invariant and the sign depends on the o and 3 permutation. Equa-
tion (1.42) makes clear that CP asymmetries vanish if any mixing angle is zero,

if any Am?j is zero, or if dcp = 0, 7.

A standard observable for CP violation is

P(I/a —>Vg) — P(ﬁa —)ﬂg)
P(voa—vg) + P(Ua—13)

A = : (1.44)
which is different from zero in vacuum only for appearance channels (a # ).
For survival channels (« = () the CP sensitive term already vanishes in Equa-
tion (1.30), so in vacuum P(ve —Ve) = P(Uq —Va).

The CP phase. In the standard three—flavour parameterization of Upying there
is a single physical Dirac phase dcp controlling CP violation in oscillations. Its
determination is a primary goal of current and future experiments: a nonzero value
confirms CP violation in the lepton sector and may shed light on the observed
matter—antimatter asymmetry of the Universe.

1.4.5 Oscillations in matter

Coherent matter effects. Neutrino oscillations in vacuuum arise from the
phase differences among mass eigenstates discussed in Subsection 1.4.1. On the
other hand when neutrinos propagate in matter, they can also interact with the

13
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medium. Incoherent inelastic weak scatterings have the characteristic cross section

GZs _ E,m;
o~ 7 ~ 1073 cm? =~

us GeV?’

[21] with s the Mandelstam variable, F, the neutrino energy, and m; the target
mass. The corresponding mean free path in a medium of number density N is

1 10%¥cm GeV?

l ~ ~
No (N/em=3) E, m;’

so in ordinary matter (N ~N4cm™3, my~1GeV)

p 10** cm
matter EV/GGV 3

implying that the Earth becomes opaque only for E, >10° GeV, below neutrinos
absorption is negligible. The coherent forward elastic scattering can still happen,
modifying the neutrino phase velocity instead of the intensity. Coherence means
the medium remains unchanged and the neutrino forward—scattered wave inter-
feres with the unscattered one, which can be encoded as an effective potential
in the evolution equation. Coherent interactions, in which the medium remain
unchanged, may occur via neutral currents (NC), which affect ve,v,, v, equally,
and via charged currents (CC), which act mainly on the electron flavour that is
the only one that matches the incoming lepton.

From two flavours in vacuum to matter. For simplicity, let’s consider the
two—flavour system described in Subsection 1.4.2 where the neutrino state can be
written in the basis ¥ = (v, v;)T, with v, orthogonal to v.. The state evolution
in vacuum is described by the Schrodinger equation

d 1 m? 0 m2+m3 (1 0
i — U = H,.U Heyppe = — U Ut - ——-2
i , Yo ()(0 mg) (9) 1B 0 1)

where E' is the neutrino energy and U(¥) is the 2 X 2 mixing matrix,

cos Y sin
U@W) = . ., Uu=1I
—sind cos?

Evaluating the product explicitly,

1 o (m% 0 > ot — 1 (czm% +s?m3  cs(m3 — m%))
2 - 9

2B\ 0 m2 2E \ cs (m2 —m?2) s*m?+ 2m3

14



1.4. Neutrino oscillations

m% +m§

10
with ¢ = cos ), s = sin?). Subtracting the trace term —. ( 1) gives

0

Am?2 [ —cos29 sin 29
Hyoe = , Am? = m2 —m2.
vae 4F ( sin29¥  cos 219) 2 !

The evolution is

U(L) = e el g(0) = U Ut w(0),

so oscillation probabilities result as [(vg|va(L))|? = P(vo — vg)(L), reproducing
Eqgs. (1.31)(1.32).

When neutrinos propagate in matter of constant, electrically neutral and un-
polarised density, coherent forward scattering adds a diagonal potential V' =
diag(Ve, V) with

V2
Vo = V2Gr N, + Ve, Ve = WNos We = — 5 GF Ny,
where N, and N,, are the electron and neutron number densities. The neu-
tral-current term is common to both flavours and cancels in probabilities, so one
can use V' = diag(Voc, 0) with Voo = v2Gr N, and write the effective Hamilto-
nian in matter as

Hyr = Hyye + diag(Veg, 0).
Re-diagonalising Hj; gives the effective parameters

in 29
Am?\/l = M Am?, sin29,; = 8134 ,

with

M = \/(COS2Q9—A)2+sin2219, A= iw,

Am?
where the 4 sign holds for neutrinos and the — sign for antineutrinos. These
medium—induced modifications of the effective mass splitting and mixing angle
are known as the Mikheyev-Smirnov—Wolfenstein (MSW) effect [22, 23]. Using
the effective parameters, the probabilities in matter take the same form as in
vacuum with the replacements ¥ — 9, and Am? — Am?\/l, leading to

Am%\/l L

Amfw L)
’ 4F

Pve—v,) = sin? 20 sin2<T

P(ve—ve) = 1—sin? 20, sin2<

15

).
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The MSW resonance occurs when the matter potential compensates the vacuum
term in the effective mixing angle, namely

A=cos29 <= 2V2GrN.E = Am?cos?29.

At this point one has ¥y = 7/4 and therefore sin? 29y, = 1: even if the vacuum
mixing ¥ is small, oscillations in matter can become maximal and the flavour—conversion
probability is strongly enhanced.

Because the matter term enters through A with opposite sign for neutrinos and an-
tineutrinos, the effective mixing parameters in matter are different for v and v even
if the CP phase is zero. Neutrinos usually propagate into matter that contains elec-
trons but essentially no positrons, so v, interact with a positive charged—current
potential while 7, with an equal and opposite one. The resulting difference be-
tween P(v, — vg) and P(Uy, — Ug) is a matter-induced CP asymmetry: it is
generated by propagation in an asymmetric medium rather than by CP violation
in the mixing matrix.

Because A sign(Am?), the resonance condition can be satisfied only for one
sign of Am? in a given channel. This dependence on the sign of Am? links the
MSW effect to the neutrino mass ordering and can be exploited in long—baseline
neutrino experiments such as DUNE (see Chapter 2) to determine the hierarchy.

Matter effects are negligible when |A| < 1, so that 957 ~ ¢ and Am3, ~ Am?. In
addition, oscillations are experimentally invisible if the phase in matter is minimal,
Am3,L/(4F) < 1 as discussed in 1.4.1, even in the presence of a matter potential.
Observable MSW effects therefore require both a sufficiently large matter term
and an experimental baseline such that Am?2,L/(4E) ~ O(1).

1.5 Measurement of the neutrino oscillation parame-
ters

Neutrino oscillations are studied experimentally using a variety of neutrino sources
and detector technologies. By measuring the probabilities for a given flavour to
appear or disappear, one can constrain the elements of the PMNS matrix Upnns
(see Equation 1.14) together with the neutrino mass—squared differences.

The PMNS matrix can be described in terms of four physical parameters: three
mixing angles 612, fo3, 13 and one CP—violating phase dcp. In general, a 3 x 3
unitary matrix is specified by nine complex numbers, but the unitarity condition
UUT = 1 imposes nine real constraints, leaving nine real free parameters. These
can be organised as three real rotation angles and six complex phases of the

16



1.5. Measurement of the neutrino oscillation parameters

form e'®. Five of those phases are unphysical, since they can be absorbed into
redefinitions of the charged-lepton and neutrino fields, so that only one phase

remains observable.

A convenient parametrisation expresses Upyng as the product of three effective
two—flavour rotations,

1 0 0 C13 0 ei50p813 C192 S12 0
UPMNS =10 C23 593 0 1 0 —s12 c12 0 R (1.45)
0 —823 (€23 —elécp S13 0 C13 0 0 1
“atmospheric” “accelerator /reactor” “solar”

where ¢;; = cos0;; and s;; = sin 0;;.

The mixing angles ;; can, without loss of generality, be chosen in the first quad-
rant, 6;; € [0,7/2], while the CP phase is taken in the range dcp € [0,27].
Different classes of experiments are mainly sensitive to different subsets of these
parameters. Atmospheric and long—baseline accelerator experiments constrain o3
and |Am?, |, solar—neutrino and long—baseline reactor measurements determine 612
and Am3,, and short-baseline reactor experiments probe ;3. Together, they pro-
vide complementary information on the full structure of the mixing matrix.

In the standard three—flavour framework, neutrino oscillations therefore depend
on six independent parameters: the three mixing angles, the CP—violating phase
and two independent mass—squared differences, which can be chosen as

012, 0o, 613, OScp, Am3;, Am,. (1.46)

The third mass—squared difference is not independent, since Am3, = Am3, +
Amj3,. By convention, the mass eigenstates are ordered so that Am3; > 0, while
the sign of Am§2 determines whether the spectrum follows the normal or inverted
mass ordering (see 1.5.0.4).

Neutrinos used in oscillation experiments originate from several sources: the Sun,
interactions of cosmic rays in the atmosphere, nuclear reactors, and accelerator
beams. Each source is characterised by typical neutrino energies E and baselines
L, and thus by a different sensitivity to the mass-splitting scales Am?2. As a
result, different experimental setups are designed to exploit specific sources and
to probe different regions of the oscillation parameter space.

Two main strategies are used to measure oscillations:

¢ Appearance measurements, which look for a neutrino flavour v in a beam

17



Chapter 1. Neutrino physics

produced initially as v, (o # (). In the three—flavour framework and in
vacuum, the transition probability is the one defined in Equation 1.28. Since
the final flavour may be very suppressed or absent with respect to the original
flux, backgrounds can be small, and appearance channels are particularly
sensitive to small mixing angles and to CP—violating effects.

e Disappearance measurements, which determine the survival probability
(see Equation 1.30)of a given flavour v, by comparing the observed inter-
action rate to the expectation in the absence of oscillations. Because in-
teraction rates are affected by statistical fluctuations, small deficits in the
event rate are harder to detect, and disappearance channels are generally
less suited to measure very small mixing angles.

In both cases, a controlled neutrino source is required. Many experiments deploy
a near detector close to the source in order to characterize the initial flux and
interaction rates, while a far detector measures the flux after the propagation
distance L. Appearance measurements then compare the rate of a different flavour
vg at the far detector to the initial v, flux, whereas disappearance measurements
compare the v, rate at near and far sites.

In the following sections, the current picture of different kinds of neutrino exper-
iments and their results within the oscillation framework is summarized.

1.5.0.1 Solar neutrinos and 6,5

As discussed in Section 1.4, a long series of solar neutrino experiments established
the solar neutrino deficit and demonstrated that it is due to flavour conversion
rather than to a failure of the Standard Solar Model (SSM) [12, 13, 14, 15, 16].
Building on this evidence, solar neutrino data now provide some of the most pre-
cise constraints on the mixing angle 6,2 and on the “solar” mass—squared splitting
Am3,, especially when combined with long—baseline reactor antineutrino mea-
surements from KamLAND [24, 25].

For solar neutrinos, the relevant observable is the survival probability P(ve — ve).
In the three—flavour framework, the oscillations driven by |Am3, | are averaged out
because of the large Sun—Earth distance, so that the survival probability can be
written as

P¥ (v, = 1,) =~ sin? 013 + cos? 013 P* (v, — ve)(Am3y, 012), (1.47)

where P? (v, — 1) is the two-flavour survival probability for the (v, ;) system,
evaluated including matter effects. Since 63 is small and precisely measured by
reactor experiments, the dependence on #,3 does not prevent a clean determination

18



1.5. Measurement of the neutrino oscillation parameters

of sin? A5 from solar data.

The KamLAND reactor experiment probes the same mass—splitting Am3, using
Ve over a baseline of O(100 km). In this case matter effects are negligible and the
survival probability is well described by the two—flavour vacuum expression
Am3, L

P np(Te — 7)) = 1 —sin®26;5 sin® <ZL2El> , (1.48)
analogous to the disappearance probability in Eq. (1.32). The reactor antineutrino
spectrum observed by KamLAND yields a very precise determination of Am3,,
while solar data constrain 612 through Equation (1.47). The combination of solar

and KamLAND results lead to MSW as the solution for the correct description
of the solar neutrino problem.

The Borexino experiment has performed a precision measurement of the "Be solar
neutrino interaction rate, providing a direct determination of the survival proba-
bility [26], and has subsequently measured most of the main components of the
pp—chain solar neutrino flux. More recently, Borexino has reported the first ex-
perimental evidence of solar neutrinos produced in the CNO fusion cycle [27].

1.5.0.2 Atmospheric/accelerator neutrinos and 03

Atmospheric neutrinos are produced in showers initiated by cosmic rays inter-
acting with nuclei in the atmosphere. Charged pions and kaons present in the
cascades, decay predominantly as

7t = ut + vu(Pu), (1.49)

,ui et 4+ Ve(Ue) + Up(vp), (1.50)

so that both electron and muon (anti)neutrinos are produced, with an expected
flavour ratio (v, + 7,)/(ve + Ze) ~ 2 in the sub-GeV range [20, 21]. For a
given energy, the neutrino path length L spans from a few tens of kilometres
(downward-going events) up to the Earth’s diameter (L ~ 1.3 x 10*km) for up-
ward—going events, allowing oscillation studies.

The first indications of an anomaly in the atmospheric v, flux were reported by the
Kamiokande and IMB water—Cherenkov detectors [28, 29]. Super-Kamiokande
then observed a clear zenith—angle dependent deficit of muon-like events, inter-
preted as v, oscillations with |[Am3,| ~ 1073eV? and nearly maximal mixing
sin® 2693 ~ 1 [30]. These results have been corroborated by other atmospheric
neutrino experiments such as Soudan 2 and MACRO [31, 32], and more recently
by neutrino telescopes like ANTARES and IceCube, which extend the measure-
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ment of v, disappearance to higher energies and longer baselines in the multi-GeV
to TeV range [33, 34].

In the atmospheric sector, the dominant transition is v, — v, governed by the
mixing angle f23 and the mass—squared splitting Am3,. The muon—neutrino sur-
vival probability can be written as

Am3,L
P(v, — v,) =~ 1 —cos* 013 sin? 2643 sin® <m32> + O(a, 533), (1.51)

where a = Am%l/Am§2 and s13 = sin 63 [20, 21, 35]. Atmospheric data provide
constraints on ]Am%Q\ and on the size of sin? 26,3, including whether 63 lies below
or above 7/4 (the “octant” problem) [36, 37].

Long—baseline accelerator experiments probe the same parameters with neutrino
beams. Measurements were performed by K2K and MINOS using v,, disappear-
ance [38] and later combining v, disappearance and v, appearance in a full
three—flavour framework [39]. More recently, T2K and NOvA have provided
high—precision measurements of |Am3,| and 63, together with sensitivity to the
leptonic CP—violating phase dcp, through the observation of v, and 7, appearance
in a v, or 7, beam [40, 41, 42, 43].

For accelerator beams with energies of a few GeV and baselines of several hundred
kilometres, matter effects are moderate and can be treated in the constant—density
approximation. The v, survival probability has the same form of Equation (1.51),
while the appearance probability can be expressed as

Sinz[(l — A) Agl]

P Uy,) = Ve(le)) = i 29 I 229 A
(vu(Dy) = ve(De)) =~ sin” Oag sin® 263 (1- A)2 (1.52)

+ subleading terms in « and s;3,

where Az = Am3,L/(4E) and A = 2v/2 GpN.E/Am%, is the dimensionless mat-
ter parameter introduced in Subsection 1.4.5. The leading term shows explicitly
that accelerator appearance measurements are primarily sensitive to 613 and 6s3,
while the subleading contributions have the dependence on «, the CP—violating
phase dcp, and the sign of Am3;. The combination of atmospheric and long—baseline
data provides constraints on |Am§2| and o3, and plays a central role in the de-
termination of the neutrino mass ordering and in searches for leptonic CP viola-
tion [36, 37, 42, 43, 35].
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1.5.0.3 Reactor/accelerator neutrinos and 6;3

The discoveries of atmospheric and solar neutrino oscillations naturally motivated
a precise measurement of the remaining mixing angle 613, which global fits had
previously constrained to be much smaller than the other mixing angles, and even
compatible with zero within uncertainties.

Nuclear reactors produce intense fluxes of electron antineutrinos 7, with typical
energies below ~ 10 MeV. In this energy range, 7. disappearance is the only
oscillation channel accessible, and for baselines of order L ~ 1 km the effects
driven by Am3, are negligible. Medium-baseline reactor experiments therefore
provide an almost direct measurement of sin® #;3. The detection channel is inverse
beta decay,

Vet+p— et +n,

identified experimentally through the coincidence between the prompt signal from
the positron and the delayed signal from neutron capture (often on gadolinium)
in a liquid scintillator detector.

For such medium—baseline reactor experiments, the electron—antineutrino survival
probability can be approximated as

Am?, L
Py 5. (L, E) ~ 1 —sin®26;3 sin2<TZg > + 0(a?), (1.53)
where o = Am2, /Am3, and
Am?2, = cos® 019 Am3; + sin® 015 Am3, (1.54)

is the effective mass—squared splitting relevant for electron—flavour oscillations [20,
35]. In this regime the dependence on the other oscillation parameters is strongly
suppressed, so that the oscillation amplitude is essentially governed by sin? 26;3.

Sensitivity to Am3; requires much longer baselines, L ~ 100 km, where oscillation
experiments can measure mass splittings down to Am3; ~ 107° eV2. This is the
case of KamLAND, a reactor 7, experiment that played a key role in establishing
the solar oscillation parameters and confirming the MSW solution to the solar
neutrino problem [25].

Long-baseline accelerator experiments with the appearance channel v, — v,
probed 63, with the first indication of a non—zero value was reported by the
T2K experiment [40]. Dedicated reactor experiments such as Daya Bay, RENO,
and Double Chooz also precisely measured 7, disappearance providing the most
accurate determination of this mixing angle to date [44, 45, 46].
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Figure 1.1: Schematic illustration of the normal (NH) and inverted (IH) neutrino
mass ordering, with the flavour composition of each mass eigenstate. Image from
[47].

1.5.0.4 Mass ordering

In Section 1.5 the three-flavour oscillation framework was introduced in terms
of the mixing angles, the CP-violating phase and two independent mass-squared
splittings, chosen as Am%l and Am?n in 1.46. By convention, the mass eigenstates
are labelled so that Am3; > 0, while the sign of Am3, is still unknown. As a
consequence, current data allow two distinct patterns for the spectrum of mass
eigenstates, usually referred to as the normal and inverted mass ordering;:

e Normal ordering (NO): m; < mg < mg, corresponding to Am3, > 0;
e Inverted ordering (I0): m3 < m; < ma, corresponding to Am3, < 0.

Figure 1.1 sketches the two possibilities in which each horizontal bar represents
one mass eigenstate v;, with its vertical position indicating the relative mass (the
absolute scale is unknown), showing the flavour content of that state with different
colors. Different fractions |Ueg;|?, |Uui|* and |Uy;|? are associated with v, (red), v,
(blue) and v, (green), respectively. In the normal ordering, 1 and v contain a
large v, component, while v3 is mostly a mixture of v, and v, with only a small v,
admixture. In the inverted ordering, the lightest state 3 has negligible v, content,

and the two heavier states v; and vs.

Determining the mass ordering is one of the main open questions in neutrino
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physics, with important implications for neutrinoless double beta decay and for
cosmological constraints on the sum of neutrino masses [48]. Sensitivity to the
mass ordering arises from matter effects in long-baseline and atmospheric neu-
trino oscillations, and from precision measurements of the atmospheric splitting
in reactor experiments. Recent global fits that combine accelerator, reactor and
atmospheric data indicate that both NO and IO still give an acceptable descrip-
tion of the data, with only a mild preference for normal ordering. The NuFIT 6.0
analysis, which includes long-baseline, reactor and IceCube atmospheric samples,
finds that NO and IO provide almost equally good fits; the inclusion of the Super-
Kamiokande data leads to a preference for NO [49]. Nowadays, the ordering is
not yet established, although NO is slightly favoured.

A definitive determination of the mass ordering is expected from the next gener-
ation of oscillation experiments. The medium-baseline reactor experiment JUNO
aims at a stand-alone sensitivity of about 30, while future long-baseline facili-
ties such as DUNE (see Chapter 2) and Hyper-Kamiokande, together with high-
statistics atmospheric-neutrino measurements, will exploit matter effects. Com-
bined analyses of JUNO with long-baseline and atmospheric data are expected to
enhance the overall sensitivity, and could resolve the mass ordering at the 5o level
within the coming decade [50, 51].

1.6 Status of global three—flavour fits

As discussed in Section 1.5, neutrino oscillations in the three—flavour framework
are described by six independent parameters whose determination requires a global
analysis combining the data from the different experiemnts. In this Section results
and figures are quoted from the latest NuFIT 6.0 analysis [49], and are consis-
tent with the summary presented in the PDG review of neutrino mixing [48].
Independent global analyses reach very similar conclusions [51].

Figure 1.2 summarises the present status of the oscillation parameters as obtained
by the NuFIT 6.0 global analysis. For each mass ordering the table reports the
best—fit values together with their 1o uncertainties and 3¢ ranges. At 3o the four
best—constrained parameters are already known with O(10%) relative precision or
better: 612 is determined to about 13%, 613 to ~ 8%, Am2; to ~ 15% and |Am§e\
to ~ 6%, where Amge = Am3, for NO and AmgZ = Am3, for 10, following the
NuFIT convention [49]. #23 and dcp remain less precisely determined, and their
allowed regions exhibit a strong dependence on the assumed data set and mass
ordering [49, 51].

Figure 1.3 shows two—dimensional projections of the NuFIT 6.0 global fit. In each
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Figure 1.2: Global three-flavour oscillation parameters from the NuFIT 6.0 analy-
sis [49]. The upper panel (“IC without SK-atm”) corresponds to the fit including
IceCube data but excluding Super-Kamiokande atmospheric neutrinos, while the
lower one (“IC24 with SK-atm”) includes both the latest IceCube and Super-
Kamiokande atmospheric samples. The values quoted in this Section refer to the
“1C24 with SK-atm” fit.

panel, two oscillation parameters are displayed on the axes, while the remaining

ones (and, when applicable, the mass ordering) are varied to minimize the global

x2. The contours therefore represent the regions allowed by the full six-parameter

fit, projected onto these planes.
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The panel in the (sin? 012, Am2,) plane illustrates the high precision reached in
the solar sector, largely driven by the combination of solar and KamLAND data.

The panel involving sin? 613 and | AmZ,| reflects the constraints from medium-baseline
reactor experiments, which contrain the reactor angle and the atmospheric mass
splitting with percent-level accuracy.

The (sin? 613, cp) panel highlights the present status of the CP-violating phase:
the allowed region is very narrow in sin® 6,3, confirming the precise reactor de-
termination of this angle, but remains broad in dcp, indicating that the phase
is still only weakly constrained. The (sin?fa3, dcp) panel further shows the in-
terplay between the atmospheric mixing angle and the CP phase: solutions with
fo3 in the first and second octant are both allowed, and they are associated with
different preferred ranges of dcp, leading to the multiple disconnected islands and
non-Gaussian shape visible in this plane. Finally, the panel in the (Am3;, Am3,)
plane shows that the two atmospheric mass—squared splittings are tightly con-
strained and strongly correlated, clustering around ]Am%ﬂ ~ 2.5 x 1073 eV? for
both mass orderings, as expected from the relation Am%; = Am3, + Am3,.

Concerning the mass ordering, present global fits provide an indication in favour
of the normal spectrum. Including Super-Kamiokande atmospheric neutrinos and
the latest IceCube data, the NuFIT 6.0 analysis finds a difference Ax? ~ 6 between
NO and IO, corresponding to a preference of about 2.50 [49]. If SK atmospheric
data are omitted, the sensitivity to the ordering is substantially reduced. Inde-
pendent global analyses reach similar conclusions, with a preference for NO at the
level of ~ 2-2.50; a more detailed discussion is given in 1.5.0.4 [51].

The status of the CP—violating phase is even less conclusive. In the NuFIT 6.0
global fit with SK—atm and IceCube, the best—fit values are dcp ~ 210° for NO
and dcp ~ 270° for 10, with broad allowed intervals at 3o [49]. For the normal
ordering, CP—conserving values dcp = 0,7 are well within the currently allowed
region, so there is at present no statistically significant indication of leptonic CP
violation. For the inverted ordering, values of dcp near 270° are preferred and
CP conservation is disfavoured at the level of a few standard deviations, but this
conclusion depends on the mass ordering which is itself disfavoured and should
therefore be interpreted with caution [49, 48].

The information from global fits can be also shown as the leptonic unitarity tri-
angles, defined by the conditions of the PMNS matrix:

3
Z Uai UE@ =0 (Oé 7& 5)a (155)
i=1
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Chapter 1. Neutrino physics

which correspond to six triangles in the complex plane, one for each pair of flavour
indices (a, 3). Figure 1.4 shows the triangle constructed from the first and third
columns of Upyns, plotted using the NuFIT 6.0 allowed ranges and taken from
the PDG review of neutrino mixing [48]. After an appropriate rescaling and
rotation, two vertices are fixed at (0,0) and (1,0), while the third vertex is given
by S
elYe3
S ios (1.56)
In the absence of CP violation the triangle would be flat, Im(z) = 0, and its area
(proportional to the Jarlskog invariant Jop) would vanish. The coloured allowed
band in Figure 1.4 shows that current data favour a non-zero area, corresponding
to a non-zero best—fit value Jop >~ —0.009, but the region still crosses the real axis
so CP conservation remains allowed at the ~ 20 level and no definitive observation
of leptonic CP violation can yet be claimed [48].

In summary, four of the six oscillation parameters (612,013, Am3;,|Am3,|) are
now known at the few—percent level, while the atmospheric mixing angle o3, the
CP-violating phase dcp and the sign of the atmospheric splitting Am?w remain
the main open questions to be addressed by the next generation of oscillation
experiments.
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Figure 1.3: Two—dimensional projections of the allowed region from the NuFIT 6.0
global three-flavour analysis, showing the correlations between selected pairs of
oscillation parameters for both normal and inverted mass ordering. In each panel
the remaining parameters are minimised over. The contours correspond to 1o,
90%, 20, 99% and 3o confidence levels. Figure taken from Ref. [49].
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Figure 1.4: Leptonic unitarity triangle for the first and third columns of the PMNS
matrix, constructed from the NuFIT 6.0 allowed ranges of the mixing parameters.
The coloured regions show the 1o, 90%, 20, 99% and 30 allowed domain of the
third vertex in the complex plane. Figure adapted from Ref. [48], Fig. 14.9.
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Chapter 2

The Deep Underground Neutrino
Experiment (DUNE)

The Deep Underground Neutrino Experiment (DUNE) [52, 53] is a next—generation
long-baseline neutrino oscillation experiment that will operate in the United States.

Its primary goals are to measure with high precision the parameters governing neu-

trino and antineutrino oscillations, in particular the leptonic CP-violating phase

dcp and the neutrino mass ordering, while also detect and measure v, from a

core-collapse supernova within the Milky Way and search for signals of physics

beyond the Standard Model such as proton decay.

DUNE will use the high-intensity, wide-band Long-Baseline Neutrino Facility
(LBNF) beam located at Fermilab, capable of operating in both neutrino and
antineutrino modes. A modular near-detector (ND) complex will be installed
roughly 600 m downstream the neutrino production point to characterize the
neutrino flux before the oscillations take place, providing precise constraints on
interaction cross sections, and pursue an independent program of beyond-the-
Standard-Model measurements. Neutrinos will then propagate about 1300 km
through the Earth’s crust to reach a multi-module, 1.5 km underground far detec-
tor (FD), based on liquid-argon time-projection chamber (LArTPC) technology
at the Sanford Underground Research Facility (SURF), with a total fiducial mass
of order 40 kt.

DUNE will take data in two stages: an initial Phase I configuration with a reduced
ND complex, two FD modules and a 1.2 MW beam, followed by a Phase IT upgrade
to four FD modules and a 2.4 MW beam and an improved ND complex, providing
the sensitivity required to determine the mass ordering and to measure dcp with
few-percent precision. A schematic view of the facility is shown in Figure 2.1, and
comprehensive descriptions of the design and science program will be given in the
next sections.

