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Introduction

The standard model of particle physics has been proved to be a solid theory to
describe the interactions among particles. Many tests have been performed in the
last decades, mainly corroborating the current theory. However, some small frac-
tures motivate the study of beyond the standard model scenarios which would
open particle physics towards a completely new phenomenology. In this frame-
work, neutrinos may play a leading role.

While neutrinos have been widely studied during the past decades, some special
processes have been observed just in recent years, allowing one to perform further
tests of the standard model theory and thus, providing a novel way of probing new
physics effects. In this thesis, we will study two low energy processes involving
neutrinos, namely the coherent elastic neutrino nucleus scattering (CEvNS) and
the elastic scattering of neutrinos off electrons (vES). The latter process is well
known, both theoretically and experimentally, as it has been widely exploited for
example in the context of solar neutrino physics. Whereas, CEvNS has been ob-
served for the first time only in 2017 by the COHERENT Collaboration, despite
having been predicted in 1974. CEvNS is a purely weak-neutral current process
in which the neutrinos interact coherently with the target nucleus, which thus,
responds as a whole. The coherent response of the nucleons in the target de-
termines an enhancement in the cross section, which results to be rather large
compared to the ones of other concurrent neutrino processes at low energies. The
first observation of such a process confirmed the standard model prediction of neu-
trino interactions and paved the way for a large number of experimental programs
worldwide, with the aim of precisely characterizing the interaction mechanism ex-
ploiting different detection systems and neutrino sources, such as solar neutrinos,
reactor neutrinos and neutrinos from either pion or kaon decay-at-rest processes.
The current picture counts two CEvNS measurements from the COHERENT Col-
laboration, namely on a cesium-iodide crystal detector and a liquid argon one,
achieved by exploiting neutrinos produced by the pion-decay-at-rest at the spalla-
tion neutron source at the Oak Ridge Laboratory, in Tennessee. The COHERENT
Collaboration has proved to be a pioneer of CEvNS searches and is still leading the
program, planning for many upgrades in upcoming years. Moreover, recently the
observation of CEvNS was reported also by the NCC-1701 detector which exploits
neutrinos from the Dresden-II reactor power plant in Illinois.

By exploiting the available data, it is possible to perform various analyses in or-
der to extract standard model quantities, such as the weak mixing angle, which
describes the couplings in the electroweak theory, and the nuclear neutron radius,
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Introduction

which describes the neutron distribution inside the target nucleus. Furthermore,
many beyond the standard model scenarios can be studied, looking for a hint of
new physics inside the data. For example, one can search for the presence of extra
particles, in particular of a new mediator similar to the standard model Z boson,
but lighter in mass, which may represent a portal for dark matter. One can look for
signatures of non standard neutrino properties, such as a neutrino magnetic mo-
ment or a neutrino electric charge, but also measure the so-called neutrino charge
radius, which is the neutrino electromagnetic property predicted within the stan-
dard model. This property is usually included among the radiative corrections,
which are vertex corrections due to higher order diagrams contributing to the pro-
cess.

To provide a complete vision of the status of searches in the low energy elec-
troweak sector, we will discuss the complementary between CEvNS and vES searches
with the parity violating electron scattering (PVES) experiments. Effectively, the
electrons scattering off a nucleus behave similarly to neutrinos scattering off a nu-
cleus, so it is possible to combine the different experimental probes. Likewise, the
atomic parity violation process can provide complementary information, since it
involves parity violating transitions of atomic electrons interacting with the nu-
cleus.

Additionally, we will discuss the importance of CE¥NS and vES in the context of
direct dark matter searches. Indeed, the advanced technologies developed in the
dark matter community are fruitful also for measuring CEvNS, as the interaction
mechanism is not very different. In this sense, we will show that direct dark mat-
ter detectors may provide very competitive results in testing beyond the standard
model scenarios considered in CEvNS and vES searches.

This thesis is organized into two different parts. The first part is made of three
chapters, Chapter (1| focuses on introducing the standard model electroweak the-
ory, with special attention on the weak mixing angle. Chapter |2| deals with low
energy neutrino interactions, namely the CEvNS and vES processes, with a de-
scription of the neutrino sources and the experimental programs considered in this
work. Chapter [3]instead considers low energy electron interactions, so the parity
violation electron scattering and the atomic parity violation process, together with
a discussion of the available measurements.

In the second part of the thesis, we present all the analysis performed exploiting
the different available data via the developments of numerical codes, so that each
of the four chapters describes a different physics outcome. In Chapter {4 we dis-
cuss the nuclear structure information that can be extracted mainly from PVES
measurements, while in Chapter |5| the one that can be extracted from CEvNS
measurements. In both chapters also the results on the weak mixing angle will
be presented. Chapter [6] focuses on extensions of the standard model via an addi-
tional boson mediator, which can arise from a new gauge group. We will discuss
a variety of different models for the latter new particle. In the last chapter, Chap-
ter |7, we will instead discuss the status of searches for neutrino electromagnetic
properties, such as the neutrino charge radius, the neutrino magnetic moment and
the neutrino electric charge.

Cargioli Nicola 6
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Chapter 1

Introduction to the Standard Model
and the Electroweak theory

Particles represent the fundamental elements that constitute nature. Particle physics
studies the properties of particles and the way they interact among them, through
the so-called forces. Physicists have worked for years to build a complete theory
to describe all the fundamental forces and the entire particle “zoo”. Our current
knowledge led us to develop the Standard Model (SM) of particle physics, which
provides a global description of the interaction between particles as happening
through the exchange of another particle. We currently have many tests of the
success of the SM theory coming from a variety of different experiments. However,
we are currently aware of the existence of some open points, yet to be explained,
that require an extension of the SM theory.

Particles are divided into two main categories, depending on whether their in-
trinsic angular moment, spin, has an integer value, whose case we speak about
bosons, or half-integer value, correspondent to the so-called fermions. Fermions
are the constituents of matter, while the particles that are exchanged during the
interactions are bosons, in which case, they are referred to as force carriers.

The standard model describes all matter as made of compounds of three differ-
ent kinds of elementary particles: leptons, quarks and mediators. Both leptons
and quarks are fermions. The standard model accounts for six leptons, classified
according to the values of their quantum numbers, in particular, the value of the
electric charge () (normalized to the absolute value of the charge of the electron,
o) and the leptonic number (L, with « the so-called flavor).

There is evidence of three different flavor types: electronic, L., muonic, L,, and
tauonic, L., therefore, the leptons are organized in three generations, made of
pairs of a charged lepton and a neutral lepton which share the same leptonic
quantum number. As it is shown in Fig. the three charged leptons are the
so-called electron, the muon and tau, and the corresponding neutral particles are
called neutrinos, in particular the electron neutrino, the muon neutrino and the
tau neutrino.

In reality, also six antileptons are described by the SM and are shown in the same
figure. They can be easily described by reversing the signs of all the quantum
numbers, so that the positron, for example, has a unitary positive charge and elec-
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CHAPTER 1. INTRODUCTION TO THE STANDARD MODEL AND THE
ELECTROWEAK THEORY

tron lepton number -1 as opposed to the positive charge of the electron and the
+1 value of its electron lepton number.

The neutrinos are a peculiar type of leptons, and more in general elementary par-
ticles, as they are predicted to be massless in the standard model, also after the
introduction of the Higgs mechanism [22], which instead gives mass to the other
fermions, and are the only elementary chargeless fermions in the standard model.
Being neutrinos still particles to be fully understood, they represent a very fasci-
nating object to be studied, so that a great part of this thesis work will deal with
them. Among the open issues about their nature, one popular one is known as the
neutrino mass problem, although this specific issue will not be discussed in the
context of this work.

In a very similar fashion, there are six types of quarks, classified by quantum
numbers (electric charge, strangeness, charm, beauty, truth for example). The six
quarks are also organized in three generations, where the first one is made of the
up, u, and down, d, quarks, the second one of the charm, ¢, and the strange, s,
quarks, while the third of the top, ¢, and bottom, b, quarks. Quarks are all charged
leptons, but with a fractional electric charge, namely +2/3¢, for the u, ¢ and ¢
quarks and —1/3e, for the d, s and b quarks. By reversing the sign of the quantum
numbers, the corresponding antiquarks can be easily defined. The quark sector
however has another complication, in fact, each of them can have a “color” be-
tween the red (r), green (g) and blue (b) colors, so that to be formally correct, the
total amount of quarks is not 6, but 18 (36 counting the antiquarks).

Standard Model of Elementary Particles

three generations of matter three generations of antimatter Interactions | force carriers
(alemantary fermions) (e Inmentary antifarmions) (alementary bosans)

mass | =id Welic" a1.28 Gevic" 113 L Mevict 1.0 Qe 17371 Geviie® = 124597 Gavic!
= @ | OO ® . @
up I charm to| antiup anticharm | anulnp gluon higgs
=47 Welic?
é'/ :

W

-

=08 MuVict =4 T Mebic® =4 18 GuVic?

4 Y w
‘'O OO @ | : . @ Z
down strange huﬂnm antidown ' anti tranga' antlbnt‘lomi photon 8;
mg
=051 Mavic ~ 105,55 Mevic! 17768 Gavic =057 M =105 EE Mal «1.7768 Gevic® ~91.19 Gavic L E
-1 -1 -1 U 1
. @I @I @ |l e* 1.1 v @ oe
=
electron muon tau positron antimuon antitau 5 i

=
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neutrine neutrine neutrine antineutrino | | antineutrino | | antineutrino W* boson || W™ kogon

Figure 1.1: Picture collecting the elementary particles (and antiparticles) de-
scribed by the standard model of particle physics. The quark, leptonic and bosonic
sectors are identified by different colors [23]].

The third particle type present in the standard model is made of the so-called me-
diators, or force carriers, and differently from quarks and leptons which are all
fermions (spin 1/2), are all bosons (integer spin quantum number).

The photon, ~, is a massless boson responsible for the electromagnetic interac-
tions while the W’s and the Z bosons are massive bosons, carriers of the weak
interaction. The last fundamental force is the strong force, whose mediators are
represented by the gluons, g. The SM predicts 8 different gluons characterised by
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CHAPTER 1. INTRODUCTION TO THE STANDARD MODEL AND THE
ELECTROWEAK THEORY

the color, similarly to the quarks. The existence of the color is of key importance
in the impossibility of observing both gluons and quarks as isolated particles, be-
cause matter is colorless. The theory of quarks and gluons, together with the color
quantum number, is very complicated and still undergoing a serious investigation
by particle physics theorists, representing the development of the so-called Quan-
tum Chromo-Dynamics (QCD) theory, which is far beyond the scope of this thesis
work.

In summary, we can count 12 leptons, 12 quarks and 12 mediators (considering
antiparticles) as the elementary particles described by the standard model of par-
ticle physics, where the graviton, i.e. the putative carrier of the gravitational force,
was not counted still being a postulation. The Higgs boson has then to be added
to the theory to provide a mass term for the quarks and massive leptons.

As already introduced, among the large number of elementary particles included
in the standard model, neutrinos are very peculiar and certainly deserve particular
attention and consideration.

Neutrinos have been introduced in the context of nuclear physics around the
1930s, when studying the radioactive transformation of a heavy nucleus into a
lighter one, the process that today we know as -decay [24]. Being the process
thought to be a decay of one nucleus in two objects, the lighter nucleus and the
electron, the conservation of energy and momentum imposes a monoenergetic
spectrum for the outgoing electron. However, experimentally this was not ob-
served, as the electron shows a continuous spectrum of energies covering a wide
energy range, up to an endpoint represented by the expected energy value calcu-
lated from the kinematics of the two body decay.

Pauli suggested the presence of an additional particle in the process, so that being
the decay a three-body decay, the spectrum was not expected anymore to be a mo-
noenergetic line. Such conjecture requires the additional particle to be electrically
neutral in order to prevent from violating the conservation of the electric charge,
so that Pauli called it neutron. This led to some confusion when few years later the
particle that we know as neutron was discovered. Enrico Fermi tried to develop
a theory of beta decay based on Pauli’s suggestion, but since the new particle had
to be lighter than the just discovered neutron, he changed the name to neutrino
(light neutron) even if it turned out that neutron and neutrinos have very few
things in common, mainly the fact that they are both neutral particles.