2.1 DUNE physics program

Central to DUNE program are the determination of CP violation in neutrino
oscillations, through a measurement of the leptonic phase dcp, the identification
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Figure 2.1: Schematic representation of the LBNF beamline and the DUNE ex-
periment. Image from [52].

of the neutrino mass ordering (i.e. the sign of Am%,), and the resolution of the
octant in which the atmospheric mixing angle 623 lies.

Other key goals of the experiment include sensitive searches for proton decay in
several possible decay modes, and the detection and detailed measurement of neu-
trinos from a core—collapse supernova, should such an event occur during the data
taking of the experiment. DUNE will also have a broad program of secondary
measurements, such as searches for physics beyond the Standard Model and pre-
cision studies of neutrino oscillations using atmospheric neutrinos. All these topics
are introduced in this section. The DUNE near detector will in addition pursue
its own complementary physics program, that is discussed separately in Sec. ?77.

2.1.1 Neutrino Oscillations: Masses, Mixing Angles, and CP Vi-
olation

The primary scientific goal of DUNE is to perform long-baseline neutrino oscilla-
tion measurements with high-intensity v, and 7, beams delivered by the LBNF
accelerator complex at Fermilab [52]. These measurements exploit both v, — v,
(v, — v,) disappearance and v, — v, (7, — U.) appearance channels to address
some of the central open questions in neutrino physics: the leptonic CP—violating
phase dcp, the neutrino mass ordering, and the octant of the atmospheric mixing
angle 693. In addition, DUNE aims to improve the precision on the other oscil-
lation parameters within the three—flavour framework and to provide stringent
consistency tests of the PMNS paradigm.

The appearance probabilities P(v, — v.) and P(7, — 7.) at a baseline of L ~
1300 km are strongly affected by both matter effects and CP violation.

Their dependence on the neutrino energy and on dcp is illustrated in Figure 2.2
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Figure 2.2: Electron neutrino (left) and antineutrino (right) appearance probabil-
ities at a baseline of 1300 km as a function of neutrino energy, for several values
of dcp, assuming normal mass ordering. Figure from Ref. [52].

for several values of dcp and assuming normal ordering. Expressions for these
probabilities in constant-density matter are given in Eq. (1.52). In the usual per-
turbative expansion in o = Am%l / Am%l and s13, the appearance probabilities can
be written schematically as P(v, — v.) = Py+ P; cos dcp + P sin dcp, whereas for
antineutrinos one has P (7, — 7.) = Py + P cosdcp — Pasindcp. The term pro-
portional to sin dcp changes sign between neutrinos and antineutrinos, giving rise
to the CP asymmetry A}y, introduced in the general definition of Equation (1.44).

At the same time, the coherent forward scattering of electron neutrinos in mat-
ter induces an additional v/P asymmetry through the matter potential, whose
magnitude and sign depend on the neutrino mass ordering. For the DUNE base-
line, the matter—induced difference between the v, — v, and v, — . appearance
probabilities in the region of the first oscillation maximum corresponds to a v/v
asymmetry of order 40%, much larger than the maximal CP—violating asymmetry
in vacuum. Because the sign of the matter-induced asymmetry is fixed by the
mass ordering, while the CP—violating contribution changes sign with sin dcp, the
combined measurement of v, and 7, appearance spectra over a wide energy range
allows DUNE to disentangle matter and CP effects and to determine the ordering
of the mass eigenstates.

These considerations led the choice of a wide-band beam with an energy coverage
from 0.5 to 5 GeV, peaking around 2-3 GeV, where the first oscillation maximum
occurs at L ~ 1300 km. Measuring the energy dependence of the appearance
probabilities over several oscillation nodes is particularly powerful: it constrains
the oscillation parameters through both rate and spectral information and helps
to resolve degeneracies among dcp, the mass ordering and the mixing angles.
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In addition to the appearance channels, DUNE will exploit v, and 7, disappear-
ance measurements, which are mainly sensitive to sin? 2053 and Am%Q. Combining
appearance and disappearance information for both neutrinos and antineutrinos
provides constraints on the three-flavour oscillation framework and enhances the
sensitivity to the o3 octant.

For exposures of a few hundred kt-MW -years in the Phase II configuration, DUNE
is expected to determine the neutrino mass ordering with a significance exceeding
5o over essentially the entire dcp range, as illustrated in Figure 2.3(a). The
evolution of this sensitivity with the total exposure is shown in Figure 2.3(b).
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Figure 2.3: DUNE sensitivity to the neutrino mass ordering, from Ref. [54]. In

both panels the vertical axis shows \/Klz\/[()v with AX%/[O = ngron o ordering —

Xfme ordering’ interpreted as the significance for rejecting the wrong ordering.
Panel (a) shows the sensitivity as a function of the true value of dcp for two ex-
posures, 336 and 624 kt-MW-years. Panel (b) shows the sensitivity as a function
of exposure for the maximally CP—violating value dcp = —n/2 and for different
fractions of the dcp parameter space. The coloured bands indicate the range of
sensitivities obtained when varying oscillation parameters and systematic uncer-
tainties in the simulations.

The same exposures provide strong sensitivity to CP violation and the rele-
vant sensitivities are shown in Figure 2.4 [54]. For exposures of a few hun-
dred kt-MW-years, DUNE is expected to reach a 50 discovery of CP violation
for half of the possible values of dcp, and at least a 30 sensitivity for most of
the parameter space, as illustrated in Figure 2.4(a). Figure 2.4(b) shows how the
CP-violation discovery significance increases with exposure, both for the value
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dcp = —7/2 and for the fractions of 50% and 75% of all possible dcp values. The
corresponding evolution of these sensitivities as a function of the data taking years
in Phase I is shown in Figure 2.18.
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Figure 2.4: DUNE sensitivity to leptonic CP violation, from Ref. [54]. In both
panels the vertical axis shows o = 1/Ax%PV, where AxZpy is the difference

between the best—fit x? for the CP—conserving hypotheses dcp = 0, 7 and that
for the true value of dcp. Panel (a) shows the significance as a function of the
true dcp for the same exposures as in Figure 2.3. Panel (b) shows the expected
significance as a function of exposure for the maximally CP-violating value dcp =
—m/2 (magenta band), and for the fractions of 50% and 75% of all possible dcp
values (cyan bands).

Precise measurements of the mixing angles and mass splittings are a second major
objective of the DUNE oscillation program. By combining v, disappearance and
v, appearance data, DUNE will significantly improve the precision on sin? fa3
and help resolve whether 6o3 lies in the lower or upper octant. Representative
sensitivities are shown in Figure 2.5: panel (a) gives the significance y/Ax? for
rejecting the wrong octant as a function of the true value of sin? 6y for exposures
of 10 and 15 years, while panel (b) shows the expected 1o resolution on sin? 2653
as a function of the total exposure. Exposures of a few hundred kt-MW -years yield
percent-level precision on sin? 2653 and robust sensitivity to non-maximal mixing.
The same analysis also provides an independent determination of 613 and Am§2
that is competitive with, and complementary to, the constraints from reactor and
other long-baseline experiments [55].
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Figure 2.5: DUNE sensitivity to a3, from [55]. Panel (a) shows the significance
/A2 for excluding the wrong octant as a function of the true value of sin? 63
for two exposures, 10 and 15 years. Panel (b) shows the expected 1o resolution on
sin?(2623) versus the total exposure in kt-MW-years. The shaded bands indicate
the impact of variations in statistics, systematics and oscillation parameters in
the sensitivity study.

2.1.2 Supernova, solar, and other low-energy neutrinos

Core—collapse supernovae happen when the iron core of a massive star approaches
the Chandrasekhar mass and collapses to supranuclear densities. Most of the
released gravitational binding energy is emitted as ~ 10°® neutrinos and antineu-
trinos of all flavours with typical energies of a few tens of MeV [56, 57]. In a
core—collapse event, the neutrino signal starts with a short “neutronization” burst
lasting a few milliseconds and dominated by v, followed by an accretion phase
of a few hundred milliseconds and a cooling phase of order 10 s during which the
proto—neutron star radiates away most of its energy and the three flavours are
equalized. The time, energy and flavour structure of this signal can give infor-
mation on the progenitor, the collapse and explosion dynamics, the nature of the

remnant, and possible non-standard neutrino properties.

The importance of supernova neutrinos was first demonstrated by the observation
of a few dozen 7, events from SN 1987A in water Cherenkov and scintillator
detectors, which provided a qualitative confirmation of the core—collapse picture.
Core—collapse events in the Milky Way are expected at a rate of a few per century,
with a comparable rate in the Andromeda galaxy at a distance of about 780 kpc;
over the multi-decade lifetime of DUNE there is therefore a realistic chance that
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at least one nearby supernova will be observed with high statistics.

From the detector point of view, the supernova burst is challenging because the
neutrino energies are below the charged-current thresholds for v, 7,,, v, and 7, so
these flavours are accessible mainly via neutral-current interactions. Present large
detectors are primarily sensitive to 7, through inverse beta decay. DUNE, instead,
will be uniquely sensitive to the v, component of the burst. In liquid argon,
the dominant interaction in the few—tens—of-MeV regime is the charged—current
absorption of electron neutrinos on argon,

ve +10Ar — e + 10K*, (2.1)

for which the observable signature consists of a short electron track followed by
de-excitation 7 rays and other secondaries from the excited “°K* state [53, 58].
This channel dominates the event rate in argon and gives DUNE a unique ca-
pability among current and planned detectors to measure the v, flux from a
core—collapse burst, particularly during the early neutronization phase, which is
essentially inaccessible to water Cherenkov and liquid—scintillator experiments.

The same low—energy capabilities that enable supernova—burst physics also make
DUNE sensitive to other astrophysical neutrino sources. In particular, the large
Ve charged—current cross section on argon and the excellent imaging capabilities
of the LArTPC open the possibility of observing solar neutrinos, which are ex-
pected to produce of order 102 events per day in a final far-detector fiducial
mass of 40 kt [59], and the diffuse supernova neutrino background (DSNB), once
radiological and cosmogenic backgrounds are sufficiently controlled [58].

These measurements would extend the DUNE physics into the few—MeV energy
domain and provide information on both astrophysical sources and neutrino pa-
rameters that is complementary to that obtained with the other detector tech-
nologies.

2.1.3 Beyond Standard Model searches

Sterile neutrino mixing Experimental anomalies in tension with the standard
three—flavour framework can be interpreted as mixing between the known active
neutrinos and one or more light sterile states [60]. DUNE will search for deviations
from the standard oscillation pattern in both charged—current and neutral—current
samples. The combination of the long baseline and the near detector one gives
sensitivity to a broad range of sterile-neutrino mass splittings and mixing an-
gles [61].

Non—unitarity of the PMNS matrix Many extensions of the Standard Model
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that explain neutrino masses introduce heavy neutral leptons in addition to the
three light states. In this case, the PMNS matrix describing light-neutrino mixing
need not be exactly unitary. Deviations from unitarity modify both the overall
event rates and the flavour composition observed at the ND and FD. Thanks to
its precise flux and cross—section constraints at the ND and its high—statistics
oscillation measurements at the FD, DUNE can test such non—unitarity at the
percent level, providing constraints that are complementary to those from flavour
physics and electroweak precision observables [61].

Non-standard interactions (NSI) Non-standard neutrino interactions are ef-
fective four—fermion couplings that modify neutrino production, detection or prop-
agation in matter [62]. In long—baseline experiments they mainly appear as addi-
tional terms in the matter potential and can distort the oscillation probabilities,
potentially mimicking or obscuring CP violation and mass—ordering effects. The
very long baseline and wide-band beam give DUNE excellent sensitivity to such
effects, allowing it to improve bounds on several NSI parameters [61].

Neutrino trident production at the ND Neutrino trident production is a
rare electroweak process in which a neutrino interacts coherently with the elec-
tromagnetic field of a heavy nucleus, leaving the nucleus intact while producing
a charged—lepton pair in the final state. The intense neutrino flux and the capa-
bility of the near detector will allow DUNE to record an unprecedented sample of
trident events, particularly v, — v,u" ™ interactions [63]. Measuring the trident
cross section with good precision will provide a test of the Standard Model and a
sensitive probe of new gauge bosons [63, 61].

Proton decay and baryon—number violation Grand Unified Theories gener-
ically predict baryon number violating processes such as proton decay. With its
large fiducial mass, low backgrounds and excellent imaging capabilities, the DUNE
far detector will search for channels like p — K+ 7 and p — et 70, where the kaon
or pion and their decay products can be fully reconstructed [53]. With exposures of
a few hundred kt-yr, DUNE is expected to improve the current Super—-Kamiokande
limits by an order of magnitude, or to observe proton decay [61]. Similar tech-
niques can be applied to other baryon—number—violating processes such as neutron
decay and neutron—antineutron oscillations.

Dark sector and boosted dark matter The DUNE detectors will probe
dark sectors. Light dark matter produced in the LBNF beamline via a vector
(“dark photon”) mediator could travel to the ND and interact via elastic scat-
tering with electrons or nuclei in the detector. The high beam intensity and
the DUNE-PRISM program increase the sensitivity to sub—-GeV dark matter in
regions of parameter space that are difficult to access with traditional direct de-

36



2.2. DUNE components and design

tection experiments [64, 61]. At the FD, DUNE could be sensitive to boosted
dark matter arising in scenarios where a heavier dark matter species, x1, which
composes the dominant component of the Galactic halo or is captured in the Sun,
annihilates into a lighter state y» that is produced with a relativistic boost and
can reach the detector. In such cases, y2 would be observed through its scattering
on electrons or nuclei rather than via secondary neutrinos. Inelastic scattering of
such boosted particles, followed by the decay of an excited dark state, can produce
characteristic multi lepton or lepton/nucleon signatures that can be reconstructed
with the LArTPC technology [65, 61].

2.2 DUNE components and design

In this section a brief overview is given of the main components of the DUNE
experiment, namely the high-power neutrino beamline, the Near Detector (ND)
complex and the Far Detector (FD).

In Phase I DUNE will deploy two LArTPC FD modules at the Sanford Under-
ground Research Facility. Each module contains an liquid argon mass of about
17 kt, corresponding to a fiducial mass of ~ 10 kt, and uses one of the two read-
out technologies: a single-phase horizontal-drift (HD) design and a vertical—drift
(VD) design [66, 67]. The Phase I ND complex will consist of a modular lig-
uid-argon TPC (ND-LAr), The Muon Spectrometer (TMS) located downstream
of ND-LAr, and the System for on—-Axis Neutrino Detection (SAND). ND-LAr
provides a near—detector implementation of the LArTPC technology used at the
FD, while SAND is permanently on—axis to monitor the neutrino beam and to
constrain flux and cross—section systematics (see Chapter 3) [68, 69]. The TMS
is a magnetized muon spectrometer that measures the momentum and charge of
muons exiting ND-LAr.

In Phase-II upgrade on the FD side, two additional LArTPC modules will be
installed, enhancing the total liquid—argon mass to 70 kt and the fiducial mass
to 2 40 kt [70]. The LBNF beam power will be increased from the initial design
value of 1.2 MW to an enhanced power of about 2.1 MW, providing substan-
tially larger exposures at the oscillation maximum [70]. In the ND complex,
the TMS will be replaced by ND—GAr, a high—pressure gaseous—argon TPC sur-
rounded by electromagnetic calorimetry inside a magnetic field, which will deliver
precise measurements of charged particle kinematics and additional control of
neutrino-interaction systematics [71, 70]. A more detailed discussion of all the
components will be done in the next subsections.
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2.2.1 The LBNF beamline

The intense neutrino flux for DUNE will be produced by LBNF beamline at Fer-
milab, designed to deliver one of the most powerful neutrino beams in the energy
range relevant for long—baseline oscillation studies.[52, 53, 72] The facility reuses
the existing Main Injector (MI) accelerator complex, originally developed for the
Tevatron collider, to provide a proton beam that is directed towards the DUNE
Far Detector at SURF in South Dakota at a baseline of 1300 km. The beam-
line is optimized to cover the first and second oscillation maxima at F, ~ 2.5 and
0.8 GeV, respectively, which motivates a wide-band beam spanning approximately
0.5-5 GeV.[73]
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Figure 2.6: Longitudinal view of the LBNF beamline facilities at Fermilab, show-
ing the extraction of the primary proton beam from the Main Injector, target hall
complex, decay pipe and the Near Detector hall located about 62 m underground
and ~ 574 m downstream of the target. The illustration is not to scale. Figure
from the official LBNF/DUNE web page on the neutrino beam [74].

With the commissioning of the PIP II (Proton Improvement Plan II), proton pro-
duction for LBNF will begin in a new superconducting linear accelerator, which
accelerates H™ ions to 800 MeV before injection into the Booster synchrotron.[75]
The Booster accelerates the protons to 8 GeV, after which they are transferred
to the MI and accelerated to energies between 60 and 120 GeV, depending on
the running configuration. The baseline operating point for DUNE Phase I cor-
responds to a proton beam power of 1.2 MW on the LBNF target, with about
7.5 x 10'3 protons per extraction and roughly 1.1 x 102! protons on target (POT)
per year.[73, 72] The accelerator cycle time is approximately 1.2 s, and each spill
lasts about 10 us and contains six Booster batches, The main parameters of the
Phase I beam are summarized in Table 2.1. each made of 84 bunches separated

38
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Table 2.1: Nominal primary-beam parameters for the LBNF facility in DUNE
Phase I. Values correspond to an 80-120 GeV Main Injector beam delivering
1.2 MW on the LBNF target.[73, 72]

Parameter Value
Protons per cycle 7.5 x 107
Proton kinetic energy 80-120 GeV
Beam power on target 1.2 MW
POT per year 1.1 x 10%
Accelerator cycle time 1.2s
Spill duration 10 ps
Booster batches per spill 6
Batch duration 1.6 us
Bunches per batch 84
RMS bunch length 1 ns
Bunch spacing 19 ns (last 2-3 empty)

by ~ 19 ns with a bunch length of ~ 1 ns. A further upgrade of the accelerator
complex beyond PIP II (often referred to as PIP III) is being studied to increase
the available beam power to beyond 2 MW for DUNE Phase II, while keeping the
same energy range[76, 70].

Once the primary proton beam reaches the desired energy in the M1, it is extracted
and downward bended to point the neutrino beam towards SURF (see Figure 2.6).
The beam is steered onto a solid graphite or graphite—beryllium production target
housed in the target hall complex. Secondary hadrons, predominantly pions and
kaons, are produced and focused by two magnetic horns into a decay pipe of
length ~ 200 m, where they decay into muons and neutrinos.[72]. Downstream
of the decay region, a massive absorber is used to remove the residual hadrons
and muons. In the reference design, roughly 40% of the beam power is deposited
in the target and surrounding shielding, 30% in the decay pipe and 30% in the
absorber.[77]

The polarity of the horns determines the sign of the focused hadrons and thus
the running mode of the beam. When the horns focus positively charged mesons,
the resulting secondary beam is dominated by v,; this configuration is referred
to as forward horn current (FHC) or neutrino mode. Reversing the horn polarity
focuses negatively charged mesons and produces a beam dominated by 7,,, known
as reverse horn current (RHC) or antineutrino mode. In both modes the focusing
system provides a high-purity beam, with wrong-sign contamination in the oscil-
lation energy region kept at the level of O(10%) or below, and with intrinsic v,
and 7, components at the percent level.[53, 68] The fluxes at the Far Detector for
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Figure 2.7: Predicted neutrino fluxes at the DUNE Far Detector for one year of
operation with 1.1 x 102! POT in forward horn current (neutrino) mode (left) and
reverse horn current (antineutrino) mode (right). The contributions from v, 7,
Ve and 7, are shown separately. The spectra correspond to the nominal 1.2 MW
LBNF beam at a 1300 km baseline. Figure from [53].

FHC and RHC operation, are shown in Figure 2.7.

2.3 Far detectors

The underground infrastructure that will host the DUNE Far Detector (FD) com-
plex at the Sanford Underground Research Facility (SURF) in South Dakota con-
sists of two large detector caverns, each designed to house two cryostats, and a
central utility cavern for the cryogenics and services, as sketched in Figure 2.8.[52,
78] The FD complex sits about 1.5 km underground along a baseline of 1300 km
from Fermilab.

Each FD module is a LArTPC installed inside a membrane cryostat. The cryostats
have external dimensions of roughly 65.8 m (L) x18.9 m (W) x17.8 m (H) and
internal dimensions of about 62 m x 15.1 m x 14 m, containing a total liquid-argon
mass of ~ 17 kt per module.[52, 66, 67] The caverns are sized to host up to four
such modules, corresponding to a total liquid-argon mass of about 70 kt and a
fiducial mass of at least 40 kt when all modules are instrumented.[70, 79]

The LArTPC technology was chosen for its excellent tracking and calorimetric
performance and for its scalability to multi-kiloton volumes.[53] Charged particles
produced in neutrino interaction final states ionize and excite argon atoms along
their paths. The resulting ionization electrons are drifted in a uniform electric field
towards anodes, while the de-excitation of argon dimers produces scintillation light
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2.3. Far detectors

Figure 2.8: Three-dimensional view of the underground caverns at SURF hosting
the DUNE far detector cryostats and cryogenic systems. Two large detector cav-
erns accommodate up to four LArTPC modules, while a central cavern contains
the cryogenic and support infrastructure. The arrow indicates the incoming neu-
trino beam direction. Figure from [52].

at ~ 128 nm. Dedicated photon detectors, based on X-ARAPUCA light collectors
coupled to silicon photomultipliers (SiPMs), record this scintillation light. The
prompt light signal provides an absolute time reference ty, which, combined with
the measured electron drift time, allows for reconstructing the coordinate along
the drift direction. Together with the segmented anode readout in the transverse
plane, this enables full three-dimensional reconstruction of neutrino interactions
over an energy range extending from a few MeV to several GeV.[66, 67]

During Phase I, two single-phase LArTPC implementations will be employed in
the FD: a horizontal-drift (HD) and a vertical-drift (VD) design.

Horizontal-drift design. In the HD configuration, the active volume is subdi-
vided into four drift regions by alternating Anode Plane Assemblies (APAs) and
Cathode Plane Assemblies (CPAs), arranged in an A-C-A—-C-A pattern along
the beam direction, as illustrated in Figure 2.9.[66] Ionization electrons drift hor-
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izontally over distances of up to about 3.6 m towards the APA walls, guided by
a field cage that surrounds the drift volumes on the top, bottom, and end walls.
Each APA hosts four wire planes: an electrostatic grid, two induction planes and
a collection plane. The induction wires are inclined at +35°-40° with respect to
the vertical, while the collection wires are vertical, as sketched in Figure 2.10.[66]
The typical wire pitch is of order 5 mm, and the planes are closely spaced. Sig-
nals induced on the three instrumented wire planes provide three complementary
two-dimensional projections, which can be combined to form a detailed three-

dimensional image of the event with mm-scale granularity.

W Field cage

Figure 2.9: Layout for a horizontal-drift (HD) far-detector module. The active
LAr volume is divided into four drift regions by alternating anode (A) and cathode
(C) walls, with a surrounding field cage that shapes the electric field. Figure

from [66].

Vertical-drift design. The VD configuration adopts a different field geometry
to increase the maximum drift distance and to simplify the mechanical integration
of the readout.[67] A horizontal cathode plane, realized with resistive panels, is
suspended at mid-height of the active volume and divides the detector into two
drift regions. In each region, ionization electrons drift over a vertical distance of
about 6.25 m towards modular Charge Readout Planes (CRPs) located close to
the top and bottom of the cryostat, as illustrated in Figure 2.11.

The anode is built from perforated printed-circuit-board (PCB) layers with copper
strips arranged in two orthogonal views, providing two-dimensional charge readout

with ~ mm pitch.
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2316 m

Figure 2.10: Schematic of an APA in the horizontal-drift design, showing the three
wire views: induction U and V wires at & angles with respect to the vertical, and
the collection X (and grid G) wires. The overlapping wire planes provide three
complementary projective views for three-dimensional reconstruction.|[66]

As in the HD design, the VD module is equipped with a dedicated photon de-
tection system that records the 128 nm argon scintillation light. In this case,
X-ARAPUCA devices are installed on the central cathode plane and on the side
walls (Figure 2.11), providing a uniform light coverage of the active volume and

enhancing the sensitivity to low-energy events such as supernova and solar neu-
trino interactions[80, 81].
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Figure 2.11: Conceptual design of a DUNE far-detector module based on the
vertical-drift (VD) technology. A horizontal cathode divides the active liquid-
argon volume into two drift regions. Ionization electrons drift vertically towards
modular Charge Readout Planes (CRPs) located at the top and bottom of the
cryostat. ARAPUCA photon detectors (PDs) are embedded near the cathode
plane and on the walls to collect the scintillation light. Figure adapted from [67].
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2.4 Near Detector

The DUNE ND complex will be located at Fermilab, about 60 m underground
and approximately 574 m downstream of the neutrino production target in the
LBNF beamline. ND will measure the energy spectrum and composition of the
neutrino beam before oscillations develop both on-axis and at varying off-axis
angles, and will provide high-precision inputs to the neutrino interaction model,
through cross-section and final-state topology measurements.|[68]

The ND complex consists of three complementary detectors:

e ND-LAr, a modular and optically segmented LArTPC with a pixelated
charge readout based on the ArgonCube concept. [82] Using the same tar-
get nucleus as the FD and a similar detection technology reduces cross sec-
tion and detector systematic uncertainties in the oscillation analysis when
extrapolating to the FD.

e TMS/ND-GAr, a magnetized muon spectrometer directly downstream of
ND-LAr to measure the energy and charge of the exiting muons. In Phase I,
this role is covered by The Muon Spectrometer (TMS), in Phase II, will be
replaced by ND-GAr, a magnetized high-pressure gaseous-argon TPC sur-
rounded by an electromagnetic calorimeter, which, in addition, will provide
further v—Ar interaction measurements with capabilities that exceed those
of ND-LAr due to the lower threshold for hadrons.[68]

e SAND, the System for on-Axis Neutrino Detection, a magnetized on-axis
beam monitor that provides determination of the neutrino flux and performs
cross-section measurements on different target nuclei, thereby further con-
straining the interaction model.[69] SAND design and physics program will
be discussed further in Chapter 3.

Figure 2.12 illustrates the configuration of the ND hall for Phases I and II. In
Phase I, ND-LAr and TMS are installed on a movable platform allowing the
detectors to be moved up to 28.5m off the beam axis, while SAND remains per-
manently on axis in a dedicated alcove. In Phase II, TMS is replaced by ND-GAr
in the downstream position. A more detailed view of the Phase II hall layout is
shown in Figure 2.13.

The capability of moving ND-LAr together with TMS/ND-GAr off-axis is known
as DUNE-PRISM (Precision Reaction-Independent Spectrum Measurement). As
the detectors move off-axis, the incident neutrino spectrum becomes narrower,
and its mean energy decreases, approaching a quasi-monochromatic distribution.
Off-axis measurements at different positions thus provide a set of neutrino beams
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Figure 2.12: Schematic representation of the DUNE Near Detector complex in
Phase I (left) and Phase II (right). In Phase I, the movable detectors are ND-LAr
(front) and TMS (back), while SAND sits in an on-axis alcove. In Phase II, TMS
is replaced by ND-GAr. The neutrino beam enters from the lower right. Figure
adapted from Ref. [68].

Figure 2.13: Representation of the ND hall in Phase II, showing ND-LAr, ND-
GAr and SAND from right to left in the beam direction. Figure adapted from
Ref. [68].
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with different energy spectra, enabling a largely data-driven mapping between
reconstructed and true neutrino energy. The muon—neutrino flux as a function of
the off-axis angle is illustrated in Figure 2.14. By linearly combining the off-axis
spectra, it is possible to make projections of near-detector samples that mimic the
oscillated spectra at the FD, reducing the dependence on interaction models in
the oscillation analysis.[83]
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Figure 2.14: Predicted muon—neutrino flux at the ND for the on-axis configuration
(black) and for off-axis positions corresponding to 0.5°, 1.5° and 2.5° with respect
to the beam axis, illustrating the DUNE-PRISM concept. Figure from [68].