Neutrino physics has done many steps forward since the conjectures of Pauli and
Fermi’s first attempts of building a theory of beta decay. Neutrinos have been de-
tected for the first time in the ’50s and still today represent one of the most chal-
lenging particles to detect given the very small interaction cross section, as they
interact only through weak interaction, without any electromagnetic or strong in-
teraction contributions.

While the electromagnetic interaction is “easy” to understand as the interaction
happening between charged particles and the strong force as the interaction be-
tween particles with a color (so that leptons do not undergo strong interactions),
the weak interaction is more complicated. Hence, all quarks and all leptons un-
dergo weak interaction, but only neutrinos are characterised by interaction only

Cargioli Nicola 11 Part I



CHAPTER 1. INTRODUCTION TO THE STANDARD MODEL AND THE
ELECTROWEAK THEORY

through the weak force, as they are neutral particles (no electromagnetic inter-
actions) and are colorless particles (no strong interactions). Thus, they represent
the ideal candidate to fully understand weak interactions.

In general, we can distinguish two different types of weak interactions: charged
current interactions, mediated by the 11”’s bosons, and neutral current interactions,
mediated by the Z boson.

The weak interactions are different from the electromagnetic and strong interac-
tions, and in particular, it was observed that they violate parity. This property of
weak interactions has impacts on neutrinos, so that in the standard model neutri-
nos are only left-handed and antineutrinos are right-handed.

Another fundamental difference between the weak interaction and the electro-
magnetic and strong ones is related to the properties of the mediators. The 1’s
and Z bosons are heavy particles, while the photon and the gluons are massless.
The masses of the weak mediators are pretty well measured, in particular, the
latest measurements report [25]]

my = 80.377 £0.012 GeV/c?, my = 91.1876 £ 0.0021CGeV /c?, (1.1

where c is the speed of light. Being massive particles with spin 1, the weak inter-
action mediators have three allowed polarization states, whereas a massless spin
1 particle only has two, so that the propagator of the interaction becomes more
complex than in the case of the electromagnetic interaction, namely the weak
interaction propagator is

— (G — qqu/M202>

e (1.2)

where g, is the metric tensor, M/ the mediator mass, and ¢ the four-momentum
transfer in the interaction. In most cases, in particular, in the processes that will
be considered in this thesis work, the momentum transfer is significantly smaller
than the mediator mass, so that the propagator can be safely approximated to the
form .

U G

M?2c2
It is clear that being the mediator a heavy particle the propagator is suppressed by
the mass, making the weak interaction "weaker" than the electromagnetic interac-
tion for instance.

(1.3)

—— Electroweak unification —

The gauge structure of the weak interaction is SU(2),. The neutral current pro-
cess, happening through the third gauge boson, W) would happen only coupling
to left-handed and right-handed particles, due to the specific chirality structure
of the theory. However, experiments were showing that the physical gauge boson
responsible for the neutral weak currents couples to both left- and right-handed
states, even if not in an equal way.

Glashow, Salam and Weinberg (GSW) had the intuition the third (neutral) gauge
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boson of the SU(2), group, could be not the physical mediator of the interac-
tion, but instead a quantum state that could mix with another neutral gauge field,
that before had been identified with the photon, coming from the electromag-
netic gauge group symmetry U(1). In the GSW model, the electromagnetic and
weak interactions are not distinct interactions, but part of a unique gauge group
SU(2).,xU(1)y, from which four physical mediators arise, namely the W’s, the Z
and the photon, ~.

In this mechanism, the gauge boson associated with the U(1)y, group, usually re-
ferred to as B,,, doesn’t couple to the electric charge, but to a novel kind of charge,
called weak hypercharge, Y.

The physical mediators, the Z boson and the photon, are then obtained as a lin-
ear combination of the two gauge bosons, B, of the U(1)y group and W® of the
SU(2);, group according to

A, = +B,cosby + WP sinby (1.4)
Z, = —B,sinfy + Wf’) cos Oy , (1.5)
where the angle 6y, known as the weak mixing angle, describes the mixing be-
tween the two gauge fields. The weak mixing angle is also referred to as the

Weinberg angle and it describes the mixing between the neutral fields in the elec-
troweak theory. A schematic representation of such mixing is shown in Fig.

NF+9°
T P \
a",i."’/’ \\ gr
- 7 .1\
. e
e ‘\?W
- -~ b
-
Ay N

Figure 1.2: Scheme of the mixing between the weak and electromagnetic cou-
plings [26].

The GSW model of electroweak unification directly implies that the two inter-
actions are intimately related, thus, the couplings of weak and electromagnetic
interactions are interconnected.

The weak hypercharge associated with a fermion can be defined as a linear com-
bination of the electric charge and the third component of the weak isospin [If,’),

namely
Y =2Q —2I). (1.6)

From the equivalence between the hypercharge of a left-handed electron and a
left-handed neutrino, it is easy to extract the relation between the electromagnetic
and weak coupling, and as it could be expected, it depends on the weak mixing
angle, in particular through the relation

eo = gsin by, 1.7)
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where ¢, is the electric charge and g the coupling of the weak interaction.
However, we can relate the coupling of the electromagnetic current to the electric
charge as well, finding

e = ¢ cos Oy, (1.8)

and hence, combining the two latter equations we find that
ep = gsin by = ¢’ cos by . (1.9

It is easy to rewrite Eq. to obtain a definition of the weak mixing angle in
terms of the couplings, by squaring the equations, and after some manipulations,
we obtain that

(1.10)

i 2
sin“ 0 = ——0.
w g2 _|_g/2

1.1 The weak mixing angle

As the weak mixing angle describes the coupling in the electroweak theory, the
capability of precisely predicting its value is fundamental.

The couplings in Eq. are proportional to the masses of the gauge bosons medi-
ating the interaction according to the electroweak symmetry breaking. Therefore,
it is possible to redefine the weak mixing angle in terms of the masses of the W
and Z bosons, through the simple relation [25]]

2

sin2fy =1 — (1.11)

my
Let us notice that such a powerful relation provides a way to obtain the weak mix-
ing angle from the measurements IV and Z masses, although the relation is valid
only at the tree-level. In reality, the value of the weak mixing angle is not constant,
reason why people often speak about the running of the weak mixing angle, or in
other words, the dependence of the weak mixing angle on the energy scale.
As radiative corrections are necessary to correctly calculate the weak mixing angle
to be compared with experimental measurements, one has to fix the renormaliza-
tion scheme. One popular renormalization scheme, often adopted, is the so-called
on-shell scheme [25], where the relation in Eq. is promoted to a definition of
the weak mixing angle to all orders in the perturbation theory.
The most popular scheme, that will be also adopted in this thesis work, is known
as modified minimal subtraction (MS) scheme [25], where the weak mixing angle

is defined through

20 — 9*(p)

W) = S+ 70 (12
where the couplings ¢ and ¢’ are defined by the modified minimal subtraction and
1 represents an energy scale, often set to be the mass of the Z boson.

The adoption of such a scheme for the weak mixing angle is convenient because
the value at the Z boson mass 2 = sin® 0y (my) extracted from m, is less sensitive
to most new physics effects, unlike the on-shell scheme [25].
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In most of the processes of our interest, the useful quantity is the value of the
weak mixing angle in the low energy regime (below about 300 MeV), which can
be related to the value evaluated at the Z boson mass scale, according to [27]

sin? Oy (0) = k(0) sin? Oy () = [1 + Ak(0)]5% . (1.13)

Ak(0) is a flavor-independent radiative correction that allows one to retrieve the
low energy value of the weak mixing angle from its value at the Z mass energy
scale.

The first significant contribution to be taken into account when calculating the
running of the weak mixing angle is the so-called leading order RGE (renormal-
ization group equation) term, which are logarithmic terms of the form [27]]

a my

wsin? Oy M

(1.14)

with the i-index referring to all the involved particles, m; being the particle mass
and « the fine structure constant. Such logarithmic terms arise from scale depen-
dent self-energy mixing diagrams between the photon and the Z boson. Within
these conventions the RGE is

de

dﬂ Qf Z i %UzQza (115)
where VY is the color factor (3 for quarks and 1 for leptons), & is the running of the
fine structure constant in the RGE scheme, 1 is the energy scale, (); is the electric
charge and ¢ is defined as a flavor dependent effective mixing angle appearing in
the coupling to the Z vector currents, namely oy = Ty — 2Qsin® 6", Ty is the
third component of the isospin of the fermion f. In Eq. the +; term has been
introduced in order to build a unique formalism for different spin species. ~; is
the spin factor which weights the contribution of the particles inside the radiative
diagram. In particular, v; = 1 for real scalar, 2 for complex scalars, 4 for chiral
fermions and Majorana fermions, 8 for Dirac fermions and -22 for massless gauge
bosons.

In this formalism, the RGE equation is solved by [27]

sin? i (10) = UL gin g (ug) + AT OT g AL, (1.16)

> NiviQ? &(po)

where the reference scale y has been introduced. The same result can be equiva-
lently written in the form

2

sin?f = sin? 0 1+ a(p) NfvQi[T; — Q; sin 20 ln—
W) w1+ 5 D0 NHQu T~ Qusin B (o)) n
(1.17)

however, it

The formula in Eq. [1.17|re-sums all logarithmic terms of O(a” In" a =,

works only when no particle production threshold is present between the energy
scales 1 and 1. So in practice, this solution has to be applied successively from one
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particle threshold to the next, as crossing a threshold the corresponding particle
is integrated out, and one continues to work in an effective theory without that
particular particle.

We can use the result in Eq. to obtain a definition of the Ak(0) introduced in

Eq.[L.13]

a 1l . m3 43 7 m3
MHO) = = o D NQ(T; —2Qs53) In i (57— 7)) mn —m%ZV] . (118)
f

where the sum is over all the standard model fermions, but the top quark. In
Eq. the second term in the brackets is obtained by explicitly isolating the
contribution of the W bosons in the loops of the radiative diagrams.

To correctly calculate the weak mixing angle running, it is necessary to go beyond

the leading order. Thus, it is possible to generalize the procedure just described

to re-sum also next-to-leading logarithms of O(a"™! In" @) and O(aa? In" @), as
I I

well as next-to-next-to-leading order logarithms of O(aa”™ In" @) and the next-
7

to-next-to-next-to-leading order contributions of O(aa?™? In" @). Including such
contributions the relation in Eq. becomes [27, 28]

MQZ_ZJ; = Q[ K120 ( X0) (@) (1.19)
% q q

where in the case of quarks [28]]

K = N{1+ ZQ?% + % + :—z(% - %nq> + (1.20)
+ j—i [%2887 + %C(?ﬁ - (% + 2—2((3))% - %ni] + (1.21)
- 4éf4 [22?’2%9 N 1882634354(3) i %“4) N %g@) *
g (T + 2B ) - o) - B0 (5))

o 4729 3163 55 5 107 1
”Q<31104 ~ 12060 55(40 * "‘1<15552 * 1_()84(3)” } ’
with n, being the effective number of quarks, ¢ the Riemann function and &, the
strong coupling constant. K, for quarks, contains QED and QCD corrections to
the lowest order vacuum polarization diagrams [28]]. In the case of leptons only
the term involving & remains, while for bosons only the lowest order is considered
so that K+ = 1. In Eq. the second term contains a sum over quark fields
only with [28]]

&3r55 5 4111065 34775 55 3875
e B s _ 29 r(a)y 4 2282
- [216 9«3)} * w4[3456 3a56 03 35 + <) +
975 205 5 25
b 2 O ) - =2 1.22
”q<1728 5760 T g+ 144“5))}’ (1.22)
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accounting for the QCD singlet contribution.
In a similar fashion to what was done for the leading RGE, it is possible to obtain
an expression for the weak mixing angle as a function of the energy scale, namely

2y ) )1, o) rhe it BAs, aw) | N
§° (1) = (o)’ (ko) + A1 [1—&(%)] —i—T[ 3 /~L 7 300 O(Mo)—a(ﬂ)]
(1.23)

where we have used the notation §2(y) = sin® Ay (). In Eq. the dependence
of the running of the weak mixing angle on the running of the fine structure
constant is made explicit, which introduces hadronic uncertainties mainly due to
the values of the light quark threshold masses [27, 28]. The coefficients ); inside
the equation depend on the energy scale, as they account for the contributions of
the particles involved at that certain energy scale, and are defined as [28]

- ZqTqu
Ay = —Z% (MQ? —TiQ,) = ZNC%)\QQ T:Q,) (1.25)
i#q
i NE@i - TiQ]
Ay = S NP , (1.26)

v (e () (e

The )\, contributes to the factors ¢ inside Eq. (28]

az(p)
71-2

M B
33 — 2n, 36

A3
~ as
() = 2 J11 - 2a(3) 2 1 p U] (1.28)
where also the strong constant &, contributes at the appropriate scale and the b
coefficient is

b = 2 ey + Doy + () (2 - L) +5ca) + 5¢6)
(153 — 19nq)(11 — 24¢(3)) (1.29)
99 — 61, ' '

A table summarising the values of the factors \; evaluated between the particle
thresholds, is shown in Tab.