Apart from its primary role in the long-baseline oscillation analysis, the large
neutrino interaction samples and the variety of detector technologies in the ND
complex enable a rich physics program, including precision cross-section measure-
ments and searches for heavy neutral leptons, dark photons, and other exotic

signatures [54].

2.4.1 ND-LAr

ND-LAr is a modular LArTPC that provides a high-granularity, high-rate neutrino
target based on the ArgonCube concept. [82] It consists of 35 optically isolated
TPC modules arranged in a 7 x 5 matrix and housed in a common cryostat,
resulting in an active volume of approximately 7 x 5 x 3 m? and a fiducial mass
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of about 67 t. A schematic view of a single ArgonCube module and its main
components is shown in Figure 2.15.

Each module is further divided into two TPC volumes by a central cathode, yield-
ing a total of 70 drift regions. The pixelated anode plane provides true three-
dimensional charge readout with a pitch ~ mm. At the same time, the optical
system, based on segmented light collectors inside the drift volume, delivers precise
event timing and helps to mitigate pile-up.
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Figure 2.15: Detailed view of a single ArgonCube module used in ND-LAr, show-
ing the main components. Figure from [82].

The modular design allows ND-LAr to deal with the high event rates at the ND
location, of order 10% neutrino interactions per 10 us spill.[68] With its transverse
size, it can contain most of the hadronic activity produced in the neutrino inter-
actions, while muons with momenta above 0.7 GeV typically exit the detector and
are detected in the downstream spectrometer.

2.4.2 TMS and ND-GAr

A good reconstruction of the neutrino kinematics requires, in particular, a mea-
surement of the momentum and charge of muons exiting ND-LAr. In DUNE
Phase I, this is provided by The Muon Spectrometer (TMS), a magnetized steel
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scintillator spectrometer installed immediately downstream of ND-LAr. Measur-
ing range and curvature of muons that leave the ND-LAr volume, TMS extends the
acceptance of ND-LAr and allows the combined system to reach a muon momen-
tum resolution of order dp/p ~ 5% in the few-GeV region. [68] The information
on the charge sign, unavailable in ND-LAr alone, is particularly important for
the dcp measurement, especially in reverse horn current running, where there is
a large contamination of neutrino interactions comparable to the desired antineu-
trino interactions.

TMS is composed of three longitudinal modules built from alternating layers of
magnetized steel and plastic scintillator, as schematically illustrated in Fig. 2.16.
The steel plates act both as an absorber and as a magnetic yoke, being magne-
tized by external coils mounted around the detector. Each scintillator module
contains long strips arranged in two stereo views (U and V), providing segmented
tracking information through the range stack. The muon momentum is primarily
determined from the traversed thickness of steel, while the sign of the charge is
obtained from the curvature of the track in the magnetic field. The scintillator
readout supplies precise hit positions and energy deposits, which help identify
stopping muons and refine the range-based momentum estimate.

Sixty 40-mm
Forty 15-mm thick steel
thick steel layers

layers

Module with 48
scintillator strips

Coils (orange)

Figure 2.16: Schematic view of The Muon Spectrometer (TMS), highlighting its
main components: magnetized steel absorber, scintillator modules and magnet
coils. Figure adapted from Ref. [84].

In Phase II, where the uncertainties will no longer be dominated by the lack of
statistics, systematic effects become more important, and DUNE design foresees
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——_ Magnetcoils==—

Figure 2.17: Cross section of the ND-GAr detector, showing the high-pressure gas
TPC (HPgTPC) and the surrounding electromagnetic calorimeter. Figure from
[70].

replacing TMS with a more capable downstream detector, ND-GAr, which also
provides its own neutrino target. [70]

ND-GAr is a magnetized gaseous-argon detector based on a high-pressure gaseous-
argon time-projection chamber (HPgTPC) surrounded by an electromagnetic calorime-
ter (ECAL), as shown in Figure 2.17. The HPgTPC operates at several tens of
bars, so that charged particles leave ionization clusters while still having rela-
tively long ranges. This configuration gives a very low momentum threshold and
excellent tracking resolution for protons, pions, and muons. Combining precise
curvature measurements in the magnetic field with dE/dx information in the
HPgTPC and energy deposits in the ECAL, particle identification is performed,

in particular for pion-proton separation and for distinguishing different hadronic
final states.

ND-GAr will measure the charge and momentum of muons exiting the LAr target
with improved resolution and lower systematic uncertainties compared to TMS. At
the same time, neutrino interactions in the HPgTPC and ECAL provide an inde-
pendent, high-precision sample on argon gas, with much lower tracking thresholds
for hadrons than in a LArTPC. By combining measurements from ND-LAr and
ND-GAr, DUNE will be able to constrain neutrino-argon interactions over a wide
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energy range and significantly reduce flux and cross-section uncertainties.

2.4.3 PRISM

As discussed above, the DUNE-PRISM concept exploits the dependence of the
neutrino energy spectrum on the off-axis angle of observation. The peak energy
of the neutrino flux decreases, and the spectrum becomes narrower as the detector
is moved to larger off-axis angles. Similar strategies have been used in other long-
baseline experiments, such as T2K and NOvA experiments, to obtain a narrow-

band beam centered on the oscillation maximum.[85, 86]

Within DUNE-PRISM, ND-LAr and the downstream muon spectrometer (TMS
in Phase I, ND-GAr in Phase II) can be moved with respect to the beam direction
transversely up to about 28.5 m, corresponding to off-axis angles of approximately
3°[68, 83]. Off-axis data at multiple positions provide a set of fluxes that can be
linearly combined to approximate the full oscillated spectrum at the FD and to
build near-detector samples with a peaked true neutrino energy. This approach
allows the oscillation analysis to rely much more directly on data, with greatly
reduced dependence on neutrino-nucleus interaction models.[83]

24.4 SAND

SAND will monitor the stability and the absolute normalization of the neutrino
beam by continuously measuring the on-axis neutrino energy spectra. Because
ND-LAr and its downstream spectrometer spend a significant fraction of the run-
ning time in off-axis positions during DUNE-PRISM data-taking, SAND provides
a permanently on-axis reference. A stable and well-understood beam configura-
tion and a rapid modeling of possible distortions are critical. SAND will also
perform independent flux measurements and neutrino cross-section studies on dif-
ferent nuclei (argon, carbon, hydrogen), complementing ND-LAr and ND-GAr
measurements and providing additional constraints on interaction models.

SAND will exploit the 0.6 T superconducting solenoid and the lead-scintillating
fiber electromagnetic calorimeter from the KLOE experiment[69]. The inner mag-
netized volume hosts a low-density tracking system based on straw tubes as the
default design, interleaved with thin passive targets, together with a liquid ar-
gon detector of about 1 t with an optical readout system that allows particle
reconstruction using scintillation light called GRAIN.
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2.4.5 Role of the Near Detector

To measure the oscillation probability P,,—.,(£,) DUNE records neutrino inter-
actions of different flavors as a function of the reconstructed energy in the Near
and the Far Detectors, and infers the oscillation parameters from these event
spectra. For both detectors, the observed number of events is a convolution of
the neutrino flux, the interaction cross section, and the detector response. Many
of the effects entering this convolution do not cancel simply between ND and FD,
so a ratio of event rates is not sufficient to recover the oscillation probability.

The expected number of reconstructed v, events in the ND and v, with x = e, y,
events in the FD, as a function of reconstructed neutrino energy FEye., can be
written as

Vp phys

NIE\;ILD(EreC) - /dE” (I)ELD(EV) apr (Ey) ROy (By, Evis) Rge?(Evi& Erec), (2:2)

NE;D (Erec) = / dEz/ CD];}) (El/) Pzzuﬁuz (EV) Uir(Eu) RS}%,I;Z (Eua Evis) Rg‘g(Evi& Erec)-
(2.3)

The unoscillated flux at the FD is related to that at the ND through the flux ratio
between near and far R(E),),

(I)EE)(EZ,) = R(El/) <blz>LD(EV)' (2'4)

In these expressions:

e O(E,) is the unoscillated neutrino flux. It is different at ND and FD because
of the beamline geometry and, at the FD, the effect of oscillations. The
ratio R(E,) can be constrained using hadron—production data and a detailed
simulation of the beamline.

L (Ey) is the interaction cross section for v, scattering on the ND target
material m (for example C, CHg or Ar), while Uﬁ’; is the corresponding cross

section on argon for the FD.

e P, ., (E,) is the oscillation probability, which is the quantity to be ex-
tracted from the data.

o Rphys(Ey, Evis) is the physics response function. It describes how the true
neutrino energy F,, target nucleus, and interaction mode translate into a
visible final state with energy FEi;s, including nuclear effects and final-state
interactions. It is different for the various flavors, targets, and interaction
channels.
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o Ryet(Fvis, Frec) 1s the detector response function, which maps the visible
energy Fyis, that could in principle be observed in the detector, to the
reconstructed energy FEie., used in the oscillation analysis. This function
differs between ND and FD because of their different designs and operating
conditions.

Equations (2.2)-(2.4) make clear that even after taking into account the flux ratio
between far and near, the simple ratio of reconstructed event spectra does not
directly give the oscillation probability:

NEP(E
NNDiEi £ R(E,) Py, (By). (25)
This is because the mapping between true and reconstructed quantities depends
on the interaction channel, the target nucleus, and the detector, and is therefore
different for the ND and FD. In addition, effects that can not be eliminated arise
from backgrounds, intrinsic beam contamination, and the different acceptances of
the two detectors. All of these must be modeled and constrained before comparing
the spectra.

To fully exploit the FD statistics, DUNE must reduce the uncertainties from the
flux prediction, the neutrino interaction model, and the detector response to the
level of a few per cent, comparable to the FD statistical error for the expected ex-
posure.[55, 68] Experience from current long—baseline experiments demonstrates
that a near detector is essential, in fact, in the T2K experiment, the ND280 near
detector constraint reduces the flux and interaction—model uncertainties on the far
detector event prediction from about 11-14% to 2.5-4%[87]. In the NOvA exper-
iment, the uncertainty on the v, appearance signal rate arising from cross—section
modeling would be of order 12% without using the ND, but is reduced to about
5% once the near—detector data are included in the fit.[88, 68]

The DUNE Near Detector complex’s primary role for oscillation physics is to
perform high—statistics measurements of neutrino interactions on argon, matching
the FD target, with a detector technology closely related to that of the FD. At the
same time, the ND provides complementary measurements on other targets and
with different detector technologies, which are essential to constrain interaction
models and to study nuclear effects.

As the on—axis component, SAND (System for on-Axis Neutrino Detection) con-
tinuously monitors the neutrino beam and measures neutrino interactions on sev-
eral targets (C, CHg, Ar) with a different detector technology. By directly compar-
ing data taken on different nuclei within the same beam, SAND helps to constrain
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the flux prediction and to tune the interaction model, in particular, the nuclear
effects in argon that are critical for extrapolating the ND constraints to the FD.

The PRISM concept addresses another key limitation: the strong dependence of
the FD oscillation signal on the shape of the unoscillated flux. By moving ND-LAr
and ND-GAr off-axis, DUNE can collect ND data sets with significantly different
neutrino energy spectra. Linear combinations of these off-axis samples can be
used to build effective ND spectra that approximate the oscillated FD flux for a
wide range of oscillation parameters. This allows to reduce model dependence in
the mapping from reconstructed observables to neutrino energy and to separately
study flux and cross—section systematics.

The DUNE sensitivity to the neutrino mass ordering and to CP violation as a
function of the years of data taking in Phase I is shown in Figure 2.18. In this
configuration, the significance for determining the mass ordering reaches 50 for
all values of dcp with an exposure of about 70 kt - MW - years, corresponding to
roughly 3-5 years of running depending on the beam scenario. For a maximally
CP-violating phase dcp = —7/2 in the Phase I configuration a CP-violation
sensitivity of about 30 with an exposure of ~ 100 kt - MW - years is reached,
corresponding to approximately 4-6 years. These results are consistent with the
sensitivities as a function of exposure discussed in Section 2.1.1 and shown in
Figures 2.3 and 2.4: exposures of a few hundred kt-MW-years achievable in the
full Phase II configuration, provide a 5¢ determination of the mass ordering and
a 3-Ho discovery of CP violation for a large fraction of the dop parameter space.
Extending the CP—violation discovery reach to such a large fraction of dcp values
therefore requires the Phase II configuration with limited systematics. In Phase 11
a high performance near—detector complex, including ND-GAr, becomes essential
to control flux and cross—section systematics and to reach the CP—violation physics
goals of DUNE.[55, 54, 68|
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Figure 2.18: Expected DUNE Phase I sensitivity to the neutrino mass ordering
(left) and to CP violation for dcp = —7/2 (right) as a function of years of data
taking, from [54]. The light-blue bands show the sensitivity for dcp = —7/2; in
the left panel the darker band indicates the sensitivity required to cover 100% of
possible dcp values. The width of each band reflects different assumptions on the
beam power. The solid line corresponds to starting immediately at the nominal
1.2 MW beam power, while the lower dashed line assumes a 4-year ramp to the
same power. Horizontal lines at 30 and 50 show the discovery thresholds.
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Chapter 3

SAND - System of on-Axis Neu-
trino Detection

The System for on-Axis Neutrino Detection (SAND) is one of the three compo-
nents of the DUNE Near Detector complex, and is the only one permanently
located on the beam axis. From this position, SAND continuously monitors
the beam, providing a high-precision measurement of the spectra and detecting
beam variations. When ND-LAr and ND-GAr are in off-axis positions, as part of
the DUNE-PRISM program, SAND records the on-axis flux, diagnosing changes
caused by beamline parameters and cross-checking flux predictions used in the
oscillation analysis.

SAND is a multipurpose detector capable of precision tracking and calorimetry
and can record neutrino interactions on a variety of target materials, including
argon, carbon, and hydrocarbons (CHz). The detector volume is surrounded by
a 0.6 T superconducting solenoidal magnet, originally operated in the KLOE
experiment at the DA®NE ¢-factory at INFN LNF.[89] Within the magnetic vol-
ume, SAND houses a lead-scintillating fiber electromagnetic calorimeter (ECal),
also from KLOE, together with with an inner tracking and target system and a
compact liquid-argon detector (GRAIN). The magnet and ECal together provide
an almost 47 hermetic, instrumented volume with well-understood performance,
while the inner tracker is tailored to the DUNE Near Detector physics program,
balancing the need for a large target mass with that for good detector resolution.
A sketch of the detector can be found in Figure 3.1

The standard design for the inner tracker of SAND is a low-density straw-tube
target tracker (STT). The STT is composed of modular units that combine thin
passive targets with four planes of small-diameter straw tubes arranged in an
XXYY configuration. In each module, the first two planes (X views) have straws
oriented parallel to the y axis and measure the x coordinate, while the following
two planes (Y views) have straws rotated by 90° and measure the y coordinate.
The duplicated X and Y views provide a two-dimensional view with redundancy,
improving pattern recognition and spatial resolution. The targets are composed of
different materials, allowing the possibility of using many nuclear targets beyond
argon, in particular graphite and plastic (CHy), so that interactions on several
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Figure 3.1: Exploded engineering view of the SAND detector. The main com-
ponents are shown: GRAIN, the inner tracker with the targets, the surrounding
electromagnetic calorimeter (ECal) with both barrel and endcap modules, and the
iron yoke.

nuclei, including hydrogen, can be studied within the same detector. The low
density of the tracker limits multiple scattering while maintaining sufficient target
mass, and the high granularity of the straw geometry provides tracking with sub-
millimeter spatial resolution and a few-percent momentum resolution for charged
particles.

A drift-chamber tracker with a reduced number of channels is being investigated as
an alternative option for the inner tracker. This configuration uses planes of sense
wires separated by thin mechanical supports, providing a complementary technol-
ogy with different systematic uncertainties and material budget, while maintaining
the ability to employ various nuclear targets. The final layout will balance these
options to optimize tracking performance, target mass, and control of systematic
effects.

A dedicated LAr active target is located upstream of the target, known as GRAIN
(GRanular Argon for Interactions of Neutrinos). GRAIN is a O(1 t) liquid-argon
detector that exploits a novel optical readout concept: neutrino interactions are
reconstructed using scintillation light collected by SiPM-based cameras, rather
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than by the drift of charge typical of the time-projection chamber detector. This
approach is tuned to the high event rates expected at the Near Detector and offers
excellent timing capabilities, high-rate operation in a magnetic field and a compact
cryostat design. GRAIN provides an on-axis argon target that is permanently
available for cross-calibration with ND-LAr and for dedicated measurements of
neutrino-argon interactions, reducing flux and interaction-model systematics [90].

Beyond its beam-monitoring role, SAND is designed to independently measure
the neutrino flux using many methods described in Section 3.2, to provide high-
statistics measurements of neutrino interactions on argon, hydrogen, carbon, and
composite targets, and to constrain nuclear effects and final-state interactions that
enter the oscillation analysis. Furthermore, the low-density tracking region and
excellent timing open opportunities for searches for physics beyond the Standard
Model, such as heavy neutral leptons and other exotic signatures, making SAND
a key element of the DUNE Near Detector physics program. [68, 69]

3.1 Design

3.1.1 Superconducting magnet and iron return yoke

The SAND detector exploits the superconducting solenoid and iron return yoke
originally deployed in the KLOE experiment. The system was designed to provide
a uniform axial field of 0.6 T over a cylindrical tracking volume about 4.3 m long
and 4.8 m in diameter, surrounding the central tracking and ECal detectors. The
main magnet specifications are summarized in Table 3.1.

The superconducting coil is housed in an aluminum cryostat and cooled with
liquid and gaseous helium using a thermo-siphon circuit. It operates at a nominal
current of 2902 A, corresponding to a stored energy of 14.3 MJ. The iron return
yoke, with a total mass of 5 x 10? t, surrounds the cryostat and provides both
the magnetic return path and mechanical support for the ECal modules. It is
divided into a barrel and two endcaps, segmented to allow opening for detector
installation and maintenance.

The magnetic field was mapped before the KLOE operation, indicating that the
longitudinal component, B, ~ 0.6 T, is nearly uniform over the central tracking
volume, and drops steeply beyond the ends of the coil, in the region where the
field lines close inside the endcap iron and return yoke.
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Table 3.1: Main specifications of the SAND superconducting magnet. [91].

Central magnetic field 0.6 T
Useful field volume (L xD) 4.3 m x 4.8 m
Vacuum case length 4.4 m
Vacuum case inner diameter 4.86 m
Cold mass 10 ¢

Iron return yoke mass ~5x 102 t
Stored energy at full field 14.3 MJ

3.1.2 Electromagnetic calorimeter

The SAND electromagnetic calorimeter (ECal) is a lead—scintillating—fiber sam-
pling calorimeter, reused from the KLOE detector operating at INFN - Laboratori
Nazionali di Frascati in Italy.[89] It surrounds the SAND inner volume inside the
superconducting solenoid and iron yoke (Section 3.1.1), providing almost 47 cov-
erage. An overview of the ECal detector is given in Figure 3.2, where in panel (a)
a photograph of one of the two endcap side open showing the inner volume and
the barrel modules can be seen, while panel (b) displays a sketch of the vertical
cross section of the detector geometry.

3.1.2.1 Geometry and segmentation

The calorimeter is composed of a cylindrical barrel and two endcaps. The barrel
consists of 24 modules with a trapezoidal cross-section, located on the inner wall
of the coil cryostat. Each barrel module is 4.3 m long, 23 cm thick corresponding
to about 15 Xy and the inner diameter of the barrel volume is about 4 m. The
two endcaps, each consisting of 32 “C-shaped” modules of different widths, are
mounted on the movable end doors of the iron yoke, thus providing access to the
inner detector volume.

Scintillating fibers run parallel to the cylinder axis for the length in the barrel
modules, and almost completely perpendicular to it in the endcaps, so that for
neutrino interactions originating inside the inner tracker in which final state par-
ticles are predominantly forward-going along the beam direction, this geometry
still ensures that clusters in the ECal cross the fibers largely transversely for most
of the solid angle, limiting channeling effects and reducing sampling fluctuations.

Each module is segmented transversely into cells of roughly 4.4 x 4.4 cm?, grouped
into five planes along the radial direction. The first four layers have a thickness of
about 4.4 cm, while the outermost plane is slightly thicker (~ 5.2 cm). The full
calorimeter comprises 2440 cells, each read out at both ends, for a total of 4880
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(a) Photo of the detector showing the two end doors of the iron return yoke (blue and
yellow) that close around the inner volume, the superconducting solenoid cryostat is
also visible. The endcap is open, showing barrel modules running for the detector
length. Photo from the KLOE collaboration.
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(b) Vertical cross section of the KLOE configuration,
showing the KLOE drift chamber configuration, sur-
rounded by the barrel and endcap ECal modules in-
side the superconducting coil and iron yoke.

Figure 3.2: Overview of the ECal detector: (a) photograph of the apparatus and
(b) schematic cross-section highlighting the position of the ECAL with respect to

the tracker and magnet.
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Figure 3.3: Schematic view of the sampling structure of an ECal module. Al-
ternating layers of grooved lead foils and 1 mm-diameter scintillating fibers are
shown with the pitch and dimensions of the scintillating fibers.

electronic channels. Barrel modules provide 60 channels per side, while endcap
modules have 10, 15, or 30 channels per side, depending on their width.

3.1.2.2 Sampling structure and scintillating fibers

The internal structure of an ECal module consists of about 200 layers of 1 mm-
diameter plastic scintillating fibers between 200 grooved lead foils of 0.5 mm thick-
ness. The grooves on the two faces of each foil are shifted by half a pitch so
that the fibers lie at the vertices of quasi-equilateral triangles of side ~ 1.35 mm
(Figure 3.3). This geometry results in an almost uniform fiber distribution and
mechanical stability of the composite structure.

The volume ratio of fiber:lead:glue is approximately 48 : 42 : 10, yielding an
average density of about 5 g/ cm® and an effective radiation length Xg ~ 1.5 cm.
The total thickness of a module corresponds to roughly 15 Xy. [92] The thinness
of the individual lead foils (< 0.1 X) ensures a high conversion probability and
good efficiency also for low energy photons.

Two types of scintillating fibers are used in the calorimeter (Kuraray SCSF-81
and Pol.Hi.Tech 0046), with a total length of about 1.5 x 10* km. The Kuraray
fibers, which have slightly higher light yield and longer attenuation length, are
installed in the inner half of the modules, while the Pol.Hi.Tech fibers are used
elsewhere. Typical attenuation lengths are 3-5 m, and the light yield is of the
order of one photoelectron at the photomultiplier for a 1 mm path length in a
single fiber at a distance of 2 m from the readout. The emission spectrum peaks
around A ~ 460 nm, well matched to the quantum efficiency of the photomultiplier
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tubes employed.[89]

3.1.2.3 Optical readout and photomultiplier tubes

Fibers belonging to a given cell are optically coupled to light guides at each end
of the module, so that the cell segmentation is defined by the readout only. The
fibers from each cell terminate on a light guide, which is shaped to match the
square cell area to the circular photocathode of the photomultiplier, ensuring
efficient optical coupling. The light guides reduce the effective area by about a
factor of four, while still transmitting more than 80% of the collected light. The
arrangement of the photomultiplier tubes at the end of a barrel module, together
with the routing of the high-voltage and signal cables, is shown in Figure 3.4.

Figure 3.4: View of one end side of an ECal barrel module showing the array of
photomultiplier tubes. Photo from [93].

Each calorimeter cell is read out by a fine-mesh photomultiplier tube (Hamamatsu
R5946/01, 1.5” diameter), chosen for its ability to operate in the magnetic field
of the SAND solenoid with only a modest gain reduction[89].

3.1.2.4 Performance and calibration

In KLOE, the calorimeter calibration was based on a combination of cosmic-
ray muons, Bhabha events, and tagged photons and electrons from radiative and
hadronic ¢ decays. The energy resolution for photons and electrons was parame-

terized as

9% 5Th gy p<w, (3.1)

E — \/E[GeV]
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Figure 3.5: Energy resolution of the KLOE electromagnetic calorimeter for pho-
tons as a function of the incident photon energy FE,. The points show data
from test beams and in-situ calibrations; the curve represents a fit of the form
op/E = (5.7%)/+/E [GeV] & b with a small constant term b. Figure from [89].

while the time resolution could be written as
57 ps

V E [GeV]

where FE is the deposited energy in the calorimeter. [89] Figure 3.5 shows the mea-

o1 (E) ~ & 100 ps, (3.2)

sured og/E for photons as a function of the incident photon energy £, together
with a fit of the form in Eq. (3.1). This result as been used in Chapter 5 as the
reference for the comparison with the energy resolution obtained for SAND con-
figuration from dedicated simulations of electron particle guns and from neutrino
interactions.

The electromagnetic energy resolution for the SAND configuration has been eval-
uated with the new reconstruction chain, and it is presented in Chapter 5. There,
electron-gun samples and the Monte Carlo backtracking clusters are used to derive
an active-to-total calibration factor and to measure the stochastic and constant
terms of o/ E for neutrino interactions. The fit is found to be close to the KLOE
one, as discussed in Subsection 5.6.

The response of a KLOE calorimeter prototype to neutrons with kinetic energies
between 22 and 174 MeV was also measured in a dedicated test beam at The
Svedberg Laboratory, using a single KLOE-like Pb—Pb-scintillating fiber module
prototype, read out by two photomultipliers on each side. The two signals on
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a given side were summed and discriminated, and a neutron was detected when
the analog sums on both sides of the module exceeded a threshold expressed in
electron—equivalent energy.[94] In these conditions, the overall neutron detection
efficiency of the prototype was found to be of order 30-50%, depending on neutron
energy and threshold. This efficiency is significantly larger than the expectation
from scintillator thickness alone. In fact, a lead-scintillation fiber calorimeter, neu-
trons interact predominantly in the lead absorber, producing secondary charged
particles. These secondaries then enter the scintillating fibers and deposit visible
energy, effectively increasing the probability that a neutron interaction leads to a
detectable signal in the active material.

The corresponding Monte Carlo hit and reconstructed cluster-level neutron effi-
ciencies in the new configuration of the SAND ECal are evaluated in this thesis in
Chapter 6. Using a full detector Monte Carlo with realistic geometry, upstream
tracker-target material, digitization, and thresholds as described in Chapter 4, the
ECal shows a Monte Carlo hit efficiency of about 77% and a reconstructed-cluster
efficiency of about 30% for final-state neutrons in the 100-1000 MeV range arising
from neutrino interactions by the LBNF beam. In this analysis, a calorimeter cell
is required to be complete, that means to have both photosensors above the dis-
criminator threshold, and only clusters built from complete cells are considered,
so cells with only one photo-signal above threshold are discarded. The KLOE
test-beam measurement, instead, corresponds to an efficiency based on the analog
sums of the signals and does not impose any per-cell completeness requirement.
The SAND cluster efficiency is therefore consistent with the KLOE test-beam
results once the more restrictive clustering conditions and realistic photo-sensor
thresholds are taken into account.

Per-cell reconstruction of position, time and energy. The three-dimensional
position of a signal in a calorimeter cell is reconstructed by combining the posi-
tion of the fired cell in the transverse plane of the module with the difference
between the signal arrival times at the two ends of the module for the longitu-
dinal coordinate along the cell length. For each fired cell, two time-to-digital
converter (TDC) measurements T4 p and two analog-to-digital converter (ADC)
amplitudes S g are recorded from the photomultipliers located at the ends of the
fibers. The TDC counts are converted into times via calibration constants c4 p
and time offsets t?47 B

tA:CATA+tE)4, tB:CBTB—i—t%. (3.3)
The corresponding simulation of the digitized signal is described in Section 4.2.
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Taking the center of the module as s = 0, the coordinate s along the module
length, and the signal hit time ¢ is reconstructed as

s = ”ﬁ;’er (ta —tg), (3.4)
1 L

t==(ta+tp) — , 3.5
2( A B) 2Uﬁber ( )

where L is the cell length and vgper the effective light propagation speed in the
fibers. The other two coordinates are given by the known geometrical center of
the cell in the transverse plane (projected along y, z for barrel cells and z, z for
endcap cells). In the clustering algorithm developed in this work in Chapter 5,
the same procedure for reconstruction of the time and position is implemented.