As already discussed, this description is based on a sub-sequence of the effec-
tive threshold between particle production thresholds. However, when the energy
scale crosses a particle threshold, we are introducing a discontinuity in the weak
mixing angle running. This effect is not strictly physical and can be cured by in-
troducing some matching conditions at the particle threshold crossing.

In particular, when the threshold is relative to the production of a fermion f, we
need to impose [27, 28]

(1.30)

sin? By (m;)~ = 2 sin? Oy (mi)t +

S h- .
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where the superscript "+" or "-" indicates the effective theory when the fermion f
has been included or excluded.

| energyrange | A | A | A | N ]
my < [ 9/20 | 289/80 14/55 | 9/20
mwy < pu<my | 21/44 | 625/176 | 6/11 | 3/22
my < < mwy | 21/44 | 15/22 | 51/440 | 3/22
m, <p <y | 9/20 | 3/5 2/19 | 1/5
me<pu<m; | 9/20 2/5 7/80 1/5
m,<pu<m, | 1/2 1/2 5/36 0
mg < pu<ms | 9/20 2/5 13/110 | 1/20
m, < pu<mg | 3/8 1/4 3/40 0
my, < <My, 1/4 0 0 0
me < p < my, 1/4 0 0 0
W< Mme 0 0 0 0

Table 1.1: Table of the values of the \; factors entering the running of the weak
mixing angle, evaluated between all the energy thresholds [27, 28]].

Also, the RGE matching conditions for the fine structure constant have to be in-
cluded at the threshold, so that [[27]

1 1 Q% (15 a(my)
- _ IO e 1.31
am)*  amp)- {Tehiei =2+ (1.31)
N¢—1) a,(my) 113 ay 655 3847 361 295 Q?
L ) ds(my) [__'_O‘(mf>< ((z)_ 24T, 3L Z#J; q)”
> T 12 144 864 1206 T 1296 Q2

The matching condition which accounts for corrections of order & can be found in
Eq. (2.8) of Ref. [28] Inside the latter relation the value for n, has to be considered
by counting the number of quarks including the threshold quark [28].

In the case of the W bosons, the shift in the fine structure constant is slightly
different with respect to the one defined for the fermions, namely

1 1 1
= — 1.32
&lmw)*  almw)- | 6’ (1.32)

so that at the W mass threshold, the matching condition for the weak mixing angle
becomes

[oN

sin? Oy (my )t =1 — M cos? Oy (my) ™. (1.33)
a(mw)

This RGE description of the running of the weak mixing angle represents the cur-
rent state-of-the-art of theoretical calculation of such quantities, and has improved
the previous approximated description reported in Refs. [29, 30].

In the precedent approach, the running of the weak mixing angle was evaluated
accounting only for 1-loop level contribution, resulting in an approximated ap-
proach which however represents a good description of the general behaviour of
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the weak mixing angle and highlights the need for standard model tests through
the measurement of the weak mixing angle at different energy scales.

U d s c b t
my [GeV/c?] | 0.246 | 0.246 | 0.342 | 1.185 | 3.99 | 172.74

Table 1.2: Table reporting the values adopted for the quark masses used inside the
calculation of the running of the weak mixing angle, taken from Ref. [28].

In order to reproduce the weak mixing angle running in the RGE formalism, just
described, we have set the quark masses to the values reported in table fol-
lowing the choices reported in Ref. [28].

0.245 . ' ' ' ' ' '
0.240" ]
8 i \ N ]
< 0235+ N ]
T / _
. — RGE running z -
0.230_— ® Particle Thresholds ]
® 7 pole
02250001 o010 10 1000

Q [GeV/c]

Figure 1.3: Running of the sine squared of the weak mixing angle with the energy
scale evaluated in the RGE formalism. The orange dots represent the particle
production thresholds and the red dot the Z boson mass energy scale, known as Z
pole.

In Fig. the result of the running of the weak mixing angld'| in the RGE for-
malism is presented as a function of the momentum transfelﬂ in the process Q).
The blue line represents the calculated value of the weak mixing angle at a cer-
tain energy scale, the orange dots indicate the particle thresholds, while the red

'From now on we will drop the notation sin? Ay (Q) replacing it with sin? yy (Q).
2We have replaced the energy scale u used in the formula for the RGE formalism with the
symbol @, as the energy scale of the experiments it is set by the momentum transfer in the process.
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dot identifies the Z boson mass energy scale, known as the Z pole. The plot is a
reproduction of the running reported in Ref. [25].

In Ref. [28], the authors have carried out also a careful error budget estimate for
the theoretical calculation of the running of the weak mixing angle, obtaining an
uncertainty of 1.8 - 1077, on top of which a parametric uncertainty of 5 - 10~° has
to be added. So, it is clear that it is possible to precisely calculate the value of
the weak mixing angle at zero momentum transfer, having as an input the experi-
mental measurement of the weak mixing angle at the Z pole. Using the global fit
to the SM for sin? Oy (my), namely sin® Oy (my) = s2 = 0.23122(4) [25]], one can
precisely predict sin? #y;,(0) to be [25]]

sin® Oy (0) = s2 = 0.23863 + 0.00005 + 0.00002 . (1.34)
0.245
0.240+ E158 il
6 Qweak |
= 0.235) N I
< T APV(Cs) ,
_ . Tevatron [EP1 LHC
RGE running PVDIS SLC $ ]
0-230f @ Particle Thresholds —— |
® 7 pole
. @ Exp.
0.225 0.001 | 0.100 | 10 | 1000
Q [GeV/c]

Figure 1.4: Running of the sine squared of the weak mixing angle with the en-
ergy scale evaluated in the RGE formalism. The orange dots represent the particle
production thresholds and the red dot the Z pole. The black points show the
currently available experimental measurements, as reported by the Particle Data
Group in Ref. [25]. In particular, the measurements reported come from atomic
parity violation on cesium (APV(Cs)) [31, 32]], weak charge of the proton (Qeax)
[33] and electron (E158) [34] measurements, deep inelastic scattering experi-
ments (PVDIS) [35]], and high energy scattering experiments [25]]. The Tevatron
and LHC data points are measured at the Z pole and displayed at different energy
scales just for graphical purposes.

The prediction of the weak mixing angle at low energy is of crucial interest in the
context of this thesis work. In fact, despite the fact that its value is very precisely
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predicted in the standard model, the experimental status is much different.

In Fig. we show the current status of measurement of the weak mixing an-
gle at different energy scales as reported in the latest review by the Particle Data
Group (PDG) [25]. From the figure, it is clear that the weak mixing angle has been
tested very precisely around the Z pole by accelerator based experiments, such as
Tevatron and LHC [25]], resulting in a great agreement between the experiments.
The situation at low energy (@ < 200 MeV/c) is very different, as only a few mea-
surements have been performed, and where the current experimental precision is
still to be improved.

Testing the running of the weak mixing angle at low energy is of crucial interest
as it represents a fundamental test of the SM theory. In case of deviation from its
SM prediction, such a measurement would indicate the necessity of an extension
of the SM theory, paving the way for plenty beyond the standard model (BSM)
scenarios, which are widely studied and searched for by the community.

In particular, the available measurements come from the electron and proton weak
charge measurements performed by the E158 experiment [34] and by the Qweax
Collaboration, respectively, and from the parity violating deep inelastic scattering
(PVDIS) experiments [35].

The measurement performed at the lowest energy scale so far, is the measurement
of atomic parity violation on cesium [|31, 32[], which will be discussed in more
detail in Sec. This represents an electroweak measurement that, as we will
discuss, is complementary to other electroweak probes, such as neutrino or polar-
ized electron scattering processes.

In this thesis work, the weak mixing angle will represent a starting point for study-
ing electroweak low energy processes, such as those just mentioned above. We
will present new measurements of the weak mixing angle and possible beyond
the standard model scenarios hints of whom can be looked for in the available
experimental data. Together with the weak mixing angle and related beyond the
standard model effects, we will discuss other standard and non-standard neutrino
processes, together with nuclear effects, that as we will carefully discuss, are al-
most always present in this kind of measurements®}

3From now on we will adopt natural units, so that the speed of light will be set to unity, ¢ = 1.
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Chapter

Low energy Neutrino interactions

Short introduction

In this chapter, we will discuss the details of neutrino interactions at low
energies, below F, ~100 MeV. The two main concurrent processes of our
interest are the scattering off nuclei and off atomic electrons. We will give
an insight on the cross section calculations and discuss the main character-
istics of such processes.

The discussion will continue by introducing the sources of neutrinos em-
ployed in the two scattering processes together with the main experimental
measurements available at the time of this thesis work and the analysis pro-
cedures.

2.1 VVES: the Neutrino-Electron Elastic Scattering process

A well known neutrino process which occurs at low energy is the elastic interac-
tion of neutrinos with electrons, namely the atomic electrons. If the neutrino has
low energy, it would have a certain probability of scattering off the electron cloud
surrounding the target nuclei. In this sense, we will talk about the elastic scatter-
ing of neutrinos with electrons, vES, mainly in the context of direct dark matter
searches.

The neutrino-electron scattering process has a much "older" origin in particle
physics with respect to the experiment we will be dealing with in this thesis work.
Such process has been fundamental for example in the context of water Cherenkov
solar neutrino detectors [24], representing one of the mechanisms used for look-
ing for signals of neutrinos produced by the Sun. Indeed, it represents a very
simple interaction, as it is a fully leptonic process, which allowed us to observe
for the first time the weak neutral currents in 1973 by the Gargamelle experiment
[361.

The vES scattering is an elastic process, therefore the particles in the initial and
final states are the same so that we can write the interaction as

(

—) _ (=) —
Vepr+€ — Vepr+e . (2.1)
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CHAPTER 2. LOW ENERGY NEUTRINO INTERACTIONS

Being an elastic process, the neutrino makes the target electron recoil, so that in
the interaction there is a momentum transfer between the involved particles.
Depending on the flavor of the incoming neutrinos, the total cross section will
count on different contributions.

Ve e~ Ve Ve
:( + :(
e Ve e~ e~
Figure 2.1: Tree-level Feynman diagrams for the charge (left) and neutral (right)
currents contributions to the v.-e elastic scattering process.

In the case of electron neutrino scattering off electrons, the interaction can happen
both via charge current (CC) and neutral current (NC) diagrams, as schematized in
Fig. [24]. In the figure, the left diagram shows the charge current interaction,
mediated by the W boson, while the right diagram shows the neutral current one,
mediated by the Z boson. The total cross section is obtained by summing the two
amplitudes.

Ve e Ve Ve
>T< | :{
e Ve e e
Figure 2.2: Tree-level Feynman diagrams for the charge (left) and neutral (right)

currents contributions to the 7.-e elastic scattering process.

In the case of electron antineutrinos, there are still two contributions, one coming
from the CC and one from the NC diagrams, however, the CC diagram is in the
s-channel instead of the t-channel (left diagram in Fig. [2.1), as shown in the left
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diagrams in Fig. [24]. The NC diagram, shown in the right plot in the same
figure, is the same considered for the electron neutrino case.

The interaction between neutrinos or antineutrinos of muon and tau flavor with
electrons can happen only via the NC interaction, represented in the diagram in
Fig. so that the cross section corresponds to the NC cross section only [24].

(=) (=)

Vur Vpr

Figure 2.3: Tree-level Feynman neutral current diagram for the elastic interaction
between neutrinos (or antineutrinos) of y or 7 flavor with electrons.

For neutrino scattering processes at low energies, the effects of the IV and Z propa-
gators can be safely neglected, so that the aforementioned processes are described
through effective CC and NC Lagrangians. Taking as an example the elastic scat-
tering process of electron (anti-)neutrinos on electrons, the Lagrangian takes the
form [24]

Lg(Vee™ = VeeT) = \/-{[m (1= Peller,(1 =P+ (2.2)

+ [T’ = P)ellevo(gy — 937 )el}

where v, and e are the neutrino and electron fields, respectively. +” and ~° are
the usual Dirac v matrices and g¢, and ¢ represent the neutral current coupling
of the neutrino with the massive lepton ¢. For ¢ = ¢, the couplings in the SM are
g = —1/2 + 2sin* 0y and ¢4 = —1/2 [24]. Gp is the Fermi constant, which in
some sense represents the strength of the weak interaction, and whose value is
Gr = 1.1663788(6) - 107> GeV 2 [25].
The first term in Eq. arises from the CC contribution, while the second term is
the NC one. Through some manipulation, we can rewrite the Lagrangian so that
it takes a more compact form

£eﬂ“((’jee_ - (;ee_) = _G_\/g[y_elyp(l - '75)’/6] [ev,((1+ gé) —(1+ 9&1)75)6} , (2.3)
which reminds of a simple NC Lagrangian but for the unit factors added to the
couplings in the second square brackets.
In the case of scattering of muon or tau flavor (anti-)neutrinos, only the NC con-
tribution is present, so that the Lagrangian is

—) (—) G
Leg(Va€ — Vo€ ) = —7;[%7 (1 =" )al[Ev, (g — g4)7)e] (2.4)
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where o = p,7 [24]. Starting from the Lagrangians in Eq. and Eq. it
is possible to obtain the cross-section for the elastic neutrino-electron scattering
process. In particular, after integrating over the scattering angle, the differential
cross section as a function of the electron recoil energy, 7., results to be [37]

dO—VES—E G2 me vye vye Vye vye Te 2 vye vye meTe
(B T = S (gl o —gd P (1 5 ) (=) T
(2.5)

where m, is the electron mass.

In the latter equation, the couplings ¢/ and ¢/ represent the vector and axial
coupling between a neutrino v, and an electron respectively. At tree-level, the SM
values of these couplings are

gvec = 2sin* Oy +1/2, vt =1/2, (2.6)
g™ = 2sin® Oy — 1/2, gZ{”e——l/Q. 2.7)
For antineutrinos one must substitute ¢/ — ¢'{° = —¢'(° inside the cross section

in Eq.[2.5] Let us note, that in the couplings in Eq. [2.6] we have already included
inside the couplings contribution coming from the CC diagram contributing the
cross section for scattering of electron neutrinos off electrons, so that the cross
section takes the same form for all neutrino flavors.

The definitions of the couplings in Eq. and Eq. are valid only at the tree-
level, so to perform more precise calculations for the cross sections, the radiative
correction contributions have to be accounted for. A detailed discussion and cal-
culation of the neutrino-electron couplings can be found in Appendix [Al

The values, accounting for radiative corrections, are

Vee = 0.9521, Vee = (0.4938, (2.8)
gC“e = —0.0397, 92“6 = —0.5062, (2.9)
girt = —0.0353, gi© = —0.5062, (2.10)

from whose values we notice that the couplings have acquired a flavor depen-
dence, due to the so-called neutrino charge radius radiative correction, which will
be discussed in more detail in Sec.

In Fig. we show the integrated cross section for the (anti-)neutrino elastic
scattering off electrons, o,_.-, considering both electron and muon flavors, calcu-
lated including radiative corrections. The integrated cross section reads

T (E,) ] FS
o (E,)) = —u=e(p T.)dT., 2.11
o (B) = | T (5, T) 2.11)
where the integral goes from zero recoil energy up to the maximum recoil energy
kinetically achievable given a certain neutrino energy, namely [24]
2?2
T E,)) ~ ——%—. 2.12

e ( ) me + 2El, ( )
From the latter formula, it is easy to understand that a MeV neutrino will produce
a recoiling electron with a maximum energy of about 800 keV, while a neutrino
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with E, = 30 MeV will produce a maximum recoil energy of about 30 MeV.

From the comparison between electron and muon neutrino scattering, it is clear
that due to the contribution of the CC process, the cross section for the scattering
of electron neutrinos is significantly larger than the one for muon neutrinos.

In the lower panel of Fig. we have assessed the impact of the radiative correc-
tions in the cross section calculation. We defined the variation Ao, _.- due to the
radiative corrections as the difference between the tree-level cross section, o'

v—e—

and the one with radiative corrections, o,_.-, normalized to the latter one, i.e.

TL. _ B
Aoy o (E,) = Zv=e (f_) : (‘;”)e (Ey) (2.13)

What was observed, is that the variation of the total cross section due to the in-
troduction of the radiative correction is up to the order of 5% and is roughly
independent of the neutrino energy. The smallest impact corresponds to the case
of muon anti-neutrinos, for which the cross section is practically unaffected by the
effect of radiative corrections from neutrino energies above 1 MeV.

1 04 T T T T T T TTT T T T T TTT T T T 1T T “\"‘/Lg‘w\ TT
with radiative =
NE 1000- corrections ]
) L
©
I 1 00 - Ve_e_ _
o — —
: Ve_e
|
v Ao e V—e 3
S 7 - Vume
1 ?'/ E
s o *
|
0 e EEEE PP SR e
b> [ -
a4 _ 5,' ................................. 1
0.1 1 10 100 1000

E, [MeV]

Figure 2.4: Integrated cross section for the (anti-)neutrino-electron elastic scatter-
ing process including radiative corrections to the couplings. In the lower panel,
the impact of the radiative correction is shown, in terms of the percentage varia-
tion as a function of the neutrino energy.

In the following of this thesis work, the cross section that will be used inside the
calculations and analysis will not be the integrated cross section, but the differ-
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ential one obtained accounting for the radiative corrections, which is shown in
Eq. Moreover, we have so far discussed the interaction of a neutrino with one
isolated and free electron, which does not represent the reality of experiments,
where one should consider that the electrons are bound to the atoms constituting
the detector material. In this sense, the cross section has to be generalised to the
case of Z electrons, where 7 is the atomic number of the target atom, .A. This can
be easily accomplished by multiplying the cross section for the interaction with the
single electron in Eq. [2.5] by the number of atomic electron Z, thus obtaining a
cross section that will be called o} ,, to make its dependence on the target atom
A explicit. Therefore, the cross section becomes

doy, G%2m T\ 2
V/Z -A F''ve vee vee vee vee _ e
Tt (BT = 27D (0 4 g+ 07— gt (1 )+ 19
Ve vye meTe
= (a2 = (a9?) ] (2.15)

This cross section effectively describes an atomic system with Z electrons, which
are treated as free electrons, reason why it is often referred to as Free Electron
Approximation (FEA). Thus, it neglects any effect due to the binding energy of the
electrons to the atomic nucleus and to the electron-electron interaction.

A clear theory of how to treat the interaction with bound electrons has not been
developed and agreed on by the community, even if some attempts have been
developed by many research groups [|38-41], especially trying to develop an ab-
initio calculation applied to the many body problem of atomic electrons.

An easy approach, that is often adopted in the community, is based on correcting
the FEA approximation using a step function, instead of a constant factor Z, which
depends on the energy deposit (recoil energy) [42-45]. In this effective approach,
a factor Z4(T,) is introduced in place of the atomic number, so that the cross
section in Eq. becomes

do}, Gim T.\2
Vz -A _ A F''e vee vee vye vpe _ te
BT = ZH(T)TL (g + g4 + (ot = 9492 (1 E) +

Vype Vype meTe
- ((gv") (g4 )) 5 ] (2.16)

The introduction of such effective energy dependent factor quantifies the number
of electrons that can be ionized by a certain energy deposit 7, [46, [47], and can
be obtained by using the so-called edge energies, i.e. the binding energies of the
various atomic shells, extracted from photo-absorption data [48, 49]l.

In Appendix [C, we report the values adopted for the Z#(T,) terms in this the-
sis work, so namely the ones for Cesium, Iodine, Argon, Germanium and Xenon
atoms.

As the cross section scales roughly with the atomic number Z, the scattering cross
section is greater for heavy atoms like Xenon. This can be seen in Fig. where
the cross sections in green/cyan are the largest ones, and correspond to the Xenon
case, while the case for a lighter atom, like Argon, is pictured in red/orange.

We compare the cross section for the FEA approximation (see Eq. with the
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ones with the effective factor Z4(T,) (see Eq. , by showing both in the figure.
The FEA cross section is represented by the dashed lines, while the modified FEA
by the solid lines, for the case of Argon (red/orange), Germanium (blue/azure)
and Xenon (green/cyan).

1000 - ‘ : ; ‘ ‘
[ E,=30 MeV —7Z - Zg B Ar
500¢ I _C
& Vu—e B Ge P Xe
g
5}
¥
ot 100t &
.o 500 I
Js t
© E,=30 MeV —Z =~ Zg B Ar 4[_'—]
Ve—e” B Ge ¥ Xe
00.1 05 1 5 10 50 0.1 05 1 5 10 50

T, [keV] T.[keV]
(a) (b)

Figure 2.5: Differential cross section for the elastic scattering of neutrinos off
atomic electrons as a function of the recoil energy, calculated for a neutrino en-
ergy of £, = 30 MeV. The (a) panel shows the cross section of electron neutrinos
scattering, while the (b) panel the muon neutrino scattering. In the plot, we com-
pare the results obtained for the free electron approximation (dashed) with the
ones using the effective step function Z74(7.) (solid).

From Fig. it can be observed how the impact of using the effective Z4(T,)
instead of Z is more important for heavy atoms, as the binding effects are stronger
there. Indeed, the structure for heavier atoms is much more complicated, so that
Z4(T.) has more steps with respect to the case of lighter atoms. The same effect
is reflected on the recoil energy at which the free electron approximation and the
modified treatment become equivalent. In general, for recoil energies greater than
~ 50 keV, the step function becomes flat at the value of the corresponding atomic
number Z, as for those recoil energies, all the energy levels are actually available.
Thus, the importance of a sophisticated treatment of such effects is clearly fun-
damental when dealing with low recoil regimes, even if it has been shown that
this treatment works quite well even at lower energies within the SM [41]. In
addition, for lighter atoms, like Argon, the free electron approximation becomes a
good approximation already at 7, ~ 3 — 4 keV, so at energies significantly smaller
than the ones for heavier atoms.

Fig. has been obtained by fixing the neutrino energy to 30 MeV, but according
to Eq. given the typical edge energies of atoms, it is clear that already for
less energetic neutrinos, it is still possible to produce recoils energetic enough to
be above T, ~ 50 keV.