For each cell, the photomultiplier amplitudes S4 g in ADC counts are converted
into energies after pedestal subtraction and calibration. Denoting by S ; the zero-
offset (pedestal) and by Sy ; the response to a minimum ionizing particle crossing
the center of cell 4, the energy measured on side A of cell i can be written as

kg 1

EAJ;(MQV) = (SA}@ — SO,i) % m,

(3.6)
and analogously for Ep;. Where kg is the global energy-scale factor (MeV per
MIP deposition) determined from electrons and photons of known energy, and
Ai(da) is the attenuation factor along the light path d4, measured as in Equa-
tion (4.2), obtained from dedicated attenuation measurements. The cell energy is
then taken as the average of the two sides,

Ei=-(Ea; +Ep,). (3.7)

| =

From the separated measurements, an average number of about 35 photoelectrons
per PMT is obtained for a minimum ionizing particle crossing the module cen-
ter, corresponding to a light yield of approximately 1 photoelectron per MeV of
deposited energy at the module center.[89]

The digitization and reconstruction chain adopted for the SAND simulations in
Chapters 4 and 5 follow the same structure. In the digitization step (Section 4.2),
the deposited energy dE of each edep-sim hit in a cell is converted into a mean
number of photoelectrons on each side via

B = dE Ay(dy2) Epe, (3.8)

where A; is the attenuation factor of Equation (4.2) and E,. is set such that a
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MIP crossing the module center yields ~ 1 photoelectron per MeV, consistent
with the KLOE measurement.

The actual number of photoelectrons is then Poisson-fluctuated and converted to
ADC counts as
SAVB = NZ;?;B X ADCphoto-electmm (39)

with ADClhoto-electron = 4. Pedestals on the ADC amplitudes are not simulated,
so that Sp; = 0 by construction, and a single ADCypoto-clectron 1 an already scaled
for a MIP response Sy ;.

The electronic and photo-sensor time uncertainty is instead included in the digiti-
zation through the Gaussian smearing term Gauss(1 ns) in Equation (4.3), which
models a 1 ns timing jitter on the TDC measurement.

In the clustering reconstruction (see Section 5.1), the digitized amplitudes are
converted back into energy following the same structure of Equations (3.6)—(3.7).
For a complete cell with ADC values (S, Sp) and attenuation factors A;(da g),
the reconstructed energy is

1 Sa Sp
E= 5 <Al(dA) - Al(dB)) /(fatt,tot Epe peADC), (310)

where E,. is the light yield in photoelectrons per MeV, peADC is the number of

ADC counts per photoelectron and fags, ot is the active-to-total correction factor
that is discussed in Section 5.5.

3.1.3 The GRAIN detector

GRAIN (GRanular Argon for Interactions of Neutrinos) is a O(1 t) liquid-argon
target designed to be installed upstream of the tracking system, as illustrated in
Figure 3.6. GRAIN will measure v-Ar interactions for nuclear-effect studies, and
it will also act as a complementary argon target for cross-calibration with the
other near-detector detectors. Being subject to different systematics than ND-
LAr, GRAIN will contribute in an independent way to constrain the neutrino flux
and neutrino-argon cross sections.

The GRAIN cryostat consists of an inner vessel, containing the liquid argon,
housed inside a vacuum vessel that provides thermal insulation and mechanical
support, both with an elliptical transverse shape. The inner vessel is fabricated
from stainless steel and has an elliptical cross-section with axes of approximately
49 cm and 148 cm and a longitudinal length of 150 cm. The vacuum vessel
operates at room temperature and is built as a carbon-fiber reinforced plastic
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Figure 3.6: Cross-section view of the GRAIN cryostat inside the magnetic volume
of SAND. GRAIN is installed upstream of the tracker, in proximity to the ECal
barrel (see Figure 3.1).

sandwich around a Nomex honeycomb core, with an aluminum inner liner to
ensure vacuum tightness. The elliptical geometry has been chosen to follow the
curvature of the SAND barrel ECal, allowing efficient use of the available space
and reducing the amount of passive material between GRAIN and the surrounding
calorimeter. A sketch of GRAIN can be found in Figure 3.7.

If GRAIN were sufficiently thin along the neutrino beam axis, particles produced
in v-Ar interactions would typically exit the LAr volume, and their momenta
could be reconstructed downstream by the tracker. However, the cryostat must
contain approximately 1 ton of liquid argon, implying a thickness of several tens of
centimeters in the beam direction. On the other hand, low-energy particles that
stop in the LAr or in the cryostat walls, as well as particles exiting at large angles
with respect to the beam, often fall outside the tracker acceptance. This leads
to potential biases in topological selection and to missing energy in the neutrino
reconstruction.

To mitigate these effects, the LAr volume in GRAIN will be actively instrumented
with arrays of silicon photomultipliers (SiPMs) coupled to dedicated optical sys-
tems. The light readout provides a precise time reference for the interaction and
a calorimetric measurement of the total energy deposited in the target. Two
R&D programs are underway to develop an optical imaging system capable of
reconstructing tracks and interaction vertices from scintillation light. GRAIN is
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Figure 3.7: Engineering model of the GRAIN cryostat. Left: longitudinal section.
Right: transverse elliptical cross-section. The inner vessel (light gray) contains
the 1 t LAr volume, while the vacuum vessel (orange) provides vacuum insulation.
The overall external dimensions are about 2.0 m (length), 1.9 m (height), and
0.83 m (width).

instrumented with imaging cameras based on matrices of cryogenic SiPMs, read
out by a dedicated ASIC. Each camera combines a finely segmented SiPM focal
plane with an optical system that projects the three-dimensional light distribution
in the LAr volume into a set of two-dimensional images.

Two complementary imaging technologies are under study: lens-based cameras
and coded aperture mask cameras [90]. In the lens-based option, shown in Fig-
ure 3.8, scintillation photons are focused onto the SiPM matrix by a VUV lens
system. The current design employs a doublet of plane—convex fused-silica lenses
with an effective diameter of 60 mm and a focal length of about 9 cm in xenon-
doped LAr, which shifts the emission wavelength from 127 nm to ~ 174 nm and
improves the lens transmissivity.

In the alternative coded-aperture mask option, the optical element is a perforated
mask placed a few centimeters in front of the SiPM matrix. A coded-aperture
mask is a thin aluminum sheet with an array of open and closed cells aligned
with the sensor pixels and an overall open fraction of about 50%. As illustrated
in Figure 3.10, each point-like source in the LAr volume produces a shifted copy
of the mask transmission pattern on the focal plane, with alternating illuminated
and blocked regions. The original light distribution can then be reconstructed
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Figure 3.8: Exploded view of a lens-based camera for GRAIN, showing the VUV
lens doublet and the SiPM focal plane with its front-end electronics.
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Figure 3.9: Schematic coded-aperture camera for GRAIN. A 32 x 32 SiPM matrix
with ~ 3 x 3 mm? pixels (active area ~ 10 x 10 cm?) is placed ~ 3 cm behind a
perforated aluminum mask with a 50% open fraction.

using deconvolution techniques [95]. In the GRAIN implementation, the mask
is located at a distance of about 3 cm from the SiPM focal plane, as sketched
in Figure 3.9. The detector volume between the mask and sensor is filled with
LAr, so the optical transmission depends only on the mask open fraction and is
essentially independent of wavelength.

Detector layouts optimized for lens-based and coded-aperture mask cameras are
being studied in parallel. For lens-based optics, a configuration with 53 cameras
distributed on the elliptical walls and on the top and bottom of the inner vessel is
under evaluation, providing overlapping fields of view that cover most of the 1 t
fiducial volume. A corresponding layout with 60 coded-aperture cameras is also
being developed.

The SiPM matrices will be coated with a wavelength shifter to match their spectral
response to the shifted scintillation light: this coating is required irrespective of
whether the optics are based on lenses (with xenon-doped LAr) or on masks. The
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Pinhole camera Coded mask system

Figure 3.10: Imaging principle of a coded-aperture camera compared with a pin-
hole camera. Left: a pinhole camera, where the detector plane records a low-
efficiency image of the source field. Right: a coded mask camera, where multiple
overlapping shadows of the mask are recorded and later decoded to recover the
original light distribution.

final solution may combine both technologies, exploiting the higher light-collection
efficiency of the lenses and the robustness and wavelength-independence of the
coded masks.

3.1.4 The inner tracker

The low-mass gas-based inner tracker of SAND provides both the neutrino inter-
action target and the charged—particle tracking in the magnetic field. Its design
is driven by four main requirements: (i) a precisely known and tunable target
mass, with the possibility of using different nuclei; (ii) high—precision tracking in
three dimensions with good momentum resolution in the 0.5-5GeV range; (iii) a
low average density, so that final state particles are only minimally affected by
secondary interactions; and (iv) the possibility to select v—H interactions with
the “solid hydrogen” technique discussed in Subsection 3.2.2.2. To satisfy these
conditions, the active tracking elements are as light as possible and are separated
from the neutrino targets, so that the latter dominate the mass percentage and
can be controlled with high accuracy.

The tracker is located in the central region of SAND and it is surrounded by the
ECal, while the upstream area is occupied by GRAIN liquid-argon, as illustrated
in Figure 3.11.

The tracker configuration is based on a sequence of modules, each consisting of
a target slab closely followed by a tracking station. Two implementations of
the tracking system are under study: a Straw Tube Tracker (STT) based on

69



Chapter 3. SAND - System of on-Axis Neutrino Detection

ECAL

1 CMODULE

9 CH,
MODULES

Figure 3.11: SAND inner volume geometry showing the alternating sequence of
C and CHy modules in the tracker, in red and green, respectively. The first and
last five modules are tracking-only (blue). GRAIN is located upstream of the
tracker, and the beam is coming from right to left. Figure adapted from DUNE
Collaboration documentation.

cylindrical drift tubes, and a drift-chamber tracker based on wire planes. Both
options share the same external geometry and target configuration, so that the
overall acceptance and target masses are comparable.

3.1.4.1 Modular target and tracker layout

The basic module of the tracker consists of a target slab, typically 5 mm thick
followed by a compact tracking station. In the standard configuration targets
are slabs of polypropylene (CHg) or graphite (C), which can be weighed before
installation in order to check the fiducial mass at the percent level. The tracking
elements contribute only a small fraction of the radiation length (~ 1-2% Xj)
and of the total mass, so that the average density of the tracker can be tuned by
changing the number and composition of the target slabs.

The reference configuration is composed of 90 modules: 78 standard CHy target
modules, 7 modules equipped with graphite targets, and 5 tracking-only modules
without target. The different module types are shown in Figures 3.12 and 3.13.
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Figure 3.12: Left: 3D engineering CAD model of one STT module equipped with
a CHj target slab (brown) and a radiator (blue). Right: detailed drawing of an
STT module, showing target, radiator and the four straw layers (XXYY, with
the beam along the z axis and the magnetic field along the = axis). Figure from
DUNE Collaboration.

32.0000
18.6600

[ straws

v straws]

[xx slraws<
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Figure 3.13: Detailed drawings of a graphite module (left) and a tracking-only
module (right). Figure from DUNE Collaboration.

Standard modules host a CHy slab together with a transition-radiation detector
and a tracking station; graphite modules replace the CHa target with a C slab
matching the same radiation length; tracking modules contain only the tracking
station and are used to instrument the upstream and downstream areas of the
tracker region.
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The 90 modules are grouped into seven super-modules that can be inserted and
extracted from the detector as independent units. Each super-module contains
one graphite module followed by a sequence of CHy modules, for a total of 10-12
target modules per super-module. Starting from the upstream side, the baseline
geometry consists of one tracking-only module, the seven super-modules, and
four additional tracking-only modules downstream. The presence of CHs and C
modules allows to apply the “solid-hydrogen” technique, while the upstream and
downstream tracking modules improve the reconstruction of tracks entering or
leaving the tracker region. The overall thickness of the tracker along the beam
direction is about 1.3 Xy, including all targets and tracking material. A three-
dimensional rendering of one super-module inside the ECal and its transverse
cross-section are shown in Figure 3.14.

Figure 3.14: Preliminary engineering drawings of the STT configuration. Left:
3D view of the tracker inside the ECal barrel modules. Right: 2D transverse
projection. For simplicity, a single super-module is shown, but all the volume will
be filled with modules of different lengths. The upstream region is reserved for
GRAIN (see Section 3.1.3). The beam is coming from left to right. Figure from
DUNE Collaboration.

3.1.4.2 Straw Tube Tracker

In the STT option, the tracking stations are made of gas-filled cylindrical straw
tubes with a conductive inner coating as the cathode and a thin anode wire along
the axis of each straw. An electric field between the wire and the straw wall
separates electrons and positive ions produced by the ionization of the charged
particle along its trajectory. Electrons drift towards the wire, where the electric
field is large enough to trigger an avalanche multiplication, producing a propor-
tional signal on the anode. The operating gas is a Xe/CO2 (70/30) mixture at a
slight overpressure; typical gains are of the order of 10%-10°.
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Each tracking station consists of four layers of 5mm diameter straws arranged
in an XXYY configuration, with two stereo views orthogonal to each other and
transverse to the beam direction. The single-hit spatial resolution is expected
to be better than 200 pm so that for tracks that traverse about 1m in the 0.6 T
magnetic field, the track curvature and hence the momentum can be determined
with a resolution better than 5%. The longitudinal coordinate along a straw is
obtained by comparing the signals read out at the two ends: both the asymmetry
in the collected charge and the difference in arrival time are converted into a
position along the tube. Hits in the orthogonal straw layers provide a second,
independent view of the track, and are used to match the corresponding track
segments and resolve ambiguities when several tracks cross the same region.

In standard CHg modules (Figure 3.12) the straw planes are preceded by a polypropy-
lene radiator composed of about one hundred thin foils (thickness ~ 20 pum) sep-
arated by gas gaps. Transition radiation photons produced by ultra-relativistic
electrons in the radiator convert in the gas and are detected in the straws, pro-
viding e/m discrimination over a broad momentum range. The combination of
low-density tracking, precise momentum measurement, and particle identification
makes the STT option particularly suited for reconstructing neutrino final states.

3.1.4.3 Drift Chamber

As an alternative to the STT, a tracker based on planar drift chambers (DCs) is
under development as a backup solution for the SAND inner tracker. [96]

Drift chambers are a well-established technology, providing precise tracking, fast
time response and robust operation in high-rate environments. The DC option is
designed to have the same performance and to the STT one, while reducing the
number of readout channels and the overall mechanical and production complexity.
The chambers are operated with an Ar/COy gas mixture at a pressure close to
atmospheric, requiring only a few millibars of overpressure to circulate the gas.

The layout closely follows that of the STT discussed in Section 3.1.4.1: the mod-
ules with graphite and CHs targets are arranged in super-modules. At the same
time, the transition-radiation detector present in the STT baseline is removed
in the DC configuration. Ten modules (nine with CHy targets and one with
graphite) form a super-module about 35cm thick along the beam direction, and
the full tracker comprises roughly 240 DC planes. In this way, the total target
mass and average radiation length are essentially identical for the STT and DC
options, allowing a direct comparison of their physics sensitivities.

The active part of a DC module consists of three sense wire planes interleaved
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with thin Mylar cathode foils, as sketched in Figure 3.15. Each drift cell is defined
by a central anode wire, made of gold-plated tungsten with a diameter of 20 pm,
enclosed between two cathode planes of bi-aluminised Mylar (20 pm thick with
a 70nm aluminium coating on each side). Two additional field-shaping wires,
complete the cell and delimit the drift volume. The use of continuous cathode
planes, together with field wires, yields an electric-field configuration similar to
that of a straw tube while reducing the number of readout channels, since only
the sense wires are instrumented. The chambers operate with typical drift times
of a few hundred nanoseconds for the maximum drift distance.

Each wire plane in a module is oriented at a different angle with respect to the
magnetic-field axis to enable 3D reconstruction of tracks. A stereo angle of about
+5° has been adopted: the three wire planes are oriented at approximately +5°,
0° and —5°.

35.08
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Figure 3.15: Schematic cross-section of one drift-chamber module of the tracker.
A drift region follows a tunable target slab instrumented with a central signal
wire and surrounding field wires, separated by Mylar cathode foils of thickness
20 pm. The horizontal dimensions (in mm) indicate the thickness of the target
slab (5 mm), the characteristic size of a drift gap (10 mm) and the total thickness
of the module (35.08 mm) along the beam direction. Figure from [96].

The drift-chamber option therefore, has the light target concept of the STT while
offering a simpler mechanical structure and a well-established readout technol-
ogy, at the price of a lower longitudinal sampling and the absence of transition-
radiation e/7 separation.
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3.2 SAND physics program

As mentioned above, SAND’s primary role is to monitor the LBNF neutrino beam
in real time and to provide complementary neutrino interaction measurements. To
do so, SAND must continuously measure the charge and momentum of muons pro-
duced in neutrino interactions, reconstruct interaction vertices with centimeter-
scale precision, and operate in a high-rate environment, also rejecting cosmic and
beam-induced backgrounds. By combining information from the low-density inner
tracker, the GRAIN liquid-argon target detector, and the surrounding electromag-
netic calorimeter, SAND can track muons and charged hadrons, perform parti-
cle identification via dE/dx and by combining different sub-detector signatures,
measure the energies of particles reaching the ECal, and identify neutrons. These
capabilities allow measurements of the on-axis neutrino fluxes and the detection

of variations in the beam spectrum.

Beyond beam monitoring, SAND has a broad neutrino interaction program that
strengthens the DUNE oscillation physics goal. The combination of hydrocar-
bon, pure carbon and argon targets allows measurements on multiple nuclei and
the “solid-hydrogen” technique application, in which interactions on free pro-
tons are isolated using transverse kinematic imbalance techniques. This allows
the constraining of nuclear effects and cross-section models, reducing systematic
uncertainties in the near-to-far rate extrapolation. The low-density, magnetized
tracking volume and high-resolution calorimetry also allow for searches for rare
and Beyond-the-Standard-Model processes, such as heavy neutral lepton decays.
In the following subsections, a more detailed discussion of the SAND physics goals
is presented.

3.2.1 Beam monitoring

Beam monitoring is based on inclusive v, /7, charged-current (CC) interactions
reconstructed in the inner tracker and ECAL, from which the neutrino energy and
interaction vertex can be measured. This information is used to detect variations
in the intensity, energy spectrum and transverse profile of the beam on time scales
of order one week.

The expected sensitivity has been studied in dedicated SAND beam-monitoring
simulations by the DUNE Collaboration, using one week of exposure in FHC
mode, corresponding to 3.78 x 10! protons on target [97, 68]. Events are selected
by requiring at least one reconstructed charged track in the bending plane of the
inner tracker, with the muon momentum and calorimetric hadronic energy used
to reconstruct the neutrino energy. For each assumed variation of the beamline
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Table 3.2: Sensitivity to variations of the main beam parameters with respect to
the nominal FHC beam settings, for one week of data taking. The “lo varia-
tion” column lists the size of the change applied to each beam parameter in the
sensitivity study, chosen to be representative of realistic fluctuations expected in
LBNF operation. The last two columns give the sensitivity expressed as /Ax?2
when using the true neutrino energy E%" and the reconstructed energy E'¢, re-
spectively. Values taken from the SAND beam-monitoring studies of the DUNE
Collaboration [97, 68].

Beam parameter 1o variation VAXZ(ERue) \/Ax2(Erec)
Horn current +3 kA 12.57 9.44
Water layer thickness 4+0.5 mm 4.69 3.58
Proton target density +2% 5.28 4.07
Proton beam radius 4+0.1 mm 4.41 3.53
Proton beam offset X +0.45 mm 5.11 3.54
Proton beam 6, ¢ 0.07 mrad, 1.57 mrad 0.62 0.28
Proton beam 6 0.070 mrad 0.91 0.58
Horn 1 X shift +0.5 mm 4.70 3.42
Horn 1 Y shift +0.5 mm 5.27 3.87
Horn 2 X shift +0.5 mm 1.18 0.69
Horn 2 Y shift +0.5 mm 1.31 0.77

parameters, a varied sample of neutrino interactions is obtained and compared to
the nominal configuration using the test statistic

N nom var) 2
I — N
TEAXQZZ( 7 Nnomz ) 7
i

(3.11)

where N/°™ and N®" are the expected event in bin 7 for the nominal and varied
beam, respectively. The quantity 1/Ax? is the significance for rejecting the varied
hypothesis.

Table 3.2 summarizes the sensitivity for a representative set of 1o variations of
the main beam parameters around the nominal FHC configuration. Results are
given both using the true neutrino energy and the reconstructed energy obtained
from smeared detector observables. For most variations (horn current, target and
horn alignment, proton beam profile) SAND achieves /Ax? = 3 within one week,
being able to detect these changes with a significance of at least about 3o.

In addition to monitoring the energy spectrum, SAND is also sensitive to changes
in the transverse position of the beam. This is studied by applying artificial
shifts to the position of the beam axis along the X direction and comparing
the nominal and shifted samples using Eq. (3.11). Different observables can be
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Figure 3.16: Sensitivity of the ECAL+STT configuration to a shift of the neu-
trino beam axis along the X direction, expressed as Ax? as a function of the ap-
plied shift. Three observables are compared: the distribution of the reconstructed
interaction-vertex coordinate X (magenta curve), a single inclusive reconstructed
neutrino-energy spectrum (blue curve), and two separate EI¢ spectra for events
with X < 0 and X > 0 (red curve). The horizontal line indicates Ax? = 9,
corresponding to a ~ 3o significance. Figure from [68].

used: the distribution of the reconstructed X coordinate of the interaction vertex,
a single inclusive EJ*¢ spectrum, or two separate E}°¢ spectra for events whose
reconstructed interaction vertex lies at Xy < 0 and Xy > 0, respectively.
The corresponding sensitivities are shown in Figure 3.16. Using only the vertex
distribution gives limited sensitivity because the beam profile at the ND site is
wider than the transverse size of SAND, while a single inclusive E°° spectrum
further dilutes the effect of a transverse shift. The best performance is obtained
when the cylindrical symmetry is broken by constructing separate spectra for
Xoutx < 0 and Xyx > 0, which enhances the sensitivity to a lateral displacement
of the beam axis; in this configuration shifts down to 8.4 cm can be detected with
Ax? > 0.

Overall, these studies show that SAND provides sufficient sensitivity to detect
percent-level variations in the beam intensity and spectral shape and to control
beam pointing at the level of a few centimetres on a weekly basis.

3.2.2 Flux measurements

The determination of the oscillation probability at the Far Detector requires an
accurate knowledge of the unoscillated neutrino flux at the near site. SAND
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is designed to provide an independent measurement of the interaction rate and
energy spectra of the v, 7, . and 7, beam components, exploiting its low-density
tracker, the GRAIN liquid-argon target and the surrounding ECal. The ability to
identify and reconstruct a variety of exclusive topologies on hydrogen, carbon and
argon enables several complementary strategies to determine both the absolute
normalization and the energy dependence of the flux, and to measure flux ratios
relevant for the oscillation analysis, such as ve/v,, U/, and v, /v,,.

Several channels are under study for flux measurements in SAND that will be
discussed in a the following.

3.2.2.1 vp-e elastic scattering

Elastic scattering of neutrinos on atomic electrons,
vet+e —uvte (3.12)

with £ = u,e, is a purely electroweak process whose cross section is predicted
by the Standard Model with sub-percent uncertainties and is free from nuclear
effects. For an accelerator neutrino beam this channel therefore provides a direct
and theoretically clean handle on the absolute neutrino flux normalization, lim-
ited mainly by statistics and detector systematics rather than by the theoretical
description of the interaction.[55]

The experimental signature in SAND is a single, isolated electron emerging at
small angle with respect to the beam direction and no hadronic activity above
threshold. For scattering on an electron at rest, the electron energy F. and scat-
tering angle 6 satisfy the kinematic relation

me(l —y)

1-— 0~
Cos E ,

(3.13)
where me is the electron mass and y = E./E, is the fraction of the neutrino energy
transferred to the electron. For DUNE beam energies E, > m, the electron is
ultra-relativistic and the scattering angle is typically a few mrad, such that E.62 <
2me. The measured (Ee,#) distribution can therefore be related to the incident
neutrino energy spectrum with minimal model dependence, and can be used to
extract the flux normalization and, in combination with external constraints on
the beam composition, information on the energy dependence of the on-axis flux.

Dedicated studies based on the DUNE Near Detector flux and detector simulations
indicate that a v-e sample selected in the straw-tube tracker with requirements on
the electron energy (E, = 0.15 GeV), isolation, and on the kinematic variable .02
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can be obtained with an efficiency of ~ 80-85% and total background contamina-
tion at the level of a few percent, dominated by v, charged-current interactions
without visible hadrons and neutral-current 7% production. A complementary v-
e sample can be selected in ND-LAr, which features a larger fiducial mass but
higher background levels, combining the two detectors improves the overall sta-
tistical precision and provides important cross-checks of detector systematics.

Under these conditions, the v-e elastic scattering channel in SAND is expected
to constrain the absolute normalization of the (predominantly v,) on-axis flux
at the few-percent level. When combined with external constraints on the beam
composition and with other interaction channels in the near detectors, the v-e
sample also contributes to constraining the energy dependence of the flux in a
largely model-independent way.

3.2.2.2 Solid-hydrogen technique and interactions on H

The flexible design of the SAND tracker (STT) offers the possibility to isolate
charged-current (CC) interactions on hydrogen (H) by comparing samples of
events interacting on polypropylene (CHz) and graphite (C) targets interleaved in
the tracker.[68, 98, 97]

Because the two targets are exposed to the same beam and are measured by the
same detector, many detector-related effects cancel in the subtraction of the C
sample from the CHs sample, leaving an H-enriched sample whose residual C
background can be constrained directly from data.[99, 100, 101] This data-driven
procedure, often referred to as the solid-hydrogen (solid-H) technique is adopted
as the baseline strategy for SAND. The solid-H method exploits the kinematic
symmetry of CC quasi-elastic (CCQE) scattering on a free proton at rest.

For 7,p — pn on hydrogen, the muon and neutron are nearly back-to-back in the
plane transverse to the beam direction, so that the missing transverse momentum
Sp = || + pH|| is strongly peaked near zero. For bound protons in C, Fermi
motion and final-state interactions broaden this distribution, producing a tail to
higher 6p7*.[99, 100] By comparing the CHy and C samples bin-by-bin in dp//* and
other kinematic variables, and subtracting the appropriately normalized C distri-
butions from the CHjy ones, one obtains a hydrogen-enhanced sample in which the
residual nuclear background is constrained directly from the data.[101] Interac-
tions on free protons can be used for flux measurements because they are free from
nuclear effects so that the cross section depends only on nucleon form factors and
radiative corrections and is not affected by nuclear modeling uncertainties.[100,
101]
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CC interactions on H thus offer a way to determine the absolute and relative
neutrino (and antineutrino) flux normalization and spectrum and to study cross-
section models for more complex nuclei.[99, 100] The simplest topology considered
for neutrino configuration is the single-pion channel

vup — pprt . (3.14)

In charged—current events, the hadronic energy FEy.q is the part of the final-state
energy carried by hadrons rather than by the outgoing charged lepton. Experi-
mentally, it is reconstructed as the calorimetric sum of the visible energy of all
hadronic particles, or as the difference between the reconstructed neutrino en-
ergy and the muon energy, Ey,q ~ E, — E,. For the v,p — p~pr™ process on
hydrogen, events are selected at low hadronic energy transfer, Ey,q < 0.5 GeV.

In this regime the hadronic system is dominated by the exclusive pr™ final state,
with little additional hadronic activity. On the theory side, the corresponding
cross section is mainly dependent by the form factors that parameterize the CC
interaction on the free proton; on the experimental side, the leading systematics
arise from the muon energy scale and from the overall hadronic energy calibra-
tion. The low-F},q requirement mitigates both types of uncertainties and at the
same time, it suppresses backgrounds from interactions on carbon: even at the
same neutrino energy, CC events on a nuclear target typically produce additional
nucleons and pions and undergo final-state interactions inside the nucleus, so
that the visible hadronic energy is significantly higher. As a consequence, the
FEhag < 0.5 GeV select a sample enriched in interactions on free protons relative
to those on carbon.[68, 98, 99|

For antineutrino running is studied the quasi-elastic process
v + 3.15
up = . (3.15)

At four-momentum transfer Q? — 0 the corresponding CCQE cross section is the-
oretically known with an uncertainty well below 1%.[99, 100] By selecting events
with reconstructed Q2 < 0.05 GeV?, one obtains a hydrogen sample for which
the cross section becomes effectively independent of the neutrino energy and is
known to high precision.[99, 101] In SAND, the v,p — p prt and v,p — p'n
samples in neutrino and antineutrino mode, respectively, provide complementary
channels for the flux determination and for validating the CC interaction models
used in the oscillation analysis. In the antineutrino sample used in this thesis in
Chapter 6, about 7.8% of all interactions in the tracker volume are CCQE with
a ptn final state, and ~ 17% of these are on hydrogen, the rest being domi-
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nated by carbon (see Table 6.1). This composition implies that the r,p — ptn
signal has a background of interactions on nuclear targets that can be isolated
by combining a dedicated event selection with the solid-H CHy—C subtraction.
In this context, the ECal provides the key experimental handle, since it is the
only SAND sub-detector capable of tagging the final-state neutron in 7,p — p*n
events. Chapter 6 presents a detailed simulation study of neutron detection in the
ECal and of its impact on the hydrogen sample. For neutrons produced anywhere
in the tracker volume, about 30% of those that reach the calorimeter form at least
one reconstructed ECal cluster, with a cluster efficiency that is broadly flat in
the true neutron kinetic-energy range T ~ 100-1000 MeV (see Section 6.1).
For CCQE events with final state p*n, the kinematics of the neutron can be
predicted from the measured muon under the free-proton hypothesis; the corre-
sponding “flight line” and time-of-flight are then compared to the reconstructed
ECal clusters using the spatial and timing residuals (Ar, At) (Section 6.4). By
varying the (|At|, Ar) requirements, Chapter 6 defines working points that trade
neutron-tag efficiency against cluster purity and non-H rejection. Approximately
20% of true p™n events on hydrogen can be tagged by at least one neutron clus-
ter, while about 80% of CCQE(u"n) events on non-H targets are rejected be-
fore applying the CHy—C subtraction. This demonstrates that SAND can select a
hydrogen-enriched 7,p — pn sample with controllable non-H contamination and
a well-quantified selection efficiency. When combined with the solid-H technique
in the tracker, such a hydrogen-enhanced and neutron-tagged 7,p — p*n sam-
ple provides the necessary ingredients to turn the precisely known low-Q? CCQE
cross section on hydrogen into a constraint on the (anti)neutrino flux: the observed
event rate in the selected sample is, up to residual detector systematics, directly
proportional to the incident flux. The study carried out in this thesis therefore
constitutes a quantitative assessment of the ECal neutron-tagging performance
required for a future precision flux determination with SAND, and shows that the
detector design is compatible with this physics goal.[99, 100, 101, 68]

3.2.3 Nuclear effects and cross-section measurements

As discussed in Section 2.4.5, the event rates are the result of the convolution
of the on-axis neutrino flux with the interaction cross sections on the various
target nuclei and with the detector response. The flux normalization and shape
can be constrained with the v-e channel and with hydrogen-enhanced samples,
as described in 3.2.2, but a dedicated program of cross-section and nuclear-
effect measurements in SAND is still required to control the remaining model
dependence in the oscillation analysis.[68, 79] The SAND configuration addresses
this problem by combining hydrocarbon and pure carbon targets in the tracker
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and a liquid-argon target in GRAIN, all exposed to the same beam.[68, 97, 90|
As discussed in 3.1.4.1 in the modular target-tracker the passive material can
be tuned (e.g. CHg, C and, in future, additional nuclei), while GRAIN provides
complementary measurements on argon with a different reconstruction.

Cross-section measurements. In both neutrino and antineutrino running,
SAND exploits exclusive charged-current interactions on hydrogen, following the
solid-H program [99, 100, 101]. Key channels include

vup — Woprt, (3.16)
vup — phn, (3.17)
vup — ppm. (3.18)

0

Additional channels with higher hadronic multiplicity (e.g. 7,p — p*na” or v,p —

p~prTX) and CC-inclusive samples can also be used.

Once the hydrogen component is isolated via the CHs-C subtraction and trans-
verse kinematic-imbalance variables, as discussed in Section 3.2.2.2, the differen-
tial cross section on hydrogen can be estimated from the data as doy/dZ, where
Z denotes a vector of observables defining the analysis phase space, for example

= H
T = (Eieca Q?ecv pg“’ pT)'

2

‘e is the reconstructed four-

Here E7°¢ is the reconstructed neutrino energy,
momentum transfer, p4. is the muon transverse momentum with respect to the
beam direction, and p¥ is the magnitude of the transverse momentum carried by

the hadronic system.

In each bin i of Z, the number of events on H NiH is obtained by subtracting the
appropriately normalized C sample from the CHy sample and correcting for se-
lection efficiency and acceptance. After unfolding detector smearing (for instance
with a bin-by-bin or matrix-based procedure) and dividing by the effective num-
ber of target protons Ty and by the integrated neutrino flux ®, an estimator for
the binned differential cross section can be obtained as

doy 1 N
f;} ? .1
(di‘)i Tu® AZ; (3-19)

where NiH’ " denotes the corrected number of events in bin i, AF; is the bin width
in observable space, and T is the effective number of free protons in the fiducial
hydrogen target, computed from the target mass and chemical composition.[99,
100, 101] Because the target is hydrogen, this extraction is free from uncertainties
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related to nuclear structure and intranuclear rescattering; the remaining model
dependence arises mainly through the unfolding and acceptance corrections.

An analogous procedure can be applied also to the antineutrino quasi-elastic pro-
cess U,p — ptn at low four-momentum transfer QQ?, which cross section on free
protons is theoretically known with an uncertainty well below 1%.[99, 100] As
discussed in Chapter 6, SAND can select a hydrogen-enriched p"n sample using
the solid-H method and neutron tagging in the ECAL, with a well-quantified ef-
ficiency and non-H background rejection. This provides the necessary ingredients
for a future measurement of the CCQE cross section on hydrogen.

Nuclear effects. Nuclear effects modify both the total and differential cross
sections and distort the kinematics of the outgoing leptons and hadrons via Fermi
motion, nucleon correlations, and final-state interactions (FSI).[102] Incomplete
modeling of these effects is one of the dominant sources of systematic uncertainty
in present long-baseline experiments and is expected to be a limiting factor for
next-generation measurements if not controlled at the few-percent level. This
is illustrated in Figure 3.17, which shows the distribution of reconstructed-to-
true neutrino energy E%°°/EL" for inclusive v, CC interactions on hydrogen and
on argon in FHC mode, for different assumptions on the argon nuclear model.
While the hydrogen distribution is centered close to unity, argon exhibits a much
broader smearing in the main oscillation region, with clear dependence on the
nuclear model.[98]

Because the solid targets in the tracker are exposed to the same beam and are
measured with a common tracking and calorimetric acceptance, cross-section ra-
tios between different nuclei can be calculated with reduced sensitivity to the flux
and to many detector-systematic uncertainties. The hydrogen samples obtained
with the solid-H technique (Section 3.2.2.2) provide a reference free of nuclear
effects, against which the nuclear responses of any target material in the tracker
can be compared in the same exclusive topologies. For a nuclear target of mass
number A (for example C with A = 12, or a different target in the target modules),
a differential cross section per nucleus do4/dZ can be extracted as a function of
the same observable vector Z used for hydrogen. Ratios of the form

compare the per-nucleon response of a nucleus with mass number A to that of
free protons in hydrogen. In these ratios the flux ® and many effect related to the
reconstruction representing systematic effects cancel out, since the hydrogen and
nuclear targets in the tracker are exposed to the same beam and reconstructed
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in the same way as well. The denominator doy/dZ provides a reference measure-
A

Jue(Z) from unity as a function of

ment on free nucleons, so that deviations of R
Z directly show the impact of Fermi motion, binding, multinucleon contributions
and FSI in the nuclear target.[102] Complementary information on argon is pro-
vided by GRAIN (and ND-LAr), which sample the beam with a different detector
technology, allowing consistency checks of nuclear models on Ar within the DUNE

near-detector complex.[68, 90]
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Figure 3.17: Ratio of reconstructed to true neutrino energy in inclusive v, charged-
current interactions on hydrogen (red) and argon (blue, black and grey) in FHC
mode, obtained with different assumptions for the argon nuclear model (relativistic
Fermi gas, spectral functions with and without FSI). The much larger nuclear
smearing in argon in the main oscillation region (0.5 GeV < E, < 5 GeV) can be
constrained using hydrogen events in the tracker as a reference. Figure from [98].
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Chapter 4

SAND simulation and reconstruc-
tion framework

The studies presented in this thesis are based on a full simulation and reconstruc-
tion chain for SAND, from the neutrino interaction in the detector materials to
high-level reconstructed objects and analysis variables. This chapter aims to sum-
marize the structure of this chain and to define the interfaces between its main
components. Particular emphasis is placed on the parts that have been developed
or substantially extended in the context of this work: the SAND ECal digitization,
described in this chapter, and the ECal clustering and Monte Carlo backtrack-
ing algorithms presented in Chapter 5. The GRAIN liquid-argon detector, which
shares the common ND simulation chain but uses a dedicated optical readout, is
discussed in Section 4.3.

The SAND workflow is organized into two main blocks. On the simulation side,
the DUNE Near Detector (ND) simulation infrastructure provides the LBNF neu-
trino flux prediction at the SAND location and generates neutrino interactions in
the SAND detector geometry using the GENIE neutrino event generator [103].
Final-state particles are then transported through the detector with the edep-sim
energy-deposition simulation [104] discussed in Section 4.1, which records the de-
tailed truth information and the energy deposits in all active media in a TG4Event
TTree populated with TG4Trajectory and TG4HitSegment objects.

From the point of view of the reconstruction framework, this simulation chain is
summarized by two main Monte Carlo inputs to the reconstruction code sandreco:

e the SAND detector geometry in GDML format, produced with the dunendggd
package [105]. The latter is based on the DUNE Geometry Description Gen-
erator (GeGeDe), a Python tool that converts a high-level, modular descrip-
tion of the detector into a detailed GDML geometry where information on
active volumes and readout channels is attached through dedicated auxiliary
tags and is later used by edep-sim and sandreco to identify the sensitive

elements of each subdetector.

e the edep-sim output ROOT file, which contains the TG4Event TTree with
the list of simulated trajectories and the corresponding energy deposits
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(TG4HitSegment objects) in all sensitive volumes (Section 4.1).

This edep-sim output provides the standard energy-deposit samples for all ND
components and is used as the common input to the various detector-specific re-
construction packages. For SAND, the same GDML geometry and edep-sim file
constitute the inputs to sandreco, which uses them to perform the detector digi-
tization and event reconstruction. For GRAIN, the edep-sim energy deposits in
liquid argon are additionally passed to a dedicated Geant4-based optical simula-
tion module (OptMen), which propagates individual scintillation photons to the
imaging cameras.

On the reconstruction side, the sandreco framework [106] reads the detector ge-
ometry and the edep-sim output, simulates the detector response (digitization)
for each subdetector, and reconstructs tracks and calorimetric clusters using dif-
ferent executables:

e Digitize: reads the EDepSimEvents TTree and the EDepSimGeometry TGeoManager
written by edep-sim and simulates the detector response, producing digi-
tized signals for the inner tracker (straw tubes or drift chambers) and for
the ECal in a ROOT format that mimics the DAQ output. The executable
builds a tDigit TTree containing vectors of tracker wires and ECal digitized
cells.

For the ECal, each energy-deposit hit (TG4HitSegment object, see Sec-
tion 4.1) in the ECal is mapped to the corresponding ECal cell, and its
deposited energy in the active volume is attenuated along the two fiber
halves and converted into an average number of photoelectrons. For each
photoelectron, an arrival time at the PMT is generated by adding the scintil-
lation emission time, the propagation time along the fiber, and an electronic
jitter. Photoelectrons are then integrated in the acquisition window with a
dead time, and only signals above threshold are kept. The total number of
photoelectrons in the window is converted to ADC counts, while the TDC
time is obtained either with a constant-fraction algorithm or with a fixed
photoelectron threshold, emulating different timing discriminators. The dig-
itization model used in this thesis is described in detail in Section 4.2.

For the tracker, the hit segments are first grouped by straw tube (STT
option) or by drift cell (drift-chamber option). For each wire, the code
determines the point of closest approach between the hit segment and the
sense wire, computes the drift time and the signal propagation time along
the wire using the configured drift and signal velocities, and assigns to the
wire a TDC time smeared with the intrinsic timing resolution, together with

86



an ADC value proportional to the total energy deposit.

e SANDECALClustering: reconstructs ECal clusters starting from the digitized
cells dg_cell, which after the digitization step contain one or more photo-
signals. The executable takes as input the digitization output tDigit TTree
and produces a tCluster TTree containing a vector of reconstructed clusters
for each event. The full clustering and Monte Carlo backtracking chain is
described in Sections 5.1, 5.2 and 5.3.

e Additional reconstruction executables implement the full track reconstruc-
tion in the inner tracker. In particular, the Reconstruct program takes
as input the tracker digits, performs pattern recognition by grouping digits
into 2D clusters, fits circles in the bending plane and straight lines in the
non-bending plane, and can optionally refine the helix parameters with a
dedicated Kalman filter that includes the effect of the magnetic field, mul-
tiple scattering and energy loss along the track.

Different configurations are available at the moment of this thesis writing
for the tracker reconstruction. In the two fast modes (fast_only_primaries
and fast), tracker digits are linked to Monte Carlo trajectories using infor-
mation provided by edep-sim, so that no pattern-recognition step is per-
formed. The two modes differ only in which trajectories are allowed to seed
a reconstructed track: in fast_only primaries the loop is restricted to
primary trajectories exiting directly from the vertex, whereas in fast the
same truth-based association is used but all trajectories with at least one
matched tracker digit are reconstructed. The full mode instead performs
pattern recognition without using MC truth: the interaction vertex is first
estimated from the distributions of hit positions along the tracker, and track
candidates are then built by clustering hits into local segments in each mod-
ule and linking them across successive modules on the basis of geometrical

consistency.

In the primary_only kf configuration, the reconstruction is driven by a
Kalman filter. Tracker digits are first grouped into 3D clusters and local
“tracklets”, which provide position and direction estimates at each tracker
station. These “tracklets” are then used as measurements in a global Kalman
fit that propagates the track state through the magnetic field, including
process noise from multiple scattering and energy loss, and updates it at
each layer. The smoothed state at the downstream end is finally converted
into the helix parameters stored in the final track objects.

When needed for both SAND-level and DUNE-wide oscillation analyses, the re-
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constructed information is finally exported to the Common Analysis File (CAF)
with the ND CAFMaker package [107].

4.1 edep-sim tool

The edep-sim package is an energy-deposition simulation built as a generic wrap-
per around GEANT4 and it is used by the DUNE collaboration for the official
productions for all the ND detectors.[104] Its role is to simulate particle transport
and interactions in the full SAND geometry and to provide a standard, geometry-
aware truth description of each event in a ROOT file, which is then used by the
SAND downstream algorithms as digitization and reconstruction.

Geometry and event generation. The SAND geometry is described in gdml
format and loaded into edep-sim . Primary particles can be provided either by
a neutrino interaction generator (GENIE RooTracker files for the beam samples)
or by simple particle guns used for calibration and performance studies (e.g. the
muon and electron guns of Section 5.4.1 and the samples of Section 5.5). In all
cases, the particle transport and the physics processes are handled by GEANT4,
while edep-sim records a compact summary of the simulated event.

Output file The standard output of edep-sim is a ROOT file containing;:

e a TGeoManager stored as EDepSimGeometry, which stores the full detector
geometry used in the simulation

e a tree EDepSimEvents with a single branch Event of type TG4Event.[104]

All kinematic and geometry quantities in TG4Event are stored in CLHEP units:
distances in millimetres, energies in MeV and times in nanoseconds, with a global
coordinate system defined by the input GDML. These conventions are assumed
throughout the digitization and reconstruction codes and in the truth-level com-
parisons of Chapter 5.

Truth data model: TG4Event. The TG4Event object summarises the GEANT4
simulation for one event, that in the context of this thesis means one neutrino
interaction. Only the elements used in this thesis are recalled here:

e Primary vertices. The Primaries vector holds the TG4PrimaryVertex
instances corresponding to neutrino interactions. Each vertex stores the in-
teraction position and the list of outgoing particles, together with generator
information (reaction code, event weight, etc.) used in the flux and hydrogen
analyses.
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e Trajectories. The Trajectories vector contains one TG4Trajectory per
GEANT4 track. For each trajectory, the track and parent identifiers (TrackId,
ParentId), PDG code and initial four-momentum are stored, together with
a sequence of TG4TrajectoryPoint objects describing the particle path.
The parent-child relations contain the information for build the family tree
and are later used for Monte Carlo backtracking in Section 5.3.

e Energy depositions. The SegmentDetectors map associates, to each sen-
sitive detector name (e.g. tracker, ECal, GRAIN), a vector of TG4HitSegment
objects. Each segment represents the energy deposited along a finite step
and stores the start and end positions, the deposited energy and the identi-
fiers of the contributing tracks. For the ECal, the segments in the calorimeter
sensitive volumes are the only truth input to the digitization and backtrack-
ing algorithms.

Use in the SAND ECal simulation and backtracking. For the electromag-
netic calorimeter, the TG4HitSegment objects associated with the ECal sensitive
volumes represent the microscopic energy depositions in the scintillating fibers
and absorber. The ECal digitization step (Section 4.2) uses these segments as in-
put, maps each segment to a cell and converts the deposited energy, position and
time into digitized ADC/TDC values for the two photosensors at the cell ends.
The resulting digitized cells are then used as input by the clustering algorithm of
Section 5.1.

The TG4Event objects are accessed by the edep-reader library introduced in
Section 5.2, which wraps trajectories and hit segments into the EDEPTree and
EDEPTrajectory classes used for Monte Carlo backtracking. Hit segments from
SegmentDetectors are grouped per trajectory and per detector component, while
the parent-child relations between TG4Trajectory objects are used to build the
EDEPTree. The backtracking algorithm of Section 5.3 exploits this structure to
identify, for each reconstructed cluster, the set of the so called generator trajec-
tories that deposited energy in its cells and to compute the corresponding true
quantities and to define the correspondent true cluster, used in the performance
studies of Chapter 5 and in the analysis in Chapter 6.

4.2 ECal digitization

The ECal simulation chain starts from the energy deposited hits simulated by
edep-sim and stored as TG4HitSegment objects in the EDepSimEvents tree of the
TG4Event output (Section 4.1). The digitization step consists of a C++ module
integrated in the sandreco framework which takes these energy deposits and
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Chapter 4. SAND simulation and reconstruction framework

Figure 4.1: Definition of the SAND coordinate system and of the polar (f) and
azimuthal (¢) angles. The origin is at the center of the detector; the z axis points
along the barrel module length direction, the y axis vertically upwards, and the z
axis is along the neutrino beam. Module positions are parameterized by (6, ¢) in
this frame.

converts them into digitized photo-detector signals, stored in a ROOT tDigit
TTree. The resulting digits are the only ECal inputs used by the clustering and
Monte Carlo backtracking tools described in Secs. 5.1, 5.2 and 5.3 in Chapter 5.

The digitization reproduces the calorimeter segmentation, the light production in
the scintillating fibers, the propagation of light to the two photosensors at the cell
ends and the formation and digitization of the corresponding electronic signals.

In the barrel, each of the 24 modules is segmented radially into five sampling layers;
within each layer twelve cells are present, so that every barrel module contains
60 readout cells per side, independent of its position around the azimuth. The
segmentation of a single barrel module into layers and readout cells is illustrated
in Figure 4.2.

In the endcaps, the segmentation also consists of five layers, but the number of
cells per layer is not constant: all modules share the same readout cell width,
while the number of columns (and hence the total cell count) varies module by
module, the geometry of the barrel and endcap modules is shown in Figure 4.3 in
which the endcap modules have different dimensions and so a different number of
columns. The azimuthal position of each module and the definition of the polar
and azimuthal angles follow the SAND reference frame shown in Figure 4.1.

Each ECal cell is labeled by a unique integer identifier that encodes the detector
(barrel or endcap), the module, the layer and the cell index within the layer,
and this convention is used consistently throughout the digitization, clustering
(Section 5.1) and backtracking (Section 5.3) chain.
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Figure 4.2: Segmentation of a single barrel ECal module into five readout layers
(labelled 0-4) and twelve cells per layer. The cell height is 4.4 cm in layers 0-3 and
increases to 5.2cm in layer 4, while the cell width is constant in all layers. All
barrel modules share this readout pattern, so that each module contains 60 cells
per side, independent of its azimuthal position.

4.4 cm

For each TG4HitSegment in the ECal scintillator volumes, the digitization mod-
ule first determines the cell and the corresponding cell geometry along the read-
out fibers. The hit position is mapped to a global cell identifier through the
SANDGeoManager utilities, which also compute the distances d; and dy from the
hit point to the two photosensors along the fiber path inside the cell. The de-
posited energy dF of the segment is then associated with this cell and shared
between the two sides according to a parametrized attenuation law.

The average number of photo-electrons produced at each photosensor is written

as
bt = dE Ag(dy 2,0) Epe, (4.1)

where Ay(d; 2, /) is the light attenuation factor along the fiber for a hit at distances
dy 2 from the two ends in layer ¢, and E), is the energy-to-photoelectron conversion
factor. The attenuation factor implements the double-exponential parametriza-
tion used in KLOE,

Ad) = pr exp(—Ldl) (1= p1) exp<—L2d(£)> , (4.2)

with p; = 0.35, L1 = 50 cm and a layer-dependent long attenuation length Lo(¥)
equal to 430 cm for the innermost layers ¢ = 0,1, 380 cm for ¢ = 2 and 330 cm for
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Figure 4.3: Three-dimensional view of the SAND electromagnetic calorimeter
geometry as implemented in the gdml description. The system consists of 24
barrel modules and two endcaps with 32 modules each. All barrel modules have
the same length in the x coordinate and share the same granularity, with twelve
cells per layer (60 cells per module side), so that only their azimuthal positions
differ. In the endcaps, instead, the physical length and width of the individual
modules change with the polar angle, and the number of cells per module varies
accordingly.

the outer layers ¢ = 3,4. This mild layer dependence of Ly(¢) reflects the different
scintillating-fiber populations used in the inner and outer parts of the modules,
which exhibit slightly different effective long attenuation lengths. The conversion
factor Ejp. is tuned such that a minimum-ionizing particle crossing the cell at its
center produces, on average one photo-electron per MeV at each side, consistent
with the KLOE calibration measurements.|[89]

For each side of the cell, the actual number of photo-electrons IV, is then extracted

(1,2)

from a Poisson distribution with mean p,.~’. Each photo-electron is assigned an

arrival time at the corresponding photosensor according to
tpe - tcross + tscint + tprop(d1,2) + 6te1ec’ (43)

where tcrogs is the time of the particle crossing the cell as provided by edep-sim,
tscint 1S sampled from the scintillation time distribution of the fiber (with param-
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eters tuned to reproduce the KLOE time response), tprop(di 2) is the light propa-
gation time along the fiber and dtee. is a Gaussian smearing term with a width
of order 1ns that accounts for the intrinsic timing resolution of the photosensors
and front-end electronics. The propagation time is modelled as

tprop(d) = vgb d, (4.4)

with an effective propagation constant vg, ~ 5.85nsm™!, which corresponds to a
group velocity of about 17 cmns~! for light in the scintillating fibers, in agreement
with the KLOE measurements.|[89]

For each cell side, all generated photo-electrons are collected and sorted by arrival
time. The electronics response is then simulated by integrating the photons in a
fixed acquisition window of duration Aty and applying a dead time Atgeaq after
each accepted pulse. Only integration windows containing more than a minimum
number of photo-electrons NIE}e“ are promoted to digitized signals. For each such
pulse, the total charge is converted into an ADC value

S = N, ADCpe, (4.5)

with ADCpe = 4 ADC counts per photo-electron, while the TDC time is defined
by a simple model of the discriminator behaviour. Two options are implemented:
a constant-fraction discriminator, in which the TDC value corresponds to the time
of the photo-electron at a fixed fraction 0 < f < 1 of the total charge in the pulse,
and a fixed-threshold mode in which the TDC is given by the time of the photo-
electron that brings the integrated charge above a configurable threshold. In the
studies presented in this thesis the constant-fraction configuration is used, with
f = 0.15, to mimic the timing scheme adopted in KLOE.[89]

The output of the ECal digitization consists of a collection of digitized cells, stored
in the tDigit tree. For each digitized cell, the following quantities are recorded:

e the unique cell identifier;

e the position of the cell center in the global SAND reference frame and the
effective cell length along the fibers;

e the indices of the detector, module, layer and cell within the layer.
For each of the two photosensors coupled to the cell, the digitization stores:
e the module side identifier;

e the TDC value defined by the chosen discriminator logic;
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e the list of simulated photo-electrons contributing to the pulse, with their ar-
rival times and the index of the underlying TG4HitSegment in the EDepSimEvents
tree (Section 4.1).

These digitized cells are the starting point of the ECal clustering algorithm (Sec-
tion 5.1). In the reconstruction, the same attenuation model and propagation con-
stant are used to convert ADC and TDC values back into reconstructed hit energy,
time and position via the parametrizations discussed in Chapter 5. The explicit
link to the original TG4HitSegment indices is then exploited by the edep-reader
library (Section 5.2) and by the backtracking tools of Section 5.3 to associate re-
constructed clusters with the simulated particle trajectories that generated them.

4.3 Tracker and GRAIN reconstruction

4.3.1 GRAIN

Neutrino interactions that produce activity in GRAIN are processed by two inde-
pendent reconstruction chains. The first is the inner tracker chain, which recon-
structs charged particles from the tracker digitized signals into three-dimensional
tracks and vertices, and extrapolates the track parameters and covariance matri-
ces to the entrance of the GRAIN cryostat. The second is a dedicated optical
chain, in which the GRAIN cameras reconstruct the three-dimensional pattern
of scintillation light in the liquid argon volume. The long-term goal is to match
tracks reconstructed in GRAIN to tracker tracks and eventually to clusters from
the surrounding ECal, providing a global description of each event.

GRAIN optical simulation and reconstruction are implemented in a standalone
framework, separate from the sandreco executables used for the tracker and
ECal. Both reconstruction chains (sandreco and GRAIN) take as input the
same edep-sim energy deposit tree and GDML geometry, but all steps from op-
tical photon production to “camera digits” and optical track reconstruction are
performed by dedicated codes outside the standard SAND reconstruction.

In both optical readout options considered for GRAIN, lens based and coded aper-
ture mask cameras, the optical chain is organized in two stages. In a first digitiza-
tion stage, the energy deposits from edep-sim in the GRAIN volume are converted
into scintillation photons by a dedicated GEANT4 based simulation of liquid argon
scintillation and transport. A standalone detector response simulation then mod-
els the SiPM photon detection efficiency, dark noise, optical crosstalk, afterpulses
and the response of time over threshold or charge integration readout ASICs. The
result is, for each camera, a set of “camera digits” describing, for every SiPM
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pixel, the number of detected photons and, when available, the leading edge time,
defined as the time at which the pixel signal crosses a fixed threshold on the rising
edge of the pulse, and optionally the full sampled waveform. These camera digits
form the input to the reconstruction algorithms described below.