Also from this figure, it is possible to observe that the cross section for electron
neutrinos scattering off electrons is significantly larger than the one of muon neu-
trinos, due to the CC contribution present only for electron flavor neutrinos.
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2.2 CEUVNS: the Coherent Elastic Neutrino-Nucleus
Scattering process

The coherent elastic neutrino nucleus scattering, known as CEvNS, is a weak neu-
tral current process happening when a low energy neutrino hits a nucleus, produc-
ing a small nuclear recoil, and it was first predicted by Freedman in 1974 [50].
When a low energy neutrino scatters off a nucleus, the momentum transfer is
rather small, and more precisely the de Broglie wavelength of the exchanged Z
boson mediator is of the order of the radius of the target nucleus, so that the nu-
cleus responds coherently (recoils as a whole). The coherence of the interaction
makes such elastic neutrino scattering process of particular interest, as it results
in a rather large cross section if compared to the other low energy neutrino inter-
actions.

Indeed, the coherency phenomenon happens when a projectile particle (i.e. the
neutrino) scatters elastically off a complex object (i.e. the nucleus), assumed to
be composed of A individual constituents (i.e. the nucleons) identified by some
defined positions x;, i = 1, ...,A. Applying the superposition principle, one can de-
fine the scattering amplitude .A(q), where q is the momentum transfer vector, as
the sum over the single amplitudes, a;(q), weighted by a phase factor,

A
A(q) = Z a;(q) exp® . (2.17)

J=1

When the momentum transfer multiplied for the dimension of the target R results
to be very small, ¢R < 1, the phase factors are negligible, so that the amplitude
becomes the single constituent amplitude multiplied by the constituent number A,
so that the cross section scales with the constituent number to the second power.
Hence, it is easy to understand that this approximated o A? dependence leads to
a significant enhancement for heavy nuclei.

Given that the typical nuclear dimensions run between few ~ fm up to ~ 5 fm,
in order to be in the coherency regime, the momentum transfer has to be smaller

thart] 200 MeV fm 200 MeV f
g~ e S 40 MeV. (2.18)
R 5fm

The CEvNS process has been theoretically predicted more than 40 years ago, how-
ever, it has been experimentally proved only in recent years with its first measure-
ment in 2017 by the COHERENT Collaboration [51]], despite having rather a large
cross section. This is due to the challenging recoil energies of the target nucleus
that need to be observed by the detectors. We can use the estimate of the typical
momentum transfer to have coherence, to understand the typical recoil energies,
T, that need to be measured,

2

TIlI' = Y
2mN

(2.19)

'Reintroducing the constants the relation becomes g ~ (hic)/R, where  is the reduced Plank’s
constant, ¢ the speed of light and we have used hic ~ 200 MeV fm.

Cargioli Nicola 30 Part I



CHAPTER 2. LOW ENERGY NEUTRINO INTERACTIONS

where my represents the mass of the target nucleus, and it is usually of the order
of 10 — 100 GeV. In the case of an argon target my ~ 40 GeV, considering a mo-
mentum transfer ¢ ~ 40 MeV, the recoil energy turns out to be T}, ~ few keV.
Being an elastic scattering process, the particles in the initial and final states re-
main unvaried, so that we can write the process as

Vi+ N = Vi+N. (2.20)

We can also define an effective Lagrangian for the process as
(—) (=) G — u/ v v _
Leg(VN — v N) = 7; > gt — g Wlanel + 9in)e . (2.21)
q

where v and ¢ are the neutrino and quark fields, respectively.

The Lagrangian was defined as a sum of the interaction on the quarks inside the
nucleons, and the second term in Eq. represents the spin dependent contri-
bution.

(=)

Vepr (Z,N)

Figure 2.6: Diagram of the CEvNS process, where the blob indicates the interac-
tion vertex between the nucleus and the Z boson which mediates the interaction.

The vector and axial coupling of the neutrino are predicted to be gy, , = 1/2 in the
SM at the tree-level, while the vector couplings of the quarks carry a dependence
on the weak mixing angle, so that

1 4
gg/zi—gSinQHW, q:U,Cat7 (222)
1 2
g%:—§+§SiH29W’ q:d7$7b7 (223)

where u, ¢, t, d, s, bindicates the quark type.

Moreover, in the case of a spin-0 nucleus, the axial contribution from quark cur-
rents is zero. When the nucleus has a non-zero spin, the axial contribution from
quarks should be considered. However, it roughly scales as o« 1/A, therefore, it
is subdominant with respect to the vector contribution (ox A?), so it is usually ne-
glected, and the same will be done in this thesis work.

The Lagrangian in Eq. is not properly correct to describe the CEvNS process,
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as it actually describes the scattering of a neutrino with quarks, and not the co-
herent response of the nucleons inside the nucleus, as it is pictured instead in the
diagram in Fig. In the diagram, the interaction vertex with the nucleus is
represented with a “blob” to account for the fact that the scattering is on a non-
fundamental object. In order to account for this, we can elevate the quark operator
O, to a nucleon operator On’ where = n, p indicates the two possible nucleons.
In principle, the sum in the Lagrangian in Eq. runs over all the quark types,
but since both protons and neutrons are mainly made of u and d quarks, the other
contributions will be neglected.

In this way, if we project the quark current on the initial and final nucleon states,
we obtain

m(pp)lay"qin(p:)) = Niy'n, (2.24)

where p; ; are the initial and final quadrimomenta of the nucleons inside the nu-
cleus respectively, n represents the nucleon field and N is the quark number op-
erator that quantifies the number of quarks ¢ inside the nucleon 7. Thus, we can
now define the quark vector currents

g (nfuytuln) + gi-(nldy*d|n) + gy (play"ulp) + g (pldy"d|p) = (2.25)
= guNMIY R + g Namtn + gy N2 Dy*p + gy Nipy'p =
= (gv +29%) m"n + (29 + g%) DV'p =
= gvm'n+gypY'p, (2.26)

where we have used the fact that the neutron is n = [udd] and the proton p = [uud|,
and we have defined the vector coupling to neutron, ¢{, and proton, g}, as

g =9v 295, g =20% + g% (2.27)
The couplings, in the SM at tree-level, are defined as
gr=-1/2,  gb =1/2—2sin’ by, (2.28)

from which it is easy to notice that only the vector coupling to the proton depends
on the weak mixing angle.

Again, also the latter results are not the definitive description of the interaction,
as we need to go from interaction with nucleons to interaction with the nucleus.
We can follow a similar approach by defining the nucleus operator

N (k) I n|N (k2)) (2.29)

where k; ; are the initial and final momenta of the nucleus. Such operator provides
the number of a certain nucleon inside a nucleus.
From the Lorentz structure, one can obtain that the nucleus current becomes

N N EHE)IN (2.30)

In the latter equation, NN, is the number of a certain nucleon type inside the nu-
cleus, while F! is the vector form factor and ¢* corresponds to the momentum
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transfer in the scattering process. Let us note that in the current we have ne-
glected the contribution of the magnetic form factor, associated with a different
Lorentz structure, because it results to be subdominant to the vector contribution.
If we now apply this relation to protons and neutrons, we obtain

(Zg% FL(¢%) + Ngp FH (@) NN, (2.31)

where Z and N are the proton and neutron numbers of the target nucleus re-
spectively and F¥"(¢*) are the proton/neutron form factors and account for the
proton/neutron spatial distributions inside the nucleus, and they will be discussed
in more details in Chapter [3} Chapter [4 and Chapter

The quantity in the square brackets in Eq. has the form of a form factor, that
will be called the weak form factor. In fact, we can state that the Z boson couples
to the protons and the neutrons because those nucleons have a weak charge, in
this sense, the weak form factor is defined as

Fw(¢®) = Zgy FU () + Ngp FH () - (2.32)

However, the form factor has to be a normalized quantity, and the normalization
is defined by the nuclear weak charge Qw = Zg{, + Ng{’, which is the weak
"coupling” to the nucleus?} Thus, we obtain the normalized weak form factor

1 -

We can now go back to the effective Lagrangian in Eq. [2.21] and after some ma-
nipulations and using the above definition, we obtain

(—) (—) G — 1_ 5
,Ceff(VgN—> Ug./\/) = TS[V’}/,M(T’}/

In this Lagrangian, it is easy to identify a lepton current L, and a hadron one W*,
so that it can often be written in the form

) ,,] [QWFWNWN} . (2.34)

Gr
V2

Now we need to calculate the matrix element, A/**"", for the process, following
also the diagram in Fig. so that, in the rest frame is given by

Lg(VeN — VN) = —QwFwL,WV". (2.35)

Gr
V2
where s, p(s', p') are the initial (final) spin and momentum of the neutrino, while

r, k(r', k") the corresponding ones of the nucleus. P, is the left projector operator,
which is defined as P, = (1 — +°)/2.

M = ZEQu Py [ () Prulp) T (K (). (236)

2Let us note that this is retrieved using the normalization condition of the vector proton and
neutron form factor, which at ¢> — 0 are normalized to unity.
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The cross section will be obtained by the module squared of the sum over the spin
states of the matrix element,

(M2 =D M (2.37)

s,s' rr!

Actually, a factor of 1/2 appears from averaging over the nuclear spin states. We
are making the calculations treating the nucleus as if it were a fermion, but there
is no reason to assume it to be left or right-handed.

We thus obtain,

G2 )
|M|* = TFQ%VFSVL“ W, (2.38)

where now we obtain a lepton and a hadron tensor (two indices) from the squaring
procedure, of the form

L = 3" [@ ()" Prulp)’)[@ (p)7" Pru()°]. (2.39)

8,8’

to which we can apply the fact that ) | u*(p)u®(p) = p+m, where p = v*p,. Being
the neutrino massless (or at least having a mass term negligible with respect to
the momentum), the lepton tensor becomes

L = Tr[p’fy“PLpfy”PL] , (2.40)

where T'r stands for the trace operation. The mass term in the hadron tensor, my,
instead cannot be neglected, so

Wi = T +man)a( + )] (24)

We will only use the t channel (as shown in the diagram in Fig. [2.6)).
The cross section differential in the Mandelstam variable ¢ is

doy, n 1 1
dt 167 (s —m?%)

S|M2. (2.42)

The s Mandelstam variable is given by s = (p + k)*> = m3, + 2E,my, while the ¢
variable is given by t = (k — k') = 2m% — 2Eymy, where Ey has to be redefined
in terms of the observable quantity known has nuclear recoil energy 7},,. Namely,
EN = mN—i—an. Then, t= —2mNan.
Manipulating Eq. we can obtain the differential cross section in the nuclear
recoil energy,

doy,—n _ G% %/V

= F2 LMW, . 2.43
AT, 1287 E2my W " (2.43)
From the traces calculations, one obtains
T, my1,
v ~ 2 9 nr N-<Lnr
LMW, ~ 128E%m?, (1 -5~ 3 > , (2.44)
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so that the differential cross section becomes

do,, v G% Tor  MNTw\ o o
LOn-N _ ZF 1— — 2 F2 .
d1y, T mN( E, 2FE? >Q ’ (2.45)

or similarly

dO'l, N G% an mNan 2 n m( 2 2

. ( B, 25 >[ZQ€F5((J )+ NgvFy(q )] ,  (2.46)
where we have used the explicit definition of Fy in Eq. Often, the nuclear
weak charge is effectively identified with Fyy, in order to define a coupling to the
nucleus which includes the nuclear dependence, so that

Qw = Zg FU(q*) + Ngyp Fi(4?) - (2.47)

We have defined the proton and neutron vector coupling in Eq. by giving their
tree-level definition. A detailed discussion of the radiative corrections for CEvNS
can be found in Appendix [A] from which we obtain that the couplings become

¢ (ve) = 0.0382, g (ve) = —0.5117 (2.48)
¢ (1,) = 0.0300 , g () = —0.5117, (2.49)
¢ (v:) = 0.0255 g (v;) = —0.5117, (2.50)

from which we can observe that the CEvNS cross section is flavor independent
only at the tree-level, as due to the neutrino charge radius radiative correction,
the neutrino-proton vector coupling becomes flavor dependent. However, we can
also notice that the neutrino-proton vector coupling, which by chance is the cou-
pling which incorporates the dependence of the cross section on the weak mixing
angle, is significantly suppressed with respect to the coupling to neutrons. Ef-
fectively, we can say that the neutrinos couple mainly to the neutrons and that
the CEvNS cross section roughly scales as the number of neutrons to the second
power, rather than the number of nucleons [22].

We can define the flux averaged integrated cross section by integrating the differ-
ential cross section multiplied by the neutrino flux, ¢sns (we have considered the
SNS neutrino flux as an example, see Sec. |2.3.4), over the neutrino energy and
the nuclear recoil energy

Em'lX TrrlrII‘EX(EU d
/ / O-W N (El/7 an)¢SNS(El/) dandEw (251)

where E"** is the maximum neutrino energy allowed for the considered neutrino
flux, and 72*(F),) is the corresponding maximum nuclear recoil energy allowed
by the kinematics, namely

252 22
my + 2FE, my

TN™(E,) ~ , (2.52)

where we can neglect the neutrino energy in the denominator as the typical neu-
trino energies required to maintain the coherency condition are much smaller than
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the mass of nuclei. From the latter relation, we can estimate the typical nuclear
recoil energies: for instance a F, ~ 30MeV neutrino will produce a maximum
recoil energy of T,, ~ 50 keV, considering argon nuclei. This estimate gives an
idea of the very tiny recoils produced in the interaction.

In Fig. the dependence of (o) on the number of neutrons, N, is shown.
We can see that if we consider the point-like nucleus limit, in which the form
factors are set to unity, we can see that the cross section for N ~ 20 is about
o ~ 20-107% c¢m?. If we double the neutron number, so N ~ 40, the cross sec-
tion is roughly o ~ 80 - 107 cm?, a factor 4 larger, so that the approximated
dependence on N? is confirmed, and consistent also with currently available ex-
perimental measurements. Of course, it is worth mentioning, that the form factors
effect in some sense "spoils" this N? dependence, as the nuclear structure effects
get more complicated for heavier nuclei.

103 F T T T T
C\/j_\
£
(&)
o
Y 10° |
o
Z
[
9
=
(&}
)
W 10 ¢
(%))
3
5 Na —— SM prediction without form factors
—— SM prediction with form factors
®  COHERENT measurements
-1 | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Neutron Number

Figure 2.7: Integrated CEvNS cross section averaged over the SNS neutrino flux
(see Sec.|2.3.4)) as a function of the number of neutrons of the target nucleus taken
from Ref. [52]. The black line shows the expected cross section in the point-like
nucleus approximation, so for F7,(¢?), F{}(¢*) — 1. The green band represents the
prediction considering the form factors. The black dots are the expected predic-
tion for some selected nuclear targets, like sodium, argon, germanium, cesium
and iodine, while the blue data points show the current measurements from the

COHERENT Collaboration using a liquid argon and cesium iodine crystal targets
[51,53,(54].

In Fig. we show the CEvNS integrated cross section as a function of the neu-
trino energy, o, (E, ), which is defined by

gy = [ e 2.53
O’V*N( I/)_ o dT ( Vs nr) nr- ( ) )

In particular, in the upper panel of Fig. we show the comparison between
the electron and muon neutrino flavors considering two different nuclear targets,

Cargioli Nicola 36 Part I



CHAPTER 2. LOW ENERGY NEUTRINO INTERACTIONS

namely cesium (red/orange lines) and argon (blu/turquoise lines).
In a similar way to what was done for vES in Fig. in the lower panel we
evaluated the impact of the radiative corrections on the cross section, Ao, _ s,

O-IF/F;[.;\'f(EV) - UV—N(EV)

AO’,,fN(Eu) - inN(Ez/)

(2.54)

We notice that the impact is always within a few percent, and it is generally larger
for muon neutrinos (as they have a larger charge radius contribution as we will

see in Sec. [7.1)).

10? with radiative ]
fean 1 corrections
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Figure 2.8: In the upper panel, integrated cross section for the electron and muon
neutrino-nucleus coherent scattering process (including radiative corrections to
the couplings) as a function of the neutrino energy. In the lower panel, the impact
of the radiative correction is shown, in terms of the percentage variation with
respect to the tree-level cross section as a function of the neutrino energy.

The impact of the radiative correction depends also on the target nucleus, as the
overall effect is driven by the nuclear weak charge in Eq. which is made of
the combination of proton and neutron vector couplings weighted by the Z, N
numbers and form factors, which depend on the target. Indeed, this produces the
effect of a positive value of Ao, _, for an electron neutrino impinging on an argon
nucleus, while it is negative when the target is cesium, as it is shown in Fig.

To further stress the relative largeness of the CEvNS cross section, due to co-
herency, it is useful to compare the integrated CEvNS cross section shown in
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Fig. to other concurrent neutrino processes, such as the vES (discussed in
Sec. , the inverse beta decay (IBD) [|51,|55] and the neutrino-induced neutron
(NIN) generation following the CC process on lead 2°Pb [51, |56]]. Therefore, in
Fig.[2.9)we show such comparison considering CEvNS and vES from electron neu-
trinos on different target materials, namely cesium, argon, germanium and iodine.
In particular, the NIN process is worth to be considered as many detectors employ
a lead shielding system, so that the process may produce a signal in the data ac-
quisition, representing a background for the experiments.

From the comparison clearly emerges that the CEvNS cross section is orders of
magnitude greater than the vES and IBD ones even for relatively light nuclei such
as argon, while the NIN cross section is comparable to the CEvNS cross section on
germanium for neutrino energies above ~ 30 MeV. This is important, especially
in the design of the detectors, so that the number of events produced by the inter-
action of neutrinos on the shielding lead has to be kept small enough not to spoil
the measurement.

- — VN —— vey—e- E Cs H Ar
10¢
M Ge B - IBD --- Pbv, NIN

Tprocess [ 107 cm?]

E, [MeV]

Figure 2.9: Integrated cross section for CEvNS by electron neutrinos on cesium
(solid red), argon (solid blue), germanium (solid darker cyan) and iodine (solid
brown) nuclei as a function of the neutrino energy. The CEvNS cross sections
are compared to the neutrino-electron cross section for the corresponding atoms
(dashed and same color code) and to other concurrent neutrino processes, namely
the Inverse Beta Decay, IBD (purple dotted), and the Neutrino-Induced Neutron,
NIN (black dot-dashed), on lead [|51].

In Fig. we compare the differential cross section as a function of the nuclear
recoil energy, T,,., for different nuclear targets at different neutrino energies. In
particular, the neutrino energy has been fixed to some reference values: E, =
3 MeV, typical energy for reactor neutrinos, £, = 30 MeV, average energy of
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neutrinos from pion decay at rest, £, = 50 MeV, basically endpoint energy of
the neutrinos from pion decay at rest, and £, = 150 MeV, higher energy value,
accessible via kaon decay at rest in future facilities.

T ke V]
E,=3MeV | £, =30MeV | E, =50MeV | E, = 150 MeV
Ar 0.45 45 125 1125
Ge 0.26 26 71 643
Cs 0.14 14 38 346

Table 2.1: Table reporting the value at which the kinematic factor in the CEvNS
cross section vanishes, for different nuclear targets and neutrino energies.

From the figure it is possible to notice again that the cross section is generally
higher for heavier nuclei, however, this is true at low recoil energies. Indeed, at
higher recoil energies the cross section drops due to the combined effect of the
kinematic factor in Eq. and the form factor (larger recoil energies means also
higher momentum transfer, so decoherence).

100t "~ E=3MeV - E=30MeV & ' " E=50MeV — E,=150 MeV |
50¢ BEAr EGe WCs T BEAr EGe WCs ]

05 1 510 20 40 60 80 100 120
T [keV] T [keV]
(a) (b)

Figure 2.10: Differential cross section for electron neutrino scattering off different
target nuclei, as a function of the nuclear recoil energy at different neutrino ener-

gies.

Using the kinematic factor in Eq. [2.46, we can calculate the recoil energies at
which we have the drop, namely

an mNan
1-— — = 2.55
E, 2F2 0, ( )

where we can neglect for second term, as 7,,,/F, < 1, so that we obtain

22

mN'

Tt ~ (2.56)
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Substituting the nuclear mass of argon (~ 40 GeV), germanium (~ 70 GeV), and
cesium (~ 130 GeV) and considering the different neutrino energies we obtain the
results in Tab.

We can notice that the values in the table match the "endpoints" of the cross section
in Fig. so that the closure of the cross section that we see is mainly given by
the kinematic of the interaction. However, this is not fully correct. In fact, we can
see that the endpoint matches the values in the table only for low energy neutrinos.
When we consider F, = 50 MeV, we already see a closure at slightly lower recoil
energies, and this becomes more evident at even higher energies, and this is due
to the effect of the decoherence, accounted for through the form factors.

To further show such an effect, we produce a new plot based on Fig. but
setting the form factor to unity (so neglecting their effect), and the results are

shown in Fig.

100f  without  — E,=3MeV - E=30MeV | without  — E,=50MeV - E,=150 MeV 1
50f Form Factors B Ar B Ge P Cs if Form Factors B Ar B Ge P Cs ]

;[f 1
SI7 0.5F

0.1 05 1 510 20 40 60 80 100 120
T, [keV] T, [keV]
(a) (b)

Figure 2.11: Differential cross section for electron neutrino scattering off different
target nuclei, as a function of the nuclear recoil energy at different neutrino ener-
gies, neglecting the effects of the form factors in the cross section.

By comparing the results in the two figures, it is clear that the form factors have
a small impact on the results in the left panels (panels a), so when the neutrino
energy is below 30 MeV. Instead, the results for 50 MeV and 150 MeV are signif-
icantly affected by the form factors contribution. We observe that the endpoint
recoil energy is driven by the kinematic factor, but the sharpness at which the
drop happens is due to the form factors. In fact, at low neutrino energy the drop
is practically vertical because the form factors do not produce a significant effect,
differently from what is observed for higher neutrino energies, where the form fac-
tors make the drop less sharp, but cause a significant lowering in the cross section
for recoil energies of the order of tens of keV, so in the "intermediate" recoil energy
range, which reversing Eq.[2.19|translate to momentum transfer ¢ ~ 50— 100 MeV.
Nevertheless, the effect of form factors and the underlying nuclear properties on
CEvNS experiments will be discussed in more detail in the next chapters of this
thesis, namely in Chapter [5]

As a reference, we leave in the closure of this section a table (Tab. reporting
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the values for the nuclear masses, the proton and neutron numbers, and the radii
for the proton (R,), neutron (R,) and chargeﬂ (R4,) density distribution (neces-
sary for the form factor definitions) used as reference values in all the figures and
calculations involving the CEvNS cross section. Whenever such values are taken to
be different from the one reported in the latter table, it will be specified [|57-60].
In particular, the charge radii have been taken from the tables in Refs. [58, 59],
the neutron radii come from the shell model calculations in Ref. [60], while the
proton radii have been derived from the tabulated charge radii values.

my 7 N Rp Rn Rch
[GeV] [fm] | [fm] [fm]
Ar | 37.216 | 18 | 22 | 3.447 | 3.55 | 3.4266
Ge | 66.995 | 32 | 40 | 4.073 | 4.22 | 4.0547
I | 118.211 | 53 | 74 | 4.766 | 5.03 | 4.7492
Xe | 122.296 | 54 | 77 | 4.799 | 5.07 | 4.7812

Cs | 123.801 | 55 | 78 | 4.821 | 5.09 | 4.8043

Table 2.2: Values of the nuclear constant for the nuclei of interest of this thesis
work. In particular, the columns report the nuclear mass, the proton and neutron
numbers, the proton, neutron and charge nuclear root-mean-square radii [|57-60].

2.3 Neutrino sources

In this section, we will give a brief introduction to the neutrino sources that will
be considered in the rest of this thesis work to calculate the rate of events for both
CEvNS and vES processes. The aim of this section is thus to provide the neutrino
flux spectra for the different neutrino sources considered.