Lenses option In the lens based configuration, each camera forms a two-dimensional
image of the scintillation light on the sensor. Track reconstruction relies on a pat-
tern recognition algorithm based on the Hough transform, which searches the pixel
intensity maps for straight line structures and groups the pixels belonging to each
structure into two-dimensional clusters, defined as contiguous sets of active pix-
els associated with the projection of a single track or track segment. To obtain a
three-dimensional description of the tracks inside GRAIN, the liquid argon volume
is discretized into small three-dimensional cells (voxels). For each camera, voxels
whose projection onto the sensor plane falls within a given cluster are marked as
compatible with that track, and voxels seen consistently in multiple cameras are
then fitted with straight lines, forming three-dimensional track parameters.

Coded aperture mask option In the coded aperture mask configuration, the
lens is replaced by a patterned mask in front of the sensor, so that each camera
records, in its SiPM pixels, a superposition of shadowgrams rather than a direct
image of the event. The three-dimensional light distribution in GRAIN is recon-
structed by solving an inverse problem with a maximum likelihood expectation-
maximization algorithm, which uses precomputed response matrices to estimate
the light yield in each voxel from the measured pixel counts. These response
matrices store, for every voxel in the GRAIN volume and every sensor pixel, the
probability that a scintillation photon produced in that voxel is detected by that
pixel. They are computed once from the detector geometry and optical simula-
tion and then kept fixed during reconstruction. The reconstruction is performed
using the information from all cameras at once, and the resulting voxel maps rep-
resent the best estimate of the three-dimensional light distribution in the active
volume. [108]

In both the options, the reconstructed three-dimensional light distribution is then
converted into track candidates by selecting voxels with a reconstructed light
yield above a suitable threshold, grouping neighbour-selected voxels forming three-
dimensional clusters, and eventually fitted with a straight line. The resulting line
parameters define the reconstructed track segments in GRAIN.

Finally, the optical readout can be exploited for calorimetry. For each recon-
structed track, and for each camera, the total number of detected photons is
obtained by summing all image pixels or voxels that have been assigned to that
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track. After corrections for the geometrical acceptance and light collection effi-
ciency of each camera, the total number of scintillation photons produced by the
track is estimated and converted into an energy deposit using the light yield of lig-
uid Argon. A first implementation of this procedure, tested on single muon tracks
generated inside GRAIN and reconstructed with the lens-based option, achieves
a mean energy resolution of order op/FE ~ 18% for forward going tracks, showing
that the optical system can provide an independent calorimetric measurement of
the energy deposited in GRAIN. [90]

4.3.2 Tracker

As introduced in Chapter 3, the SAND inner tracker has two designs currently
under development. A straw-tube tracker (STT), and a drift-chamber (DC). In
both cases, the reconstruction chain starts from the digitized wire hits produced
by the Digitize executable, which for each fired wire stores a TDC time and an
ADC proportional to the collected charge. These digits are written to the tDigit
TTree as dg_wire objects and are used as the input to the Reconstruct program.
In the SAND reference frame, the solenoidal magnetic field is oriented along the
x axis, so that charged particles bend in the transverse (y, z) plane, while the z
direction is approximately non-bending.

In the two fast modes of reconstruction (fast_only primaries and fast), pattern
recognition is bypassed and digits are associated directly to Monte Carlo trajec-
tories using the information provided by edep-sim. The simulated trajectories in
the TG4Event are analyzed and if the digits whose hit segments are compatible
in position and direction with a given trajectory, the corresponding reconstructed
track object is filled with ordered lists of hits in the two tracker projections. The
fast_only primaries configuration restricts this procedure to primary trajecto-
ries exiting from the neutrino vertex, while fast applies the same truth-based
association to all charged trajectories with at least one matched digit.

In both cases, the three-dimensional helix parameters of the trajectory are ob-
tained by a two-step least-squares fit: a circle is first fitted in the bending (y, 2)
plane and a straight line is then fitted in the track longitudinal coordinate. This
corresponds to a x? minimization of the distance between the helix and the mea-
sured hit positions and is used for both the straw-tube and drift-chamber options.

The full mode instead performs pattern recognition without using MC truth. The
interaction vertex is first estimated by scanning the tracker along z (beam direc-
tion) and, for each tracker module, computing the mean and RMS of the hit
positions in x and y. The vertex z position is taken as the module where the
transverse spread of hits is minimal, i.e. where the hits are most concentrated in
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clusters in the (x,y) plane. Starting from this vertex estimate (zy, yy ), the hits in
the bending plane are transformed from the (z, y) coordinates to an auxiliary (u, v)
space where tracks emerging from the vertex map into straight lines. The corre-
sponding angle ¢ = arctan(v/u) is used as a one-dimensional pattern-recognition
variable: peaks in the ¢ distribution identify track candidates, and hits contribut-
ing to each peak are grouped into clusters in successive tracker modules. Clusters
in the two projections are then matched in z to form three-dimensional tracks,
which are finally fitted with the same circle and line x? helix fit described above.

Two additional configurations are available for studies of advanced fitting tech-
niques. In the primary_only kf mode, the digits are first organized per tracker
module and grouped into three-dimensional clusters of adjacent fired tracker cells.
For each cluster, a local straight-line fit is performed and a “tracklet” is returned,
i.e. a 3D segment characterised by a position, a direction and a fit quality at the
correspondent module z position. Only tracklets with good x? are kept and stored
as a map of z-ordered measurements, which are then used as inputs to the ex-
tended Kalman filter [109]. The Kalman filter propagates the track state through
the magnetic field, including multiple scattering and energy loss as process noise,
and updates the state at each measurement tracker plane. The smoothed state
at the downstream end is then converted into the helix parameters stored in the
final track structure.

The algorithms outlined in this subsection define the nominal tracking perfor-
mance expected for the SAND inner tracker. In the analyses presented in this
thesis, however, the detailed tracker reconstruction output is not used directly.
Whenever tracker information is required, the true kinematic quantities from the

edep-sim output are used.
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Chapter 5

Reconstruction algorithms for the

SAND ECal

5.1 ECal clustering

Particle reconstruction in the ECal is performed with a C++4 clustering algorithm
integrated in the ECal reconstruction framework. The algorithm takes as input
the ROOT file produced by the digitization step (Section 4.2), which contains
the digitized cells, and produces a ROOT TTree of reconstructed clusters. Each
cluster groups together spatially and time adjacent ECal cells that are consistent
with originating from the same particle.

Complete vs. incomplete cells and multi photo-signals. Fach digitized
cell is classified as complete or incomplete. A complete cell has a photo-signal
on both photosensors at the two ends of the module; an incomplete cell carries
a signal on only one end. If multiple photo-signals per side are present creating
pile-up, the algorithm pairs signals across the two ends when the absolute time
difference is below a tolerance

At < =1 (5.1)
Veff
where L is the cell length and veg is the effective light propagation speed in the
fibers [89]. Each successful pairing is stored as a complete cell instance with one
photo-signal per side. Unpaired signals are kept as single-ended incomplete cells.
The clustering stage initially uses only the complete cells.

Pre-clustering by spatial adjacency. Starting from one of the complete cells
of the event as a seed, neighbor cells are recursively added to a growing pre-cluster.
Adjacency is defined by Euclidean distances in the appropriate module plane and
differs for barrel and endcap so as not to connect cells across modules:

e Endcaps: cells are neighbors if \/(z; — z;)2 + (z; — 2;)? < 65.70 mm.

e Barrel: cells are neighbors if \/(y; — y;)% + (2i — 25)? < 72.36 mm,
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where the numbers cited are the maximum distance that two cell central points can
have in the “non reconstructed” plane, taking into account different layer heights,
in endcap and barrel respectively (see Section 4.2). The procedure proceeds until
no further complete neighbor cells are found; then a new seed is chosen among
the remaining complete cells, and the process repeats.

Per-cell reconstruction. For each paired complete cell with photo-signal times
(ta,tp)! and ADC signals (S4,Sp):

e Energy: The energy for each cell is reconstructed according to

1
E = 5 (Sa/Aia+Se/A1B) [ (fatttot - Epe - peADC,) (5.2)

where Sy g is the number of ADCcounts after digitization on side A, B,
A A B is the attenuation factor calculated as in Equation 4.2, fu 40 is the
ratio between the active and total deposited energy, obtained for electrons
in Subsection 5.5.1, E),. is the number of photo-electron per unit of energy
and peADC' is the number of ADC counts per photo-electron.

e Position: For each of the barrel cells, ¥y and z coordinates are taken as
the geometrical center of the fired cell in the yz plane, while the = coordi-
nate is reconstructed as z = %Ueff (ta — tp), where t4 p is the time of arrival
of the light signal to the PMT 4 g. For the endcap cells z and 2z coordi-
nates are taken as the geometrical center of the cell, while the y is the one
reconstructed.

L

2v°

where quantity ¢ therefore represents the scintillation time in the cell after

o Time: The time ¢ in each cell is reconstructed using ¢ = % (ta+tp) —

subtracting the light—propagation time to the photosensors. In the Monte
Carlo configuration used in this thesis, where each event contains a single
neutrino interaction, all TDC times are stored with respect to the true
interaction time, so that ¢ is measured relative to the neutrino interaction
in the SAND volume. In a realistic beam-spill configuration, the same
reconstruction formula would be applied to TDC values defined with respect
to a global trigger or spill time; in that case ¢t would give the cell scintillation
time relative to that global reference, and the neutrino interaction time
would have to be determined event by event from reconstruction or external
timing.

'In this Chapter A, B represent the two PMTs located at the ends of each ECal module cell.
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Per-cluster observables. Once the complete cells are reconstructed in a pre-
cluster, global cluster observables are calculated as energy-weighted:

Fioi = 3 s (53
7

_ Zl Eiz; (y) = Zl Ez‘yi, <z> _ Z@ Eiz; (5.4)

:1: ) )
< > Et;ot Y Et;ot Etot

() = 2L, (5.5

The spread in position is calculated using the unbiased effective-statistics correc-

na= T o= [ () - @), (5.6

and analogously for oy, 0., with (x?) = > Ele / Etot-

tion

Time-structure split. To resolve accidental merges of spatial-adjacent cells,
for each pre-cluster the time dispersion is calculated. The times of the origi-
nal energy deposition in the cell longitudinal coordinate, at the two ends, after
propagation correction along the fiber, are calculated as follows:

dy p do;

t’A’iztAﬂ-— e tg; =tpi— U;f, (5.7)
€ €

where dj 2 = % (L + i—;) are the distances of the original signal from thwe two
ends of the modules.

Using the corresponding ADC values as weights, compute

2

<th> _ Zi Sai t/A,z‘ (tf42) _ Zi Sa ti‘l,i (5.8)
Zz’ SA,i ' Zz SA,i ' .

Sp.ith Sp.ithy

) = EL2Ds, ) = ZIL g
i OB,i i PB.i
(Xi844)?

With the correction defined from the ADC weights ng‘ff: ~= " (and analo-

> S
gously for B), form the RMS values

nA 7’LB
tiivs = \/nA () = (E2),  thus = \/nB T ({57 — (t5)?).

eff eff
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If

\/(téMS)2 + (thys)? > 5o, (5.11)
the pre-cluster is split into up to four sub-clusters by the signs of the residuals
(tlA,z‘ — ().t — <t39>)3

(+’+)v (+’*>v (*’+)v (*’*)'

In this context the “time dispersion” is the RMS spread of the propagation-
corrected times t;"i and t/B,i over the cells of a pre-cluster on each side, i.e. to
the intrinsic temporal width of the cluster as seen by each photosensor. For a rel-
ativistic particle (8 ~ 1) crossing the ECal, the time of flight difference between
the earliest and latest cells that can still belong to a single shower is limited by the
geometric size of a module and is therefore of order a few nanoseconds at most.
A threshold of 5ns corresponds to a path difference of about ¢ x 5ns ~ 1.5m,
safely larger than the physical extension of an individual cluster inside a mod-
ule. The choice Atg,ji; = 5ns is thus a conservative working point: pre-clusters
produced by a single particle are rarely split, whereas pre-clusters containing two
or more time-separated components (for example overlapping showers or late nu-
clear activity) typically exceed the 5ns dispersion and are split into sub-clusters.
Per-cluster observables are recomputed for each sub-cluster, and the split test is
iterated until no sub-cluster passes the 5ns criterion.

Spatial-temporal merge. To correct for over-splits and add compatible sub-
clusters, pair of clusters (i,7) are compared and merged if they are close both in
space and time. A global pre-selection requires At < 2.5ns. Then a module-aware
spatial check is applied:

e Endcaps: require |y;—y;| < 250 mm and /(x; — z;)2 + (2; — 2;)? < 250 mm.

e Barrel: require |z; — 2;| < 250mm and /(y; — y;)? + (i — 2;)? < 250 mm.

When two clusters are merged, their cell lists are concatenated and cluster ob-
servables are recomputed. The procedure continues until no more merges are
possible.

Choice of merge distance. The spatial merge parameter used in merge routine
has been fixed to Arperge = 25 cm based on a scan of the mean energy bias Fipye —
Eieco/ Ftrue versus merge distance shown in Figure 5.1. For each merge distance
to check, the same 250 v, interaction sample, with a beam-like energy spectrum,
forced to interact in the SAND tracker volume has been used. FEj.,e is the total
energy deposited in the ECal by the primary electron that has been selected
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5.1. ECal clustering

as the main generator of the cluster (see Section 5.3). For small merge values
(< 20cm) the bias is negative, indicating under-merging (fragments of the same
cluster remain split, 80 Eieco < FEirue). At large values (2 30cm) the bias turns
positive, indicating over merging. The crossing region around 25 cm minimizes the
bias and is consistent with zero within uncertainties, while remaining conservative
against over-merging. This scan was performed with the time-split fixed at 5 ns;
the two parameters are coupled and should be re-optimized together when PID is
finalized.

Particle dependence. Both the merge and split threshold parameters are not
constant: they depend on particle type and energy because the active—total re-
sponse and topology differ and once particle identification is available in the frame-
work, these parameters should be tuned per particle. For electrons, the calibration
study of the active—passive factor presented in Section 5.5.1 provides the appro-
priate reference for such a tuning.

Mean E,.-E;/E+, . V8 Merge Distance

0.03

0.02

o
o
=

]I\lllllllllll\‘\II\llllllllllllll\‘ll\\ll\

<Ereco-Etrue/Etrue>

-0.01

-0.02

-0.03

-0.04

-0.05

v v b b e b v b Py Iy

5 10 15 20 25 30 35
Merge Distance (cm)

Figure 5.1: (Ereco — Fitrue)/FEirue as a function of the merge distance. Points
are from the same sample of 250 v, interactions, with beam-spectrum energies,
interacting in the SAND tracker volume; all interactions are selected, no spill has
been simulated. Fi,ye is the energy deposited in the ECal by the primary electron
selected as the main generator of the cluster. The bias crosses zero near 25cm,
motivating the choice Aryerge = 25cm used in the merge routine. Vertical error
bars show the standard error on the mean.

Direction and apex. For clusters spanning multiple layers in the modules, per-
layer energy-weighted positions are computed and fitted with a weighted least-
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Chapter 5. Reconstruction algorithms for the SAND ECal

squares straight line versus the known layer coordinates. The fit uses energy-
dependent weights and an energy-based depth offset to estimate an apex point
(ag,ay,a.) and a unit direction vector (s, sy,s.) for the cluster.

Recovery of incomplete cells. The final stage of the algorithm recover single-
ended incomplete cells associating them to the nearest cluster using a tight range
of space and time difference. An incomplete cell is linked to the closest cluster if its
centroid is within Ar < 15 mm (in the appropriate module plane) and |At| < 3 ns.
The corresponding single-ended energy is estimated with a single value of ADC
as

E = Efgoiiho(S: d, layer), (5.12)

using a layer-dependent attenuation factor evaluated at the distance d to the firing
photocathode, where d is inferred from the cluster centroid projected along the
fiber axis (barrel: d = % + 2; endcaps: d = % £ ya).

Cluster type tagging. FEach final cluster is labeled as barrel, endcap, or mixed
depending on whether its cells belong exclusively to a barrel module, exclusively
to an endcap module, or to both. The tag is derived from the cell identifiers and
is used in the following for analysis and quality control.

5.2 edep-reader tool

edep-reader is a C++17 helper around the edep-sim truth output (TG4Event
described in Section 4.1) that organizes the Monte Carlo record as a navigable tree
(EDEPTree), where parent—child relations between particle trajectories are explicit
and per—trajectory quantities are easy to query. Each event is represented as a
collection of particle trees, with one tree rooted at each primary particle, built
from four classes:

e EDEPTree (event-level container root): given a TG4Event and a TGeoManager,
it (i) builds a per—track, per—subdetector (component) map of the trajecto-
ries and the hits deposited in the different detector volumes: std: :map<int,
std: :map<component, std::vector<EDEPHit>>> from SegmentDetectors;
(ii) instantiate one EDEPTrajectory for each GEANT4 TG4Trajectory; and
(iii) links trajectories into a parent/children tree via CreateTree.

e EDEPTrajectory (nodes, one per GEANT4 TG4Trajectory): each instance

stores identifiers (id, parent_id, pdg_code), parent/children links (GetParent (),

GetChildrenTrajectories()), interaction metadata (GetInteractionNumber (),

GetReaction()) and kinematics (GetInitialMomentum()). Geometry-aware
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5.2. edep-reader tool

functions are present: GetTrajectoryPoints(), first/last points
GetFirstPointsInDetector (component), entering/exiting flags
(IsEntering(component), IsExiting(component)), and a hit map GetHitMap().

e EDEPTrajectoryPoint: space-time samples along a trajectory, grouped per
detector component. Each point provides access to the local four—position
and four-momentum via GetPosition() and GetMomentum(). Points are
owned by EDEPTrajectory inside per—component containers std: :map<component,
std: :vector<EDEPTrajectoryPoint>>.

e EDEPHit: truth energy-deposition record with a unique id, start/stop four—vectors
and deposited energy. Hits are are auxiliary data attached to each EDEPTrajectory,
accessed through its hit map GetHitMap(), filtered by detector component
and stored in time order as std: :map<component, std::vector<EDEPHit>>.

Iteration pattern. EDEPTree provides depth-first iterators over the particle

trees: starting from each primary, the iterator first descends to the first child if

present, otherwise advances to the next sibling; when siblings are exhausted, it

returns to the parent and continues. Helper methods used in this thesis include
GetTrajectory(int), GetParentOf (int) and GetTrajectoryWithHitIdInDetector (int,
component).

A scheme of the code is shown in Figure 5.2
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‘ Event truth ‘

TG4Event (Section 4.1):
Trajectories, SegmentDe-
tectors, Primaries

‘ Geometry ‘

TGeoManager volumes & ‘
boundarles

N

EDEPTree::InizializeFromEdep(const
TG4Event&, TGeoManagerx)

'

Build hit map: std::map<int,
std::map<component, std::vector<EDEPHit>>>
(track id — detector component — hits)

'

For each TG4Trajectory = EDEPTra-
jectory (trj, hit_map, primaries, geo)

'

CreateTree(std: : vector<EDEPTrajectory>&):
link parents/children and finalize EDEPTree

EDEPTree

Event-level container of EDEPTrajectory and iterators;
lookups: HasTrajectory(int), GetTrajectory(int),
GetParentOf (int), GetTrajectoryFrom(int),
GetTrajectoryWithHitId(int),
GetTrajectoryWithHitIdInDetector(int,
component).

EDEPTrajectory

GEANT4 trajectory node; ids: id, parent_id,

pdg; links: parent (EDEPTrajectory*), children
(std: :vector<EDEPTrajectory>);

caches: points[component], first/last, entering/exit-
ing, hitMap [component];

helpers: GetInitialMomentum(),
GetInteractionNumber (), GetReaction(),
GetTrajectoryPointsVect (),
HasHitWithIdInDetector().

\

EDEPTrajectoryPoint EDEPHit

sampled along trajectory; truth energy hit; getters:

getters: GetPosition(), GetStart () /GetStop(),

GetMomentum(). GetIdQ),
GetEnergyDeposit ().

Figure 5.2: Illustrative scheme of edep-reader: inputs, minimal build pipeline, and
core classes.
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5.3. Monte Carlo-cluster backtracking

The backtracking algorithm described in Section 5.3 uses three operations that
edep-reader provides in a unified interface: (i) association between hits and tra-

jectory to collect all trajectories that produced photoelectrons in a reconstructed

ECal cluster (GetTrajectoryWithHitIdInDetector (int id, component::ECAL));

(ii) tree navigation going backward from those trajectories to find the “entering”

cluster _generator, using parent/child links (GetParent (), GetChildrenTrajectories());
(iii) truth observable computation by summing the hits of deposited energies in

the ECal volumes over the relevant hits from GetHitMap() and by evaluating the
generator’s entry momentum at the first ECal point (GetMomentum() at the point

returned by GetFirstPointsInDetector (component component_name)).

This design eliminates manual parsing of TG4Event and makes the reconstructed-
truth matching reproducible and consistent with the SAND reconstruction data
format used throughout this thesis and for further analysis.

5.3 Monte Carlo-cluster backtracking

Any use of reconstructed objects relies on a mapping to the underlying Monte
Carlo information. A robust reconstructed-truth association at cluster level is
essential to validate reconstruction algorithms, to calculate calibration constants,
to build particle identification algorithms, to train machine-learning classifiers,
and to study the detector effects that can affect physics analyses. In particular, it
is necessary to know which simulated particles have contributed to a given cluster
and how it develops in the ECal.

In the context of this thesis, the reconstructed ECal clusters are the common
building block to all subsequent performance studies and physics applications. In
this chapter they are the objects on which cluster—level observables are defined
and studied, and from which the active—passive calibration factor and the intrinsic
energy resolution of the calorimeter are extracted. In Chapter 6 the same clusters
provide the input to the neutron—tagging algorithm for 7,p — p*n interactions
on hydrogen. To carry out these studies, for each reconstructed cluster, a well
defined truth counterpart is needed, specifying also which Monte Carlo particles
have contributed to its energy deposits and by how much.

A “true cluster” is built by collecting all Monte Carlo trajectories that produce
photoelectrons in the cells belonging to that cluster, selecting one or more of
them as so-called generators, and computing truth-level summary quantities?.

2In this section, every time trajectories, trajectory points, hits and trees tterms are used they
have to be referred to EDEPTrajectory, EDEPTrajectoryPoint, EDEPHit and EDEPTree objects
defined in Section 5.2.

107



Chapter 5. Reconstruction algorithms for the SAND ECal

When several trajectories contribute, the true cluster explicitly stores the list of
generators and their individual contributions.

The code is developed in C++17 and processes two ROOT input files. The first file
contains the full simulated truth information produced by edep-sim (Section 4.1),
and the second includes the reconstructed ECal clusters, provided by the clustering
step described in Section 5.1.

The output consists of a ROOT file in which each entry represents an event in
SAND, and, event by event, two TTrees are produced, as shown below:

KEY: TTree tMC; Monte Carlo clusters
KEY: TTree tCluster; reconstructed clusters

e The tCluster TTree contains one branch consisting of a std: : vector<cluster>,
each cluster holds the same structure described in Section 5.1.

e The tMC contains one branch consisting of a std::vector<true_cluster>,
each true_cluster holds the following data format: where the cluster_generator

struct truecluster{
int tid; /*#< main generator particle tidentifier - \textsc{Geanti} track ID */
double x; /#* True cluster position */
double y;
double z;
double t;
double e; /#* True cluster deposited energy in the active material */
double vis_e; /** True cluster photo-electrons */
int n_traj; /#* Number of trajectories contributing to the cluster */
double sx; /** True cluster direction cosines */
double sy;
double sz;
int ntot_cell; /** Number of cells in the cluster */
int cell_10; /** Number of cells in layer = */
int cell_11;
int cell_12;
int cell_13;
int cell_14;
double energy_10; /** Energy deposited in layer z */
double energy_11;
double energy_12;
double energy_13;
double energy_14;
double layO_maxE; /** The mazimum energy deposited between all the cells in layer */
double layl_maxE;
double lay2_maxE;
double lay3_maxE;
double lay4_maxE;

double asymmetry; /** (MazE_all_layer — MinE_all_layer) / (MazE_all_layer + MinE_all_layer) */

double Eoverp; /#* Cluster reco enerqy divided by main generator true momentum */
bool moregens= false;

std: :vector<cluster_generator> vec_generator; /** Generators that participate in the cluster*/

Listing 1: Definition of the truecluster structure.
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5.3. Monte Carlo-cluster backtracking

owns the following data structure:

struct cluster_generator{

int pdg_code;

int parent_pdg_code; /** pdg code of the generator parent */

int track_id; /#* Geant track ID */

int parent_track_id; /#* Geant generator parent track ID */

double dep_energy; /** Energy deposited in the cluster active material */

double initial_energy; /#* Monte Carlo energy in the first trajectory point in ECal */
double initial_momentum; /** Monte Carlo momentum in the first trajectory point in ECal */
double initial_x; /** First trajectory point coordinate in ECal cluster */

double initial_y;

double initial_z;

Listing 2: Definition of the cluster_generator structure.

To assign to each reconstructed cluster its truth Monte Carlo trajectories, called

generators, the procedure involves the following key steps:

e Cluster loop: all the hits that have produced one or more photo-signals in

the cluster and the corresponding trajectories associated are retrieved and
saved.

Generator identification: looping on the trajectories with hits in the clus-
ter, each trajectory tree is navigated backward, until a generator is identified.
For each trajectory, all the trajectory points are ordered following a time
criterion, and starting from the latest one, going backward, each point’s po-
sition is checked. When a point position is found to be out from a cluster cell
volume, the trajectory is added as a generator. It is important to underline
that in doing so, also neutral particles are taken into account.

True cluster quantities computation: each cluster_generator quan-
tity is computed and stored in the correspondent truecluster.

The truecluster in List 1 are calculated as follows:

The main generator particle is chosen as the generator that has deposited
the most visible energy in the cluster.

E/p: FE is the reconstructed cluster energy, p is the generator momentum,
taken at the first trajectory point in the ECal, assuming this would be

reconstructed by the tracker.
ntot_cell and cell_1x are the same as the reconstructed cluster.

energy_lx, layx maxE, asymmetry are calculated using the reconstructed
quantities.

moregens: is set to true if more generators are present in the truecluster.
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Chapter 5. Reconstruction algorithms for the SAND ECal

e vec_generator: collection of generators that have been identified. The order
is energy increasing as a function of the position inside the std: :vector.

The cluster_generator in List 2 are calculated as follows:

e pdg _code and parent_pdg_code: the pdg code of the trajectory and the
parent selected as generator.

e track_id and parent_track_id: the unique track ID code of the trajectory
and the parent selected as generator.

e dep_energy: the deposited energy in the cluster active material is calculated
as the sum of the hit energy deposits of the generator. If the generator
trajectory has at least one hit that has generated at least one photoelectron
that is part of the cluster photo-signal, then all trajectory hits are checked.
The hit energy deposits are summed up only if the hit start or hit middle,
or the end point position, is inside a cluster cell volume.

e initial_energy: the Monte Carlo energy calculated in the first trajectory
point of the trajectory, considering the whole detector.

e initial momentum: the Monte Carlo momentum of the generator, calcu-
lated in the first trajectory point of the trajectory, considering the whole
detector.

e 2. the position of the first trajectory point in the cluster.

5.4 Reconstructed vs. true variables

To validate the reconstructed-Monte Carlo cluster backtracking algorithm in choos-
ing the correct generator particle associated with the cluster, the reconstructed
variables from the clustering step and the true ones, computed using the algorithm,
are compared. The performance of the algorithm is evaluated using particle gun
simulations.

5.4.1 Particle guns

The particle gun simulation is performed using edep-sim 4.1, built upon GEANT4
v10.7.4 that simulates particle transport and physics interaction inside the detec-
tor geometry?, specified by a gdml file. A configuration file specifies the parame-

3 As described in Chapter 3, the final SAND geometry design is not yet fully defined, and
several detector configurations are currently supported within the simulation framework. The
simulation chain accommodates both STT-based and DRIFT-based tracker designs, each with
multiple variants. The STT options differ by parameters such as the number of target and
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ters, including particle type, energy, direction, and initial position of the GEANT4
General Particle Source primary particles.