2.3.1 —— Solar neutrinos —

With solar neutrinos, we refer to the neutrinos emitted from the Sun as a product
of the thermonuclear fusion reactions taking place in the core of the star.

Indeed, the Sun represents a very productive factory of electron neutrinos of en-
ergies around 1 MeV. Such neutrinos, thanks to their feeble interactions, travel
practically undisturbed out of the stellar matter. Thus, part of these neutrinos can
reach the Earth’s surface with an extremely large flux, about 6 - 10*° cm 257! [24],
and produce a signal in the huge terrestrial neutrino detectors.

The first experimental proof of the emission of neutrinos by the Sun dates back
to 1970 in the Homestake experiment [61, 62]], through the observation of the
neutrino capture on chlorine [22, 24],

ve + 3TCl —=3T Ar + e, (2.57)

3Let us note that R, # Ry, as it will be discussed in more detail in Chapter
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which provided a confirmation of the hidden processes happening in the interior
of the Sun. The Homestake experiment ran for about 24 years. Meanwhile, start-
ing from the ’80s other experimental apparatus have been developed to provide a
further measurement of solar neutrinos, such as Kamiokande, Gallex, and Sage,
to be followed by the precision era with Super-Kamiokand and SNO experiments
from the late 90s [24]. At the date of this thesis work, the latest measurements of
solar neutrinos come from the Borexino experiment, which has been the leader of
solar neutrino measurements in the last decade [|63-65]].

According to the standard solar model [66], the Sun is powered by two groups
of thermonuclear reactions, known as the pp chain and the CNO cycle [22, 24]].
Both processes result in the conversion of four protons and two electrons into a
“He nucleus accompanied by two electron neutrinos,

4p 4+ 2¢~ — He + 2v, + Q, (2.58)

where Q is known as the Q-value of the reaction, which corresponds to the energy
released, whose values is Q ~ 26.731 MeV [24]. Hence, it is clear that the neutri-
nos produced by the Sun are all of electron flavor. This is worth remarking, as in
the first years of solar neutrino observation, experiments were observing a deficit
in the number of expected electron neutrinos reaching the detectors with respect
to the one predicted by the standard solar model. This phenomenon is known
as the solar neutrino problem and found its solution in the neutrino oscillation
mechanism [22, 24, |67].

pp chain CNO cycle
pp-v pep-v —
P+p - 2H+e*+V, p+e+p - 2H+v, 2C+p - BN+y
Y Y *
O, ' O,
99.6% *Hep_ Hery 0.4% BN . 19C e+
85% 2x10°% hep-v f
*He+°He - *He+2p |t |*He+p - ‘He+e*+ . “Cip ;’ “N+y
PP o “N+p - %0+y <{"7O+p - “N+*He
*He+*He - 'Be+y : .
7Be-v 99.87% 0.13%
Bov ™ * ' *0 - *N+e*+ F o 70+et+
‘Be+e - "Li+V, Be+p - ®B+y ; I
Y L]
"Li+p - 2*He sg-y| °B-°Be'+e+v, N+p - “He+"2C 80+p ; F+y
pp-II 1
8 * 4 15 16
Be - 2%He 99.96% 00w N+p - 8O+y
pp-1lI

Figure 2.12: Schematic representation of the pp chain (left) and CNO cycle (right)
nuclear fusion sequences, taken from Ref. [|68]. The colored boxes indicate the
processes during the sequence where neutrinos are produced.

Neutrinos, propagating through space, undergo an oscillation phenomenon, which
converts electron neutrinos into muon and tau neutrinos. This is explained by the
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fact that the interaction states and the mass states do not coincide in the case of
neutrinos, so that the interaction (i.e. flavor) states are made of a mixture of mass
states. During the propagation, the electron neutrino has a certain probability of
being converted into a muonic or a tau flavor neutrino. The neutrino oscillation
mechanism is very relevant in solar neutrino experiments as well as many other
experiments, however, it will not be discussed in detail in this thesis work. For
further details, a complete discussion can be found in Refs. [22, 24].

The nuclear fusion chain is complicated and made of many intermediate steps,
both in the case of the pp chain and the CNO cycle. A scheme of the nuclear fusion
sequence can be found in Fig. taken from Ref. [68]], where the colored boxes
highlight the chain steps where electron neutrinos are produced. It is possible
to observe that the neutrino fluxes produced in the sequence are made of some
continuous contributions and some monochromatic lines (originated by processes
with only two objects in the final state, i.e. in which the kinematic is fixed).

--pp - F = pep
BN == hep eN
1011 — - 8B --= "Be(384.3keV) eO+¢F -

150 =--- "Be(861.3 keV) — Total

Neutrino flux [cm™2s™'MeV™!]

I |
10 - |
¥ |
o
b
1000—---""_ W baborbe |
L ! -="
X [
Jrtae
-7 !
01’:’ |‘! ! . ‘ - |
0.1 0.5 1 5 10 50

E, [MeV]

Figure 2.13: Solar neutrino flux as a function of the neutrino energy [69]. The
different colors indicate the single flux components produced in the various steps
of the pp chain and CNO cycle. The dashed lines represent the continuous spectra
components, while the dot-dashed ones the monochromatic line contributions.
The black solid line indicates the sum of the various continuous components.

The contributions are not all picked at the same neutrino energy so the neutrino
flux presents many peaks. Each process has also a maximum neutrino energy
given by the kinematics of the specific interaction.

The solar neutrino flux can be seen in Fig. where all the different compo-
nents can be appreciated through the dashed lines, while the monochromatic lines
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contributing are shown through the dot-dashed vertical lines. The black solid line
shows the total neutrino flux (without the line contributions). From the figure,
it can be observed that the contribution from the lines is generally sub-dominant
with respect to the one of the continuous spectra, but for the "Be(861.3 keV) line.
In the low energy part of the spectra in Fig. the pp process from the pp
chain dominates, generating the highest flux, followed by the three different de-
cay processes of the CNO cycle (13N, 150, 17F). At higher neutrino energies the
8B contribution becomes the dominating one (above £, ~ 2MeV), while at even
higher F,, namely above E, ~ 10 — 11 MeV, also the hep contribution plays a
role, although with a significantly lower neutrino flux value. The monochromatic
lines come from "Be, the pep and electron capture lines on nitrogen, oxygen and
fluorine [69].

In Tab. we collect the current status of solar neutrino fluxes measurements.
The table is adapted from the one in Ref. [69], and we have added the latest
Borexino measurement of CNO cycle neutrinos [65,|70]. The observed fluxes are
compared to the one predicted by the standard solar model GS98 [66]]. In the
table, we report also the average neutrino energy for each flux component and the
corresponding maximum energy.

Channel Flux B, Eoax Flux at Earth
[MeV] [MeV] ||| GS98 Observed | Units
pp Chains D, | 0.267 0423 |[5.98 £0.6% | 5.97170%2% | 1010%cm 25!
g | 6.735£0.036 | ~15 || 546 £12% | 5.16"2%¢ | 10%cm 25!
(BH) Ppep | 9.628 18.778 ||| 0.80 +£30% | 1.9763% 10*cm 257!
p 47%

0.863 (89.7%) 15.9% o 9 1
0.386 (10.3%) 493 +6% 4.80" s 10°cm™*s

pp Chains | ®p,

(EC) Ppep | 1.445 144 £1% | 1.448705%% | 108cm ™25
®y | 0.706 1.198 [[2.78 +15% +2.0 8 o1
CNO Cyele | 40 | 0.906 1732 || 205 +17% | 0009 10%em s
(B3 Pp | 0.998 1.736 || 5.29 +20% — 105cm 25!
Doy | 2220 220 +15% — 10° em =2 571
CNO Cyele | 4. | 2.754 0.81 +17% — 10° cm=2 57!
(EC) Dp | 2.758 311 +20% — 10° em=2 7!

Table 2.3: Table collecting the status of the flux prediction and measurements of
solar neutrinos, adapted from Ref. [[69]. The table shows also the average energy
of the neutrino flux component, E,,, and the maximum energy of the latter, F,,,.
The theoretical solar neutrino model is the standard solar model GS98 [|66]]. The
observed fluxes from the pp chain come from the global analysis in Ref. [[71], while
the CNO cycle neutrino flux from the latest Borexino measurement in Ref. [|65,|70].

It can be noticed that solar neutrinos have energies around the hundreds of keVs
up to 20 MeV, so a very suitable energy range for CEvNS and vES scattering pro-
cesses, representing a possible neutrino source of such processes. As we will see
later in this thesis, solar neutrino CEvNS, but also vES, play a fundamental role
in direct dark matter searches, representing a non negligible background compo-
nent, as well as a possible signal to look for beyond the standard model neutrino
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properties.

One further aspect to be mentioned in dealing with solar neutrinos is that, as al-
ready anticipated, solar neutrinos unveiled the neutrino oscillation mechanism [22,
24]. Solar neutrino flux measurements also allowed us to understand that the
standard oscillation mechanism in vacuum had to be improved, as neutrinos pass-
ing through matter oscillate in a different way. The so-called Mikheyev-Smirnov-
Wolfenstein (MSW) effect [|67]] describes the oscillation mechanism in matter, and
it was crucial to solve the famous solar neutrino problem.

In Fig. we show the survival probability of electron neutrinos, i.e. the prob-
ability that a neutrino produced in the Sun as an electron neutrinos arrives at the
Earth’s surface as an electron neutrino, as a function of the neutrino energy in the
three-flavor scenarios [64]. The pink band represents the MSW prediction, while
the gray band the standard oscillation in vacuum prediction. The experimental
points are all in agreement with the MSW prediction [|64]. Let us note that the
survival probability depends on the neutrino energy according to the MSW effect,
while for oscillation in vacuum the value is constant.

0.8
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1 Energy [MeV] 10

Figure 2.14: Survival probability for solar neutrinos at the Earth surface in the
three-flavor scenario as a function of the neutrino energy [64]. The pink band
shows the MSW prediction, while the gray band the standard vacuum oscillation
mechanism. The data points represent the current status of experimental observa-
tions [64].

Using the latest values for the mixing angles reported in Ref. [25], for pp neutri-
nos the survival probability is ~ 0.54, with around 21% neutrinos converting into
muonic neutrinos and 25% to tau ones, while for boron neutrinos, which have
higher energies, the survival probability gets as low as ~ 0.33, with ~ 30% of the
electron neutrinos becoming muonic neutrinos and ~ 36% tau ones.

As already shown in Chapter and the cross sections gain a flavor de-
pendence due to radiative corrections when one goes beyond the tree-level, so
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knowing the neutrino flavor is of crucial importance when studying solar neutrino
CEvNS and vES rates in terrestrial detectors and when investigating beyond the
standard model flavor dependent neutrino properties.

2.3.2 —— Atmospheric neutrinos —

The interaction of primary cosmic rays with the nuclei in the higher layers of the at-
mosphere may produce a flux of neutrinos, commonly known as atmospheric neu-
trinos. In fact, primary cosmic rays, which are mainly made of energetic (~GeV)
protons and a small component of nuclei, can interact with the nuclei present in
the atmosphere generating the so-called secondary cosmic rays. Secondary cosmic
rays are therefore made of hadrons and their decay products.

Neutrinos are mainly produced by the decay of charged pions, which are efficiently
produced as a part of the secondary cosmic rays. The charged pions, subsequently,
decay mainly into muons and muon neutrinos, followed by the decay of the decay
in flight of muons into electrons, electron neutrinos and muon neutrinos, before
hitting the ground. A schematic of this neutrino production process is shown in

Fig.

Cosmic ray

Figure 2.15: Schematic representation of the production of neutrinos from the
interaction of primary cosmic rays with nuclei in the atmosphere through the de-
cay of pions and muons during the flight toward the Earth’s surface, taken from
Ref. [72].