In Figure 5.3, the plots of the reconstructed position for x, y, and z coordinates,
as a function of the true ones, calculated using the position of the main generator
particle, are shown. Each entry on the plots represents a cluster. The sample con-
sists of 10* muons with initial position in SAND center (0, —2384.73,23910)mm,
with isotropic initial angle and uniform energy range between [0.001, 6]GeV. As
expected, the distributions lay on the bisector. The same plots obtained a sam-
ple of 10* electrons with initial position in SAND center (0, —2384.73,23910)mm,
with isotropic initial angle and uniform energy range between [0.001, 6]GeV can
be found in Figure 5.4.

In Figure 5.5, the tomography of the detector using the true cluster variable
position in the three views can be observed. The greater density of events can be
observed in all the views for the space regions where the ECal and barrel modules
overlap. In Figure 5.6, the same plots with the reconstructed cluster apex variable
are shown.

In Figure 5.7 and Figure 5.8, the plots of the reconstructed cluster energy as a
function of the true one is reported for muons and electrons sample respectively; It
has to be noticed that the reconstructed value is slightly higher than the true one
because in the procedure of calculating the true energy of the generator, some hits
can be missed. The requirement that for each generator trajectory (and children)
the energy has to be summed up if there is at least one hit in the correspondent
cluster, can exclude some hits. This is because, in principle, during the buildup
of the photo-signal from the edepsim hits in the digitization step, described in
Section 4.2, a hit in general produce N photons. Two things can then happen.
The first issue is that not all photons reach the PMTs due to light attenuation
in the fibers, resulting in a limit of 0 photoelectrons being produced by the PMT
photocathode, which causes the true deposited energy calculated by the algorithm
to be less than the actual deposited energy. The second is that photons of the
same hit can contribute to different photo-signals in the same cells, which can
contribute to different clusters. This scenario can show up if the decay time of the
excited atom, summed to the propagation time to the PMTs, is greater than the
acquisition time window of the PMTs (in this case 30 ns, see Section 4.2). Also, in
this case, for some clusters, the true energy deposited calculated by the algorithm

tracking modules and the mechanical clearances between subdetectors. For the studies and
results presented in this work, the geometry adopted is SAND_opt3_DRIFT1.gdml, which integrates
72 C3Hg and 8 C' target modules and the DRIFT chamber tracking system. The ECal geometry
includes a realistic description of the endcap and barrel modules; GRAIN has a 902 mm overall
thickness.
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Figure 5.3: Reconstructed cluster position as a function of the true one for z, y,
and z coordinates. The sample used is composed of 10* muons generated in the
SAND center with isotropic initial angle and E € [0.001,6]GeV.

results in being less than the actual one. On the other hand, especially at low
energies, when the hits produce a small number of photo-electrons, the average
reconstructed energy is correct, due to the extraction of the photo-electron number
from a Poisson distribution, the procedure is described in Section 4.2.

It has to be noticed that the energy here is calculated as deposited in the active
material of the detector. To obtain the total deposited energy, it has to be cor-
rected by the ratio of the energy deposition between active and passive material.
The active-passive material calibration factor for energy deposition is different
for different particles and different energy ranges and has to be tailored for each
cluster, after particle identification algorithms identify the truth particle(s) asso-
ciated with each reconstructed cluster, also using the information from the other
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Figure 5.4: Reconstructed cluster position as a function of the true one for z, v,
and z coordinates. The sample used is composed of 10% electrons generated in the
SAND center with isotropic initial angle and E € [0.001, 6]GeV.

two sub-detectors, GRAIN and the tracker. At the moment of this thesis writing,
a complete code for particle identification has not yet been developed, while the
calculation of the active-passive factor for electron and muons has been performed
in the following Section 5.5 using the Monte Carlo-cluster backtracking algorithm
developed in this thesis.

5.5 Active-passive material calibration factor

To convert the energy measured in the scintillating fibers (Factive) into the total
energy deposited in each ECal cluster. The active-total factor has to be computed
for each particle type, for different energies. In this thesis, samples of electrons and
muons particle guns with several fixed initial energies Fg;,, have been simulated
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Figure 5.5: Tomography of the detector using the true cluster variable position
in the three views. The sample used is composed of muons 10 generated in
the SAND center with isotropic initial angle and E € [0.001,6]GeV. Stats are
reported only once in 5.5b.

and used to extract the conversion factor. The starting point of the particle guns is
located at the end of the tracker in (0, —2.38473,25.81) m, with a uniform angular
spectrum in the SAND hemisphere with 2z > zgen.

For each particle the calibration factor is defined as

f(E) = gact”e . (5.13)
initial
In Equation 5.13, Egctive is the active energy deposited in the cluster and Ejpitia
is the energy of the particle generator at the first point in the cluster, requiring
that the particle is fully contained; in this case Ejnitial = Etot, dep» the total energy
deposited by the particle in the ECal cluster.

To match the energy range that final state particle clusters will have, while exit-
ing from the neutrino interaction vertex inside the detector, during DUNE data
taking, two samples of v, and v, are simulated. The neutrino interaction is simu-
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Figure 5.6: Tomography of the detector using the reconstructed cluster variable
apex position in the three views. The sample used is composed of muons 10*
generated in the SAND center with isotropic initial angle and E € [0.001, 6]GeV.

lated using the GENIE version 3.06.00. All the interaction modes are included, the
flux template is the one developed by the DUNE collaboration, and the neutrino
interactions are forced to happen in the SAND tracker volume. Particle trans-
port and physics interaction inside the detectors is performed using edep-sim 4.1,
built upon GEANT4 v10.7.4. The clusters are selected requiring that the main
generator has deposited more than a fixed percentage of the total reconstructed
deposited energy and that the cluster_generator pdg_code corresponds to the
specific one of the chosen particle type under analysis.

5.5.1 Electrons

Energy range. In Figure 5.9, the plot of the initial energy for the electron
generator particle as a function of the true deposited energy is shown. The sample
shown is composed of N ot = 47046 electron generator particle clusters, arising
from 30k v, interactions in the SAND tracker volume, with F, according to the
official DUNE collaboration flux.
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Reconstructed vs True deposited energy
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Figure 5.7: Cluster reconstructed as a function of the true deposited energy.
The sample used is composed of muons 10% generated in the SAND center with
isotropic initial angle and E € [0.001,6]GeV. The true energy is the sum of the
deposited energy of all the generators.

The true energy is the sum of the deposited energy of all the generators, requiring
that the main generator is an electron that has deposited at least 99.9% of the
total cluster deposited energy. In the electron particle case Einitial = Ftot, dep
because electrons are always fully contained in this energy range, the outliers
with Egctive > Finitiar are explained in the Subsection 5.4.1.

The outliers with FEipitial > Factive correspond to cases where the same electron
generator is associated with more than one cluster. In the backtracking, a gener-
ator is linked to a cluster whenever it has at least one trajectory point inside the
corresponding cluster volume. If the shower from a given electron is split into two
or more clusters by the time—splitting procedure, each of those clusters inherits
the same Ej,itia (the generator energy at its first point in the ECal), but only a
fraction of the total deposited energy ends up inside any given cluster. In the limit
case where a particle interacts or decays almost immediately after entering the
ECal, a cluster can be formed that contains only hits from the daughter trajec-
tories, while still being tagged with the parent as generator. Such configurations
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Reconstructed vs True deposited energy

1200 . . i .
= — EFECO vs. E‘|‘rue 800
2 - | Entries 16087 g
= ~ Mean x 299.2 B o —700
g 1000 Mean y 301.4 o
c . " S
u; L Std Dev x 338.7 . j 1600
O - Std Dev y 341 e
& 800 ' -
B T —1500
600 - 400
- 300
400 &
B e | 200
200 : B-cluster
B 100
0 L | | | | C1 | | | | | | | | | | | | | | | | | | 0
0 200 400 600 800 1000 1200

True Energy [MeV]

Figure 5.8: Cluster reconstructed as a function of the true deposited energy. The
sample used is composed of electrons 10* generated in the SAND center with
isotropic initial angle and E € [0.001,6]GeV. The true energy is the sum of the
deposited energy of all the generators.

produce clusters with a large Ejnitja1 but relatively small F,ctive, giving rise to the
outliers above the main proportional band.

Selection. The requirements for a cluster to pass the selection are to (i) have
an electron as main generator, (ii) with contribution > 99% of the reconstructed
deposited energy, and (iii) |FEinitial — Esim| < 0.10 Egim, where Eiyigial is the gener-
ator EDEPTrajectory energy at the first point in the cluster volume and Fgy, the
energy set by the simulation of the particle gun.

Fit strategy and uncertainties. For each Fg, a fit on the F,tive distribution

with a Gaussian to extract the mean (F,ctive) and width op is performed.

active

Two representative gun samples are shown in Fig. 5.10; the relative widths are
o/E ~18.3% at 100MeV and ~ 6.18% at 1 GeV.
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Initial vs. active deposited true energy
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Figure 5.9: Initial energy for electron generator particle as a function of the true
deposited energy. The sample shown is composed of 47046 electron generator
particle clusters, arising from 30k v, interactions in the SAND tracker volume,
with E), according to the official DUNE collaboration flux. The true energy is the
sum of the deposited energy of all the generators, requiring that the electron is
the main generator that has deposited at least 99.9% of the total cluster deposited
energy.

Global calibration. Figures 5.11-5.12 show Egy, versus (Eqctive) in different
energy ranges and the fit function obtained. A single global calibration factor is
obtained with a linear fit of

Esim - k<Eactive>-

Points are drawn with z—errors 05" = g . /1/Ny and with y—errors set to
oy = RMS(Einit)
while the light-blue rectangles indicate a +10% band in y and +op

in x; the

active

bands are not used in the fit.
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(b) Esim =1 GeV (0/F =~ 6.18%).

Figure 5.10: Distributions of F,tive with Gaussian fits.

The global linear fit yields

Eoctiv 1
active =5 = 0.191191 + 0.000106 ,

k = 5.23036 +0.00289 = f =
Etot,dep

with x?/ndf = 543.33/10 = 54.33. The large x? reflects the tiny point uncertain-
ties relative to residual non linearities; nevertheless, a single scale factor describes
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Figure 5.11: Calibration for Fg, > 100 MeV (same global fit as Fig. 5.12). Error
bars in black: (z) og,..../VN, (y) RMS(Ei). Blue rectangles: +10% in y,
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Figure 5.12: Same as Figure 5.11 for Eg,;, < 100 MeV.

the data better than the percent level across the full range, which is sufficient for
the calibration used here.
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5.5. Active-passive material calibration factor

5.5.2 Muons

Figure 5.13a shows, for clusters whose main generator is a primary muon, the
energy of the muon at the first trajectory point inside the cluster volume (Ejpitial)
versus the active energy deposited in the cluster. The sample contains 18368
clusters from 30k v, interactions in the SAND tracker volume with the DUNE
flux spectrum, requiring the muon to contribute at least 99% of the cluster energy.
No other cuts are applied here.

Unlike electrons, which in the DUNE energy range are fully contained in the ECal
and therefore populate a narrow proportional band (see Figure 5.9) muons exhibit
three behaviors that are shown in Figure 5.13: (i) a broad band from through-
going (not fully contained) muons with MIP-like ionization, where Fjctive depends
mainly on path length; (i) a low-FEqctive population at late times respect to the
vertex time due to muon decays in the ECal; and (iii) a proportional band from
fully contained, stopping muons, where F,ctive scales with FEipitial.

To isolate the decay component, the cut in Figure 5.14 selects clusters with time
> 100 ns respect to the vertex time and zero energy in the outermost ECal layer,
ensuring the cluster originates from yu~ — e~ + ¥, + v, decay happening within
the ECal, while the muon trajectory still enter the cluster having in it a trajectory
point. The mean electron energy for a muon decaying at rest is ~ 37 MeV (see
the review "Muon Decay Parameters” in [110]); applying the electron calibration
factor of Equation 5.13 (Subsection 5.5.1) gives a value consistent with the mean
active deposition of ~ 6.8 MeV of the observed distribution. Outliers are explained
by incomplete containment of the decay electron or its secondaries.

The through-going, not-fully-contained muons, are shown in Figure 5.15 in which
visible deposits in both the innermost and outermost ECal layers are required,
using the threshold of Ejagerolayera > 4MeV. The broad band is almost flat in
FE.ctive, and does not depend on FEi,itia above 300 MeV, as expected for a MIP-
like ionization muon passing through different thickness.

Fully contained muons are selected by demanding a visible entrance and no exit:
Elayero > 4MeV and Elagers = 0MeV. Figure 5.16 shows a clear proportional
trend between Fyactive and FEinitial, as expected for stopping tracks where the total
visible ionization follows the incident energy. Residual outliers away from the band
are primarily due to large-angle scatters and side exits that bypass the outermost
layer. The display of an interaction in which a muon is scattering not leaving
energy in the outermost layer is shown in Figure 5.17.
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Initial vs. active deposited true energy
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(a) Muon FEinitial versus true active energy. Primary p clusters with the

muon contributing > 99% of the cluster energy; no further selection.
The three regimes described in the text are visible.
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(b) Zoom to FEipitial € [0, 1] GeV highlighting the low-energy structures.

Figure 5.13: Initial vs true active energy for primary muon clusters from v, inter-
actions in the SAND tracker volume. The lower panel 5.13b zooms the distribution
in 5.13a.
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Initial vs. active deposited true energy
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Figure 5.14: Muon-associated clusters enriched in decays: ¢t > 100ns and Flayersa =
0MeV. The mean FE,jve matches the expectation for a ~ 37 MeV Michel electron
after applying the electron calibration factor.

5.6 Energy resolution

Definition and selection. For each electron—gun sample at fixed FEg,, the
residual is build as follows:

r = Eiit — K Eactive, (5'14)

where k = % is the global active to total calibration calculated in Section 5.5.

Events are required to pass the same quality selection used for the calibration: the
cluster’s main generator is an electron, it contributes > 99% of the reconstructed
deposited energy, and | Einit — Fsim| < 0.10 Egjp,.

Fit strategy. For each energy r distribution is fit with a Double Sided Crystal
Ball (DSCB). The DSCB core width, ocore, is taken as the statistical energy
resolution for the corresponding Fg, value. Two examples at 100 MeV and
1 GeV are shown in Fig. 5.18-5.19.
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Initial vs. active deposited energy (not fully contained)
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Figure 5.15: Passing, not-fully-contained muons selected with conditions Fiayero >
4MeV and Ejagersa > 4MeV. The broad band reflects MIP-like energy loss with
different path lengths, independently by FEinitiai abbove ~ 300 MeV. See also the
display of an event with not fully contained muon in Figure 5.17.

Resolution points and statistical uncertainties. For each particle gun en-

ergy

R(E) = <22t> (5.15)

at © = (FEinit) has been plotted. The statistical uncertainties are:

RMS(Eipit)
Nsel ,

o= |(fe) s (BB

where docore is the fit uncertainty from the DSCB, and the uncertainty on the

ox = 6(<Einit>) = (5.16)

mean is purely statistical, Eq. (5.16). Systematic effects (as uncertainty on k) are
not included in the error bars.
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Initial vs. active deposited energy
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Figure 5.16: Fully contained muons selected with the conditions Ejayerg > 4 MeV
and Elayers = 0MeV, requiring the muon to contribute > 99% of the cluster
energy. A proportional band is visible; remaining outliers derive from hard scat-
tering and side exits that do not leave energy deposits in the outermost layer cells.

Fit model and KLOE reference. The resolution points are fitted with:

LAY LS. ith £ in GeV (5.18)
T = i , wi in GeV, .

while the KLOE reference curve? is overlaid using the published parameters axr,og =

0.057, bxror = 0.006 [111]. The resulting plot is shown in Fig. 5.20.

The fit returns parameters close to the KLOE measurements For this dataset, the
fit gives

a = 0.0497 £ 0.00009 (stat), b= 0.0200 4 0.00024 (stat).

A slightly smaller sampling term a and a larger constant term b than the KLOE

4 Axes in Fig. 5.20 are labeled in MeV for convenience; E is converted to GeV before evaluating
Eq. (5.18).
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Figure 5.17: SAND event display of a v, interaction with a not fully contained
muon in the ECal undergoing hard scattering. Energy depositiion are present in
the innermost but not in the outermost layer. Solid lines are charged particles
while dashed are neutral: g in blue, e/v in red, m light blue, n green. ECal
deposited energy hits: black dots.
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Figure 5.18: Residual distribution and DSCB fit for Eg, = 100 MeV. The quoted
Ocore 18 used as the resolution numerator at this energy.

reference have been observed. Error bars reflect statistical uncertainties only. A
study of systematics can be added in a subsequently.
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Figure 5.19: Residual distribution and DSCB fit for Eg, = 1 GeV.
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Figure 5.20: Resolution R = 0core/(FEinit), versus (Finit) with statistical error bars
from Eqgs. (5.16)—(5.17). The red line is a two—parameter fit to Eq. (5.18); the

dashed curve is the KLOE reference (a = 0.057, b = 0.006).
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Chapter 6

Neutron detection for 7,,-hydrogen
interaction measurements

The physics potential of SAND to exploit 7/v interactions on hydrogen in the
tracker targets has been discussed in Section 3.2. In the SAND configuration,
neutrino—electron elastic scattering and scattering on free protons in the CHpy
targets are the only processes that are essentially free from nuclear effects in the
initial state. As such, they provide powerful handles for flux measurements, cross-
section studies, and the control of systematic uncertainties [68].

Interactions on the hydrogen in the CHy targets can be isolated thanks to the
excellent tracker resolution on the kinematic variables and to the data-driven
subtraction procedure, the “solid hydrogen” technique [99], which removes the
residual carbon background using events in the graphite targets. The ECal plays
a fundamental role in the event reconstruction, being the main SAND sub-detector
capable of detecting neutrons from 7, + p — p* + n interactions on free protons.

In this chapter, building on the ECal digitization, clustering and Monte Carlo
backtracking tools developed in Chapter 5, the signal selection for hydrogen inter-
actions is described and the ECal response to neutrons is quantified. In particular,
hit and cluster-level neutron detection efficiencies, the event selection efficiency
and purity for the 7, + p — p* + n channel, and the non-H interaction rejection
achieved are evaluated. These results provide both the essential input and a com-
plementary selection strategy for the solid-hydrogen analysis of 7, interactions in
SAND.

To perform the study, a sample of 5.0 x 10° v, interactions in the SAND tracker
volume with the beam energy spectrum has been used. This sample corresponds
to 5.73 x 10%° protons on target (POT), equivalent to 2545.67h (~ 106 d) of beam

time.

6.1 Neutron detection efficiency in ECal

Figure 6.1 shows the distribution of the momentum p after final state interactions
(FSI) of the primary neutrons from the interaction vertex. The total number
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of neutrons produced is Ny ot = 682912 and for a compact characterization the
spectrum has been fitted with a Landau curve obtaining MPV = (287.24+0.3) MeV
and o = (105.5 + 0.1) MeV. The Landau captures the asymmetric core and long
tail.

Neutron momentum in the vertex (all)

8 7000 MPV =287.2  +0.3 MeV
'-'CJ c=1055 +0.1 MeV
6000 Area = 4.09e+06  +5.07e+03
5000
4000
3000
— Data
— Landau
2000
1000
(Ve TR T B \."\. | s \.‘-1."' i e e e
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p [MeV]

Figure 6.1: Initial momentum distribution (after F'SI) for primary neutron exiting
from the vertex for all kinds of neutrino interactions. Ny ot = 682912 is the total
number of neutrons, the fit has been performed with a Landau curve.

The heat map in Figure 6.2 shows the neutron multiplicity in the stable final
state after FSI, Npeutrons, as a function of the interaction mode record from the
GENIE [103] reaction. As expected for an 7, beam, the CCQE ([CC], QES) row
peaks at Nyeutrons = 1. On a free proton v, +p — T + n produces exactly one
neutron at the primary vertex, while for nuclear targets the intranuclear cascade
can release more nucleons, producing a small tail with Nyeutrons = 2. Resonance
(RES) and deep inelastic scattering (DIS) populate broader multiplicities due to
hadronic re-interactions, and meson—exchange current (MEC, also called 2p2h)
channels naturally enhance multi—nucleon knockout, populating Npeutrons = 2.

Neutron ECal hit efficiency. The ECal hit efficiency can be defined for fi-
nal-state neutrons as the fraction that produce at least one hit in the active

scintillator: _
ECal Ny (= 1hit)

L= = N
“n,21bit N, (produced) (6.1)
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Figure 6.2: Neutrino interaction mode (from the GENIE reaction record) versus
the number of neutrons in the stable final state at the vertex, Npeutrons, after FSI.

Figure 6.3 shows the distribution of the Monte Carlo hits of energy deposited
in the ECal active material by the primary neutron EDEPTrajectory exiting the
vertex, summed with all its ChildrenTrajectories'. Using the full sample size
Np ot = 682,912 and the number with at least one ECal hit N, iy = 528,677, the
global efficiency is
en i = 2;2:217; = 0.774 £ 0.0005g0; ~ 77.4%.

As a function of the neutron kinetic energy at the vertex, the efficiency rises rapidly
at low T and approaches a high plateau (= 90%) above a few hundred MeV
(Figure 6.4). The efficiency at the hit level with at least one hit deposited in the
ECal as a condition, eggall nit» is higher than the cluster-level efficiency quoted
later. The gap arises because neutrons often are fragmented into multiple small
clusters that are affected both by attenuation and threshold on the readout; there-
fore, the cluster efficiency should be regarded as a stricter efficiency, while the hit
efficiency is an upper limit for ECal detector efficiency.

As explained in Section 4.2, the energy deposited in each hit is attenuated for the
path length in the fibers and converted into the corresponding number of photo-

! As defined in the edep-reader tool; see Sec. 5.2.
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Figure 6.3: True energy deposited in the ECal active material (scintillating fibers)
by the primary neutron, obtained by summing the energies of all EDEPHit objects
in the ECal sensitive volumes associated with its EDEPTrajectory and with all
its descendant trajectories in the EDEPTree.

electrons using Eq. 4.1. This value is used as the mean of a Poisson distribution
from which the actual number of photoelectrons used in the digitization is drawn.
For a 2.5 pe ADC threshold on the photosignal, the smallest energy producing a
detectable hit in the ECal (and thus seeding a cluster) can be related to the mean
of the Poisson distribution at a chosen efficiency. Requiring P(N < 2; pupe) = 0.10
(i.e. 90% detection for a 2.5 pe discriminator) gives pipe = 5.32 pe. The correspond-
ing energy threshold is

dEy, = ﬁ Epe = 18.5pe/MeV.
pe

Using App, = 1.00 (no attenuation) and, for the far end of a 4.3 m barrel module,
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Neutron ECAL-hit efficiency vs T tnr”e (vertex)
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Figure 6.4: Neutron ECal hit efficiency eggall hit versus true neutron kinetic energy
at the vertex. Points show the binomial efficiency; vertical error bars indicate
statistical uncertainties, and horizontal bars the bin widths.

the worst-plane value Ay 3, = 0.177 (planes 4-5), one obtains

5.32
dEthr,A(Om) = m = 0.288 MGV, (62)

5.32

dEthr,A(4.3m) = m = 1.626 MeV. (63)

In Figure 6.5, the distribution in the low energy range of the cluster energy in the
active material for clusters with a primary neutron as the main cluster_generator.

The first bin entry in the energy distribution for a neutron cluster results Fuin, clu =
0.08 MeV, and considering
Epe =18.5 pe/MeV, Hmin, pe = Emin,clu Epe Ay.

The detection probability can be computed as

2
P s [V
det (Hmin, pe) = P(N 2 3; fimin, pe) = 1 — e~ Hminre <1 + Hmin, pe + m;p) .
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Figure 6.5: Deposited energy hit distribution in ECal for primary neutron exiting
from the vertex for all kinds of neutrino interaction at low energies. Clusters are
classified as neutron requiring a primary neutron as the main cluster_generator.

For a barrel module length L = 4.3 m (midpoint at ¢ = 2.15m), the attenuation
in Equation 4.2 gives:

No attenuation, Agy, = 1: pw=0.08 x 18.5 =1.48, Pyt = 18.6%.
Mid-module, As15m € [0.344, 0.399] : u € [0.508, 0.591], Pyes € [1.50%, 2.22%).
End of the module, Agsm € [0.177, 0.230] : 4 € [0.261, 0.354], Paes € [0.245%, 0.568%).

Thus, 0.08 MeV entries are expected: whenever the deposit occurs close to a
photocathode, and by Poisson fluctuations at larger distances.

Neutron ECal cluster efficiency. In Figure 6.7, the cluster energy distribu-
tion in the active material for primary neutron exiting from the vertex for all
kinds of neutrino interactions, considering clusters with a primary neutron as
the main cluster_generator. N, ., is the number of final state neutrons that
form at least one reconstructed cluster whose cluster_generator is the primary
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6.1. Neutron detection efficiency in ECal

neutron. Using the sample,
Np tor = 682,912, Ny nit = 528,677, Ny clu = 206,775.

The ECal cluster efficiency (conditioned on having at least one hit) can be com-

puted as
Nl
fggﬁhhit = Nni’;: = 0391 + 0.00075‘5&1;)
n,hi

equivalently, the global cluster efficiency is

N’VL clu
ECal — Znclt () 303 £ 0.00064(as.
’ Nn,tot

To relate clustering to a realistic discriminator, we also consider a per—hit vis-
ible—energy threshold equal to the lowest bin populated by neutron clusters,
Erin,clu = 0.08 MeV (active only). Counting neutrons with at least one hit above
this value gives so that

Nn,clu

il > B, = 7, = 0408 % 0,000t
n, min

All quoted uncertainties are binomial, o(e) = /€(1 — €)/N where € is the efficiency
and N the corresponding denominator.

Figure 6.7 shows the visible energy of neutron-generated clusters (active material
only). The fact that the mean of the cluster visible energy closely matches the
mean of the hit deposited energy indicates that, on average, the reconstruction is
unbiased for neutron-induced activity.

The resulting cluster efficiency versus true neutron kinetic energy at the vertex,
eESﬁ}(Tﬁme), is displayed in Figure 6.6: it is broadly flat at ~ 30-35% in the
100-1000 MeV range. As expected, the efficiency is lower respect to the one
calculated with the hits from Monte Carlo due to the attenuation of the light
signal in the fibers, the threshold for ADC discriminator set to 2.5 pe and the
requirement used in the sample that the cells of the clusters have to be complete

(see Section 5.1).
The order of magnitude aligns with neutron-tag efficiencies reported in test-
beam studies of the KLOE experiment’s ECal module, as already discussed in

3.1.2.4. [94].
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Figure 6.6: Primary neutron cluster efficiency e in the ECal as a function

6.2 7,4+ p— pu' +n characterization

Table 6.1 summarizes the rate of CCQE (with putn in the stable final state) in
the full sample of 5.0 x 10° neutrino interactions in the SAND tracker volume.
Out of all interactions, 7.76% end in p"n; within this subset, about 82.9% occur
on carbon and 16.6% on hydrogen, with all other isotopes contributing < 0.5%.
This composition anticipates that non-H (mostly C) backgrounds dominate and
motivates the (|At|, Ar) rejection of non-H interaction discussed later.

In Figure 6.8, the distribution of the initial momentum of the neutron exiting
from the neutrino interaction vertex with ™ + n as a stable final state, with all
the possible targets, the fit is done with a Landau curve only to show the most
probable value. In Figure 6.9, the distribution of the deposited energy in the
ECal, only in the active material, is obtained by summing the hits of the primary
neutron EDEPTrajectory exiting from the vertex and of all the trajectories of the
neutron children.
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Figure 6.7: Cluster energy distribution in ECal for primary neutron exiting from
the vertex for all kinds of neutrino interactions. Clusters are classified as neutron
ones requiring a primary neutron as the main cluster_generator.

Table 6.1: Number of CCQE v, interactions per target isotope in the sample of
5.0 x 10° neutrinos interacting in SAND tracker volume.

Target # Interactions % of 5.0 x 10°

IH 6451 1.2902
12¢ 32143 6.4286
14N 19 0.0038
160 9 0.0018
40AY 57 0.0114
B7Ay 103 0.0206
Total 38782 7.7564

6.3 Kinematic selection

The good angular, vertex, momentum and timing resolutions of the highly seg-
mented low-density tracker allow the determination of the interaction vertex posi-
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Neutron momentum in the vertex (mu + n - stable final state)
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Figure 6.8: Momentum distribution for primary neutron exiting from the vertex
with 4t + n as a stable final state. Nyt 4n = 38,782

tion in the different modules and so in the different target materials. For interac-
tions with a single charged track as the CCQE 7, +p — ut +n, the resolution on
the neutrino vertex position is driven by the thickness of a single CHs/C target
plane, in which the detector wire located before the target layer does not present
hits. Even if the vertex resolution is worse than for multi-track events it is still
<< 1mm [112]. The uncertainty on the material assignment is given by the ratio
between the thickness of the passive layers immediately upstream of the candidate
target (drift chamber cathode foils or straw walls) and the thickness of the target,
resulting in an efficiency >95% [100].

If the outgoing nucleon momentum is measured, one can, in principle, reconstruct
the neutrino energy by summing the momenta of all final-state particles. On
nuclear targets, the achievable accuracy in neutrino energy reconstruction event
by event is intrinsically limited by the nucleon binding energy and Fermi motion
that affect the initial state nucleon. In addition, the final-state hadron kinematics
can be altered by the final-state interactions ( FSIs) in which nucleon reinteracts
with the cold nuclear medium before leaving the target nucleus that can be excited
or even break up, releasing secondary particles that stop near the vertex and are
not detected, biasing the reconstruction.

Hydrogen is the ideal target for reconstructing the initial neutrino energy because
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Figure 6.9: Deposited energy hit distribution in ECal for primary neutron from
CCQE interaction with u™ + n as a stable final state.

nuclear effects are not present, and the reconstruction of the beam energy spec-
trum would be limited only by the knowledge of the cross section, which is much
better understood than the nuclear ones. Once the correct target module is iden-
tified, the CHj interactions are separated from those in the other modules. Then,
to isolate events on H in the mixture with the C nuclei of the polypropylene, the
spatial symmetry in the final-state kinematics in CCQE can be exploited.

Since the H target is at rest, CCQE events are expected to be perfectly balanced in
the plane transverse to the beam direction, and the muon and hadron vectors are
back-to-back in the same plane. On the other hand, the nuclear effects give rise
to a significant missing transverse momentum and a smearing of the transverse
plane kinematics. The use of transverse plane variables and event kinematics to
select various neutral and charged current (anti)neutrino interactions have been
adopted in analyses by several experiments [113, 114] and is used in SAND as a
powerful variable to select interactions on H.

If we consider the plane transverse to the neutrino direction, the missing transverse
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Chapter 6. Neutron detection for 7,-hydrogen interaction measurements

momentum in Eq. 6.4
spf = 157 + it (6.4)

is calculated as the sum of the projection in the transverse plane of the momenta of
the hadronic state ﬁi,lf and the leptonic one 13’€T. In the hadron momentum vector,
77, the momenta of all the detectable particles in the final state are summed up,
while particles absorbed after final state interactions, leptons and photons from
decays and nuclear de-excitations are not considered. pf takes into account the
final-state leptons.

For the channel of this analysis, in case of interactions on the H target, 5 coin-

cides with the momentum vector of the final state neutron. The leptonic momen-

tum vector, despite the kind of nuclear target, is p = p* where neutrinos are not

summed up. Only charged-current interactions are considered.

The antineutrino CCQE scattering on a free proton on hydrogen and the same
process on a bound proton in carbon, using the missing transverse momentum
Sp = ||pe + pH|| are sketched in Figure 6.10 and described in the following:

Hydrogen (free p at rest).
7, +p(*H; kp=0) = pt+n.

With the initial proton at rest (no Fermi motion kp = 0) the muon and neutron
are back-to-back in the transverse plane, so

opT = |y +prl = 0.

Carbon (bound p with Fermi motion; no FSI).
7, —|—p(12C; EF) — uT+n+ 1B

The initial proton carries a Fermi momentum kp with transverse component kg 7.
The momentum conservation in the transverse plane gives

pr +0p = EF,T:
so the missing transverse momentum is
sp = | + 2| = lkerl > 0.
that for carbon is typical ||kp| ~ 200-250MeV.
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Hydrogen (balanced) Nuclear target (not balanced for Fermi motion)
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Figure 6.10: Transverse momentum balance in 7, CCQE scattering on hydrogen
vs. carbon. Left (H): initial free proton at rest and the muon and neutron in
the final state are back-to-back in the transverse plane so Oplft = ||p + Pyl = 0.

Right (C) initial proton with Fermi momentum &, giving pf + pjt = ka and
opp = HkFTH > 0. In both the situations, the only detectable particle for the
hadronic state is the neutron, giving ﬁjf] =pp .

If the outgoing neutron re-scatters in the medium undergoing FSI, n+N — n/+N’,
an additional transverse shift AgSI is introduced, increasing the missing transverse
momentum:

o = |55+ 7 || = llkrr + AP > 0,

where N denotes a nucleon belonging to the residual nuclear system and carrying
its own Fermi momentum ky; N’ is that same nucleon after the intranuclear

collision.

In Figure 6.11b, the missing transverse momentum J0p7 for all the charged-current
v, interactions on H and non-H targets. The sample used is the same as described
in Section 6.1. As expected, CC interactions are perfectly balanced for the H
target, while the variable is smeared for the other targets. In Figure 6.11a, the
missing transverse momentum for the interaction on H and C is shown.
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6.4 Prediction of the final-state neutron

If the interaction occurs on a hydrogen target, the final-state neutron quantities
are fully determined once the muon track quantities are reconstructed. For the
work of this thesis, the muon quantities are taken from the Monte Carlo, as the
reconstruction tracking algorithms described in Section 4.3 are not completely
validated yet.

How the prediction of the kinematics of the outgoing neutron of the v,+p — p+n
channel events is performed is described in the following.

Neutrino energy from final-state kinematics

The CCQE topology at the primary vertex with a single y* and (at least) one
neutron in the final state is selected, and on a proton at rest for hydrogen target,
the momentum—energy conservation leads to the antineutrino energy in Eq. 6.5:

M2 —m, — M7 +2 M, E,
2(M,—E, +p,cosb,)

EQF — (6.5)

where the beam direction 7, is assumed to be known and it is taken from Monte
Carlo information, the reconstructed muon momentum is denoted as p,, with
magnitude p, = ||p,|| and energy

B, = \/pi+m2. (6.6)

0,, is the angle between p,, and 7n,, cosf,, = p,, - 7, and the incident antineutrino
three—-momentum is along the beam,

b, =E, . (6.7)

Predicted neutron momentum, energy, and speed

Assuming no nuclear effect are present, the neutron momentum is predicted from
momentum conservation:

_pred

o . N p
= B ARSI = (6.8)
mn

The neutron total and kinetic energy follow from energy conservation:
Ered — B, 4+ M, —E,, TP = EPed ), (6.9)
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6.4. Prediction of the final-state neutron

The predicted speed (in units of ¢) is

pred pred

pred __ Pn _ n
ﬁ" - Egred - T};red_’_Mn : (610)

Neutron reference “flight line”

If the neutron does not interact in the tracker material before reaching the ECal,
its trajectory is a straight line. The neutron “flight line” and the associated
time—of—flight is defined from the vertex along the momentum unit vector @, in
Equation 6.11a

Z(s) = Zo + s, s>0, (6.11a)
S

tpred(s) =to+ “opred (611b)
n

where the primary vertex coordinates are (&, tg).

Assuming that the neutron will interact in an ECal cell, for a generic reconstructed
calorimeter cell at position Z; and time ¢;, are defined

T =T; — X0, 8 = Tylly, = prred , Ar; = Hf’i—siﬁnH, (6.12)
with s; the longitudinal projection of the reconstructed cell position along the
“flight line” and Ar; the perpendicular distance to it. The difference between the
cell time with respect to the vertex time, and the time-of-flight along the “flight

line” at s; is
Si

At =t = tprea(si) = (ti —to) — —5—, (6.13)
prec e

Matching and cut definition

For each reconstructed cluster, the cells are scanned and At; is calculated. Among
the cells, the one that minimizes |At;| is selected.

Given a pair of cut thresholds (7, p) in time and space, respectively, a cell and
hence its cluster passes the cut if

|At;| <7 and Ar; <p. (6.14)

Event-level quantities are calculated along with counters classifying each passing
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Chapter 6. Neutron detection for 7,-hydrogen interaction measurements

cluster by its associated particle.

The following observables have been used for validation

AT = fpred(si) - = (f() + Siﬁn) — fi, (6.15)

At = t; _tpred(si) = At;. (6.16)

The same construction is applied to the earliest Monte Carlo hit deposited in an
ECal volume owned by a neutron trajectory?. (Z;,t;) is taken from that hit and
the distributions of AZ, At, Ar are used to quantify the prediction accuracy.

Equations (6.5)—(6.10) are exact for CCQE interactions on hydrogen free proton
while on nuclear targets they provide a biased prediction due to nuclear effects,
which broaden At and Ar and may displace the ECal activity from the straight
reference line. Moreover, even in CCQE events on hydrogen, the At and Ar
distributions can broaden if the outgoing neutron undergoes hadronic interactions
in detector material upstream of the ECal (elastic scattering, inelastic reactions,
or capture), which kink the “flight line” path and delay the first ECal activity.

Residuals

Figures 6.12 and 6.13 show the distributions of the spatial AZ and of the timing
residuals At between the “flight-line” prediction and the matched ECal cell for
neutron clusters in CCQE events on nuclear targets and on hydrogen, respectively.
On the distributions is performed a fit with a Double Crystal-Ball (DCB) function
in Equation 6.17.

t= 'u, ar >0, ag >0, np > 1, np>1, 0 >0,

AL (Br —t)™"t, t< —ay,
f(x) = { exp(—1t?), —ap <t < ag,

Ar(Br +1)™"", t 2> ag, (6.17)

nr
nr nr
A= — exp(—5« B =— -«
L ( L> p( 2 L)v L or L,
ngr
nR
AR = (> exp(—ia%), Br=——ag
%)™ exp(- ) s

The spatial residuals exhibit a narrow gaussian core centered near zero that corre-

2To refer to the EDEPTrajectory and EDEPHit objects, as defined in Sec. 5.2.
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6.4. Prediction of the final-state neutron

sponds to neutrons following the predicted straight path. The power-law tails rep-
resent both the facts that neutrons can undergo nuclear effects and interact before
reaching the ECal. The core widths extracted from the DCB fits are, for nuclear
targets, oap, ~ 23.7+1.0 mm, oay ~ 27.34+2.1 mm, and oa, ~ 24.0+1.1 mm (see
Figure 6.12); for interactions on hydrogen the gaussian core is narrowed due to the
absence of nuclear effects reducing to oo, ~ 13.6 £0.8 mm, oay ~ 12.84+0.8 mm,
and oa, ~ 14.4 £ 0.9 mm (see Figure 6.13).

The o values are comparable to the single cell spatial resolution: for y and z it is
set by the cell granularity (44 mm to 52mm) while for x longitudinal coordinate
it is governed by the time of arrival difference between the two photo-signals (see
Section 5.1),

__ Ufiber Vet [ o 9 TtpA=0tp=0t Ufiber
r = T(tA—tB), Or = 7 UtA+UtB = \/5 gt ,

where the light speed along the fibers is vgper = 17 cm/ns and ta g the time of the

photo-signals at the photo-detector cell sides (see Section 4.2).

Assuming an average neutron deposited energy in the ECal of ~ 25MeV and
using the time resolution from KLOE calibration oy(E) ~ 54ps/+/E [GeV] &
140 ps [115], one obtains 04(0.025 GeV) = 0.37ns .

Op = Lm/ns x 0.37ns = 44mm.

V2

The time resolution above refers to a cluster timing that averages over multiple
cells, and it has a smaller o; than the single cell one. Therefore, the o, obtained
it is lower than the single—cell longitudinal resolution.

The timing residual At shows a peak with a bias respect to zero of ~ 1ns, com-
patible with the scintillation decay and the photo-sensor timing spread simulated
in digitization 4.2. For nuclear targets (Figure 6.12d) tails are present on both
sides, attributable both to nuclear effects and to interactions before the ECal.
For hydrogen (see Figure 6.13d) the negative tail is suppressed, while the posi-
tive tail (fcell,match > tpred) remains, consistent with the neutron interacting be-
fore reaching the ECal, leading to a greater neutron time of flight respect to the
“flight-line” one. From the DCB fits for nuclei interactions, ua: = 0.89 + 0.01ns
and oa; = 0.70 £+ 0.01lns are found; for hydrogen, ua: = 0.91 £ 0.0lns and
oar = 0.30 £ 0.01ns.
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6.5 Selection efficiency and purity

The measurement of 7,~H interactions relies on identifying the neutron from
Uy +p — pt + n with minimal bias and background. While the tracker pro-
vides the kinematic handles used by the data-driven “solid hydrogen” subtraction
(Section 3.2), the ECal can tag the neutron, so the performance of the neutron
selection directly affects the systematic uncertainty on the H target event sample,
that constrains the flux and cross-section measurements.

Two complementary figures of merit are required:

e the selection efficiency, which controls statistical power and biases from
acceptance losses,

e the purity of the selected clusters, which governs the level of contamination
from non-H neutrons or activity associated to different clusters, that would
affect the C background subtraction [101].

For each CCQE event with a final state u™ +n, for each cut pair (|At|, Ar) defined

in Equation 6.14, the following quantities are computed:

e Efficiency 5(‘At|v A’I“) = Nevents with >1 neutron pass/Nneutrons: the fraction of
primary neutrons for which at least one neutron cluster passes the cuts.

d Purity Pclu(’At‘a AT) = Pclu = 1Vpassing neutron clusters/Npassing generic clusters*
among all passing clusters, the fraction that are neutron-owned.

e Best-is-neutron rate Rbest(|At|a A?”) = Nevents with neutron cluster as the best /Nneutrons:
the fraction event whose best passing cluster (smallest |At|, then smallest
Ar) is a neutron cluster.

In Figures 6.14, 6.15, and 6.16 the map of the selection behaviour as a function
of the cuts can be found. The efficiency grows mainly when increasing the spatial
window Ar, while relaxing |At¢| beyond ~5 ns increases it only mildly. The cluster
purity decreases with larger Ar, so tight spatial cuts can keep contamination low.
The event-level Ry follows the efficiency trend but remains lower, as expected
when multiple clusters pass and ranking can occasionally favour a non-neutron

cluster.

Working points To guide analysis choices, three working points (WPs) can be
defined depending on complementary priorities: Baseline (|At|, Ar) = (5 ns, 200 mm)
gives € = 0.204, P = 0.493, Rpest = 0.162 for a balance between statistics and
cleanliness; Loose (10 ns, 300 mm) gives € = 0.247, P = 0.329, Rpest = 0.208 re-
quires less statistics giving a lower purity; Tight (5 ns, 100 mm) gives ¢ = 0.121,
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P = 0.628, Rpest = 0.0099 suppresses background with a signal-enriched selec-
tion. It as to be noticed that the background rejection can be performed using
also different strategies combining the other SAND sub-detectors reconstructions.

Beam-time scaling Let N+, be the number of true CCQE events with final
state u + n. Define the per-interaction selection success probability (efficiency)
at a working point as

ewp = Nsel
Nytn
If 74+ = Nytp/Tsample is the CCQE(pu"n) interaction rate (events/hour), the

expected number of selected events accumulated in beam time Tywp is

Nset = 1y+newp Twp.

For a fixed Ng; number of events, times scale inversely with efficiency. Comparing
any WP to the Baseline (Base) one has

Twp __ €Base
TBase EWP

) AT ="Twp — TBase = TBase <5Base - 1> : (6'18)
EwWp

Using the values read from the maps,
€Base = 0.204,  eroose = 0.247,  emigne = 0.121,

with N+, = 38,782 and Thase = 2545.67 h, Eq. (6.18) gives TlLoose/TBase =
0.204/0.247 = 0.826 (about 17.4% less time, AT},oose = —443.17 h) and Tright/TBase =
0.204/0.121 = 1.686 (about 68.6% more time, AT ighy = +1746.20 h).

A compact summary of the three working points and the beam-time scaling is
reported in Table 6.2.

Table 6.2: Beam-time scaling at different working points assuming a fixed yield
(Nser) and taking Baseline as reference. Event counts use N ,+,, = 38,782 . Times
use TBase = 2545.67 h.

WP (AL, Ar) c P Roet T/Thae T[]  Ne
Loose (10 ns, 300 mm) 0.247 0.329 0.208 0.826  2102.50 9,579
Baseline (5 ns, 200 mm) 0.204 0.493 0.162  1.000  2545.67 7,912
Tight (5 ns, 100 mm) 0.121 0.628 0.099 1.686  4291.87 4,693

Rejection power for non-H target interactions To quantify how much
background from CCQEnon-hydrogen targets is removed by the selection before

147



Chapter 6. Neutron detection for 7,-hydrogen interaction measurements

applying the C subtraction procedure [99], the non-H rejection power is defined

as
NnonH

er“l;jnH(’At‘vAT) =1- 8nonH(|At’aAT) =1- Nsnei(inH . (619)

ptn

In Equation 6.19 N;‘ﬁl;LH is the number of true CCQE(un) interactions on non-H
targets, that in SAND are dominated by carbon as shown in Table 6.1, and Nsr}a‘an
is the subset that pass the (JAt|, Ar) cuts.

Figure 6.17 shows an(%nH as a function of the cuts: decreasing Ar makes rejection
increasing quickly, while loosening |A¢| beyond ~5-10ns brings only marginal
changes.

At the three working points defined above, R?ginH results:
e Tight (5 ns, 100 mm): R, = 0.847
e Baseline (5 ns, 200 mm): Ry = 0.808
e Loose (10 ns, 300 mm): R,ej = 0.760

Thus, already at the Baseline point about four out of five non-H CCQE(u"n)
events are removed before applying the solid-hydrogen C—subtraction, cleaning the
sample and reducing the statistics needed for the procedure. The working point
should therefore balance this background reduction against the signal-efficiency
discussed above.

Towards the full solid-hydrogen analysis

Towards the full solid-hydrogen analysis The analysis quantifies, for each
(At, Ar) working point, the selection efficiency for true v, interactions on hydro-
gen, the corresponding acceptance for carbon events, and the fraction of carbon
interactions that migrate into the hydrogen-enriched neutron-tag region. In a full
solid-hydrogen analysis, these quantities enter the extraction of the 7,~H signal.
Starting from the CHy sample with a neutron tag, the number of selected events in
each neutrino-energy bin is first corrected by subtracting the carbon contribution
predicted from the graphite control sample under the same selection, and then
divided by the ©,~H selection efficiency to obtain an efficiency and background-
corrected hydrogen yield, N (E,).

The resulting corrected yield, N (E,), is related to the differential 7, flux per
POT, ®/°T(E,), by

Nip™(Ey,) = CI)E:)T(EV) UDHH(EV) NgrgEtS

POT, (6.20)
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so that the flux per POT can be obtained as

Neorr (|
orOT(EB,) = 1 (H 2 : (6.21)
g O-D;LH(EV) Ntargets POT

Here NP (E, ) denotes the efficiency and background-corrected number of neutron-
tagged 7,~H interactions in the CHy sample in a given neutrino-energy bin, ob-
tained after carbon subtraction using the graphite control sample. The quantity
@EET(EZ,) is the differential 7, flux at the detector per proton on target (e.g. in
units of cm™2 GeV - POT 1), 03,1 (Ey) is the 7, charged-current cross section

H

on free protons, N} is the number of hydrogen targets in the fiducial mass,

argets

and POT is the integrated number of protons on target for the data set.
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Figure 6.11: Missing transverse momentum, op7 = H ﬁ}l + ﬁ%{ , for charged-

current 7, interactions in the sample described in Sec. 6.2. Panel (a) compares
the interaction on hydrogen to the carbon ones. Panel (b) compares hydrogen
interactions to the inclusive non-H sample. As expected, the H distribution is
narrowly peaked near zero, while nuclear target interactions are smeared due to
nuclear effects.
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ECal cell for neutron associated cluster in CCQE events on nuclear targets. The
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Figure 6.13: Same residuals as Figure 6.12 for neutron-associated clusters in
CCQE events on hydrogen. The narrower gaussian cores and the reduced negative-
time tail reflect the absence of nuclear effects.
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Figure 6.14: Efficiency map as a function of the cuts. In each bin (|At|, Ar):

the fraction of primary neutrons for which at least one neutron cluster passes the
cuts. Zoom in the region |At| <30 ns, Ar <600 mm.
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Cluster-level purity (zoom: |A tj<30 ns, A r<600 mm)
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Figure 6.15: Cluster-level purity map as a function of the cuts. In each bin
Py (JAt|, Ar): among all passing clusters, the fraction that are neutron-owned.
Zoom in the region |At| <30 ns, Ar <600 mm.
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Figure 6.16: Best-is-neutron rate map as a function of the cuts. In each bin

Ryest (|At|, Ar): the fraction event whose best passing cluster is a neutron cluster.
Zoom in the region: |A¢| <30 ns, Ar <600 mm.
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non-H rejection power (zoom: |A ti<30 ns, A r<600 mm)
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Figure 6.17: non-H rejection power R;‘G%HH(|A7$], Ar) as a function of the cuts.

In each bin Ri™ defined in Eq. 6.19 as Rpg™ = 1 — N2g*T/N " shown as
a heat map versus the cut pair (JAt|, Ar). Zoom in the region |At¢| < 30 ns and

Ar < 600 mm.
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The studies presented in this thesis have established a coherent simulation-to-
analysis chain for the SAND electromagnetic calorimeter, from the detailed mod-
eling of energy deposits in the scintillating fibers to high-level reconstructed clus-
ters and their association with Monte Carlo truth (see Chapters 4 and 5). The
central outcomes of this work are the development of dedicated digitization, re-
construction and truth-matching algorithms for the ECal, their integration in the
SAND software framework, and their validation through a series of performance
and physics studies (Sections 4.2, 5.1, 5.2 and 5.3). On this basis, the neutron-
tagging capability of the ECal has been quantified and the selection efficiency
and background rejection have been studied in the specific context of the SAND
hydrogen program (Chapter 6, in particular Sections 6.1, 6.2 and 6.5).

A C++ clustering algorithm has been developed (Section 5.1) that (i) classifies
complete and incomplete cells, pairing the two photo-signals when both sides are
fired; (ii) groups complete cells into pre-clusters by spatial adjacency; (iii) recon-
structs energy, time, and position at the cell level, and builds energy-weighted clus-
ter observables; (iv) splits time-dispersed pre-clusters using a time RMS corrected
by the propagation and merges spatially and temporally compatible sub-clusters;
and (v) recovers incomplete cells with a dedicated energy estimator.

A general truth matching algorithm, based on the edep-reader tool (Section 5.2),
has been introduced: the Monte Carlo event from edep-sim is reorganized into a
tree of trajectories, with explicit parent—child links so that the energy deposits in
the ECal volumes can be traced back to the particles that produced them. For
each reconstructed cluster, this infrastructure is used to build a corresponding
true_cluster object, which provides its truth counterpart (see Section 5.3). The
algorithm allows different performance and physics analyses to rely on the same,
consistent reconstruction-truth association.

The complete simulation-to-analysis chain has been validated in Chapter 5 using
muon and electron particle-gun samples and v interactions in the SAND tracker
volume. For electromagnetic showers, backtracking studies show a linear relation-
ship between reconstructed and true cluster energies and allow the extraction of a
global active-to—total calibration factor for electrons in the energy range relevant
for the DUNE experiment (Section 5.5.1).

The analysis based on electron guns residuals yields an intrinsic energy resolution
well described by

2
75 _ \/(4‘97 £ OO (900 +0.02)2%,

E Eirue [GeV]

compatible with the KLOE experiment measurements (Section 5.6). For muons,
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the same tools disentangle fully contained, through-going and decay populations,
providing a consistent qualitative picture of their energy deposition in the ECal
and setting the stage for a future, particle-dependent optimization of the split/merge
clustering parameters and of the active—passive calibration.

As a result, the digitization, reconstruction, and Monte Carlo matching now form
a single, self-consistent framework that serves as the baseline ECal model in SAND

simulations and analyses.

A first extension is to compute particle-dependent calibration factors for different
particles that contribute significantly to SAND observables, in particular charged
pions, protons, and photons. This requires dedicated particle-gun samples and
neutrino interactions, but can use the same backtracking tool and cluster selection
developed in this work. Once particle-dependent calibrations are available, the
clustering parameters could be re-optimized after a full particle identification chain
is available.

The cluster observables defined in this thesis (i.e., longitudinal and transverse
profiles, layer energies, asymmetries, and time structure) will be used for par-
ticle identification (PID) algorithms with ECal as the only detector to separate
electromagnetic showers from MIP-like muon and pion tracks and showers. The
reconstruction and backtracking tools developed here provide clean, truth-labeled
samples for training and validating machine-learning models. The following step
is to develop a PID framework that combines ECal information with tracker and
GRAIN observables that can extend the separation power to the full charged-
current sample and to suppress mis-associated or neutral activity. In addition to
the use of track momenta (e.g. through E/p), also the spatial and angular match-
ing between tracks and ECal clusters can be exploited as a powerful discriminant.

Chapter 6 applies the same framework to study neutron detection efficiency in
ECal, and to perform the analysis of neutron tagging for v, +p — u* + n inter-
actions on hydrogen.

The tools developed in this thesis are used both to characterize the neutron-
induced response of the ECal and, via CCQE kinematics, to predict the location
and timing of the final-state neutron reaching the calorimeter. Neutron candidates
are then identified as clusters whose position and time are compatible with this
prediction.

The ECal response to final state neutron from neutrino interaction has been stud-
ied, resulting in a hit-level efficiency of about ~ 77% using Monte Carlo informa-
tion and a cluster-level efficiency of ~ 35% in the energy range relevant for DUNE
(Section 6.1).
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In addition, the spatial and timing residuals (At, Ar) between the reconstructed
neutron clusters and the kinematic prediction of the neutron path and time-of-
flight from the interaction vertex exhibit narrow cores compatible with the ex-
pected detector resolutions (Section 6.4). This indicates that the reconstructed
ECal activity is correctly associated with the underlying neutron kinematics.

Using these residuals as cut variables, a set of working points for the neutron tag-
ging is defined and quantifies the trade-off between selection efficiency, purity, and
non-H interaction background rejection (Section 6.5). At a chosen working point,
the ECal neutron tag achieves an efficiency of order 20% on true ™ n events, with
neutron purities around 50% and a rejection of non-H CCQE (" n)-like interac-
tions at the level of ~ 80%. The effective beam time required to reach a target
event statistics is estimated for each working point (Table 6.2), illustrating how
the ECal neutron tag can be used to balance statistical precision and background
suppression for the SAND hydrogen measurements in the antineutrino channel.

The neutron-tagging study of Chapter 6 is therefore a first step towards a full
solid-hydrogen analysis in SAND. The neutron-tagging procedure, together with
a CCQE-like topology and transverse kinematic variables, will be used to collect
a hydrogen-enriched signal in CHy modules for 7, + p — p* + n interactions.
In parallel, a pure-carbon control sample for the data-driven subtraction will be
selected in the graphite modules with analogous topology and quality cuts, pro-
viding a general framework to extract 7,-H samples. These samples form the basis
for the measurements of the v, flux at the SAND location, as well as for broader
v,-H studies of cross sections and nuclear effects within the SAND antineutrino
program.

Given the results discussed above, this thesis has provided a validated implemen-
tation of the ECal digitization, reconstruction, and truth backtracking for SAND,
together with a quantitative characterization of its energy response and neutron-
tagging capabilities. These elements form a solid technical and methodological
basis on which future calibration, PID development, and hydrogen-based analyses
of SAND at DUNE near detector complex can be performed.
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