To summarize, atmospheric neutrinos are produced through the following decay
processes [|24]]

™ = ut +u,, T = U, (2.59)
pt ettt +7,, B e +T. 4, (2.60)

Let us notice that high energy primary cosmic rays can also produce kaons, which
contribute to the production mechanism by decaying into muons (anti-muon)
and muon anti-neutrinos (neutrinos). Indeed, the kaon can also directly decay;,
through a three-body decay, into a neutral pion, a positron (electron) and an elec-
tron neutrino (anti-neutrino), or into a charged pion and a negative pion [24, 69].
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From the subsequent charged pion decay, other neutrinos are produced.

These neutrinos, called atmospheric neutrinos, have energies ranging from ~ 100
MeV up to ~ 100 GeV. Thus, it is possible to observe that atmospheric neutrinos
are in some sense complementary to solar neutrinos, as they extend the neutrino
flux reaching the Earth’s surface toward higher neutrino energies. It can also be
observed, as we will see later in this work, that also atmospheric neutrinos can
produce CEvNS (mainly the less energetic ones) and vES signals in terrestrial ex-
periments, such as direct dark matter detectors.

For low energy cosmic rays (< 1 GeV), most of the muons produced in the pro-
cess in Eq. decay before reaching the ground, so that the neutrino fluxes, ®,
satisfy the following ratios [|24]

CI)Z,” + q)pu (I) q)l/e q)/ﬁ—

Yu
~ LN

o, + Py, o5, Py, D,

(2.61)

which means that the muon flavor neutrinos are roughly twice as much as electron
flavor neutrinos.

However, for higher energy cosmic rays, the fraction of muons that reach the
ground without undergoing a decay process increases, increasing the ratio ($,, +
®5,)/(®,, + Py,), since muon neutrinos are produced also by the 7 decays, while
electrons only from p* decays.

For the purpose of this thesis, only the lower part (E, < 100 MeV) of the atmo-
spheric neutrino flux is relevant. At those energies, the estimated uncertainty on
the neutrino flux is approximately ~ 20% [73].
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Figure 2.16: Atmospheric neutrino flux as a function of the neutrino energy. The
solid line shows the total neutrino flux, while the dashed lines show the different
flavor components [[74].
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We took as a reference for atmospheric neutrino fluxes calculations the results of
the FLUKA simulation reported in Ref. [74], which provides the different flavor
components. The resulting atmospheric neutrino flux is shown in Fig. where
the solid line shows the total flux, while the different dashed lines indicate the
electron and muon neutrino and anti-neutrino components for energies below ~ 1
GeV.

It is interesting to notice that the flux is much lower with respect to the solar
neutrino one shown in Fig. but it covers energies higher than the ~ 20 MeV
endpoint of the solar neutrino flux.

To further compare the solar and the atmospheric neutrino fluxes, in Fig.
we show them together. The gray shaded region corresponds to the total solar
neutrino flux, while the brown one to the atmospheric neutrinos one. We also
show the relevant components for neutrino energies 1 MeV < FE, < 1GeV. Clearly,
the atmospheric neutrino flux is about 7 orders of magnitude lower than the *B
flux, but as it covers an energy range uncovered by solar neutrinos, it can not be
neglected.
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Figure 2.17: Higher energy solar neutrino flux and atmospheric neutrino flux as
a function of the neutrino energy [|69, [74]. The green dashed line refers to boron
solar neutrinos, and the purple one to the solar hep component. The pinkish
dashed lines refer to the different atmospheric neutrino components [74]. The
gray shaded area shows the part of the total flux coming from solar neutrinos,
while the brown one the region relative to atmospheric neutrinos.

As we will see later in this thesis work, atmospheric neutrinos, as well as solar
neutrinos, represent a suitable neutrino source to produce CEvNS and vES signals
in terrestrial detectors, especially in the case of direct dark matter detectors. In
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this sense, solar and atmospheric neutrinos represent the two main sources of
natural origin to look for CEvNS signals.

2.3.3 —— Reactor neutrinos —

Differently from solar and atmospheric neutrinos, reactor neutrinos have an "arti-
ficial" origin, as they are the product of nuclear power plants.

Indeed, nuclear power plants employ the nuclear fission process with the aim of
producing an enormous amount of energy, part of which (around ~ 5%) is re-
leased in the form of electron antineutrinos, arising from the [-decay of fission
products [24, 69]].

Nuclear power plants produce a diffuse and rather high neutrino flux, that has
been employed during the years to discover fundamental neutrino properties, in-
cluding the first actual detection of the neutrino by Reines and Cowan [69]].

The main contribution of neutrinos comes from the fission of four isotopes: ***U(~
56%), 2Pu(~ 30%), 38U (~ 8%) and **'Pu(~ 6%), where the percentage of each

isotope varies over time and may depend also on the specific power plant consid-
ered [24].

3.0} —_— 25— 239p — 238
.Ig 2,5; UIpy  =e= 238((n,y) 20U
=20
>
21.5;
EI.O
1)
EOS

0 2 4 6 8
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Figure 2.18: 7, energy spectra for 2°U, #9Pu, 2®*U and ?*'Pu fissions. The low
energy spectra (F, < 2MeV) are taken from Ref. [[75], while the high energy part
from Ref. [76]. The gray dashed vertical line represents the inverse beta decay
(IBD) threshold. The purple dot-dashed spectrum is due to the neutron capture
process 23¥U(n,v)?3U, and is rescaled by a factor 1/20.

The fission process presents a chain of 5-decays, in which electron anti-neutrinos
are produced. As each fission produces ~ 200 MeV on average, and in each fission
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about six 7, are emitted, the electron antineutrino yield is around 2 - 10?°s~! for
each GWy,, of thermal power, giving an idea of the enormous number of anti-
neutrinos coming out of a nuclear power plant, constituting a huge neutrino flux
if one gets close enough to the core of the reactor. Below E, ~ 1.8MeV, 7,
can also be produced through neutron capture processes. The main part of this
contribution is given by the decay of ?*U, produced by the neutron capture on
2381 [124]], and usually referred to as #*8U(n,v)*U.

E, = 1.8MeV represents the threshold of the inverse § decay process, which is
usually used to measure reactor neutrino fluxes. As the detection process has such
a threshold, it is easy to comprehend that the lowest part of the reactor neutrino
spectra is not yet fully understood, while for energies > 2MeV is relatively well
measured. This is of great importance, as the lowest energy part of the spectrum
is dominated by neutron capture contribution [69]].
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Figure 2.19: Reactor electron anti-neutrino flux normalized to ®;, = 4.8 -

1013 em~2s~! (typical value for a power of ~ 3 GWy, and a reactor-detector dis-
tance of L ~ 10 m) as a function of the neutrino energy for different predic-
tions. HM describes the high energy regime according to Refs. [[76, 77]], while EF
refers to the same regime but predicted from Ref. [78]]. VE represents the classical
prediction for the low energy spectrum which accounts only for the fission pro-
cesses [75]], while K refers to the description where the neutron capture process is
calculated [79, 80]. The gray dashed vertical line indicates the IBD threshold.

In Fig. the reactor electron anti-neutrino spectra for the different fission
chains are shown together with the neutron capture one from the #**U(n,~)?U
process. For graphical purposes, the neutron capture spectra have been rescaled
by a factor 1/20, so that is clear that it is the dominant contribution at low energies
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(below the IBD threshold). The spectra in the figure have been obtained by using
the predictions in Ref. [75] for F, < 2MeV and from Ref. [[76] for E, > 2MeV, as
these are typical references for reactor neutrino spectra.

To obtain the actual flux, one has to sum the different contributions weighted
by the mean energy per fission characteristic of the specific chain, which can be
found in Ref. [81], and multiply them for the percentage of a certain isotope in
the specific reactor that is being considered. The spectra have to be multiplied by
the reactor power of the considered power plant, and then one has to consider
the geometric factor which depends on the distance from the reactor at which one
wants to evaluate the 7, flux.

In Fig. we show an example of reactor neutrino flux, obtained considering
a flux normalization of ®, = 4.8 - 10 cm~2s~!, which is a typical value for a de-
tector placed at ~ 10 m from the core of a ~ 3 GWy, reactor power plant, and we
compare different parametrization of the flux. Indeed, we consider three differ-
ent scenarios, built on the combination of different predictions for the low energy
spectra and for the high energy spectra [6]]. In particular, we chose to follow the
predictions for the high energy part of the spectra from Hubert and Mueller (HM)
in Refs. [[76, [77]] and from Estienne and Fallot (EF) in Ref. [[78]], while for the
low energy part, the description from Vogel and Engel (VE) in Ref. [[75] and from
Kopeikin (K) from Refs. [79,|80]. Let us notice that the description from Kopeikin
is the only one where the neutron capture term is calculated, so that at low energy
the flux is higher. The VE parametrization is instead the classical calculation of
the fission components only, so in some sense, it represents a sort of "benchmark"
prediction for the reactor anti-neutrino spectra at low energy. For the high en-
ergy regime instead, HM and EF are very similar, so the choice of one or another
parametrization doesn’t affect significantly the flux definition.

By looking at Fig. we can notice that, independently of the specific parametriza-
tion, nuclear power plants can deliver an enormous number of neutrinos, resulting
in a very intense flux. Another interesting aspect is that the flux is picked around
E, ~1—2MeV, and extends up to £, ~ 8 —10 MeV, so covering basically the same
energy range of solar neutrinos from boron (green dashed curve in Fig. and
CNO neutrinos from oxygen (orange dashed curve in the same figure). Hence, it
is clear that reactor anti-neutrinos are a suitable neutrino source to study CEvNS
and vES, especially with a detector installed at distances around ~ 10 m from the
reactor core.

2.3.4 — Neutrinos from 7T(K ) decay-at-rest ——

Decay-at-rest neutrinos are neutrinos produced by the decay process of some heav-
ier particles, such as charged pions 7% and kaons K*, in their rest reference frame.
These decay processes have been already discussed as the responsible of atmo-
spheric neutrinos, see Eq. however in this context we speak about decay-
at-rest (DAR) neutrinos referring to laboratory neutrino sources. In this sense,
usually, neutrinos from 7+ decay-at-rest are said to be produced in the so-called
7-DAR, while the ones from K* at the K-DAR.

Thus, the first step for such a neutrino source is to produce charged pions (kaons).
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In order to produce pions, one can employ the collision between high energy pro-
tons (hundreds of MeV up to GeV scale) on a target, that produces a significant
amount of hadrons, of which, a rather large number are pions, if the proton en-
ergy I, > 300 MeV [82].

If the proton beam is at higher energies (GeV scale), the pions will not decay at
rest, producing high energy neutrinos (which carry some of the pion momentum).
Instead, by selecting a dense material for the target, for example, mercury target,
the pions will lose energy in the material until the stop and decay-at-rest.

Protons impinging on the dense target material produce charged pion pairs. How-
ever, practically all (~ 99%) the negative pions get captured by the target material
shortly after their production, so that only the positive pions travel in the mate-
rial until their DAR. So, 7-DAR neutrinos are mainly due to the 7 decay, see the
process in the left column of Eq. and the subsequent ;™ decay, see the left
column in Eq.

Spallation neutron source (SNS) facilities turn out to be the perfect place to have
a production of 7-DAR neutrinos as a side product. A virtuous example of this
neutrino source is the Oak Ridge Laboratory SNS [82], where a pulsed ~ 1 GeV
proton beam operating at a power of 1.4 MW is delivered on a liquid mercury
target. Let us notice that for E, > 1.1 GeV, also kaons would be produced, com-
plicating the overall description and leading to the production of a higher energy
flux component, but the K-DAR contribution will not be considered in this thesis
work.

Pulsed beam
~1 GeV

+
T®
Figure 2.20: Schematic representation of a spallation neutron source, in which the
m-DAR neutrino production mechanism is shown [|83].

N\
\

In Fig. a scheme of the processes that produce neutrinos at the SNS through
the 7-DAR is shown. The decay process of the 7 is a very fast process, with a
decay constant 7.+ = 26.033 ns, whereas the subsequent y* decay happens on a
much slower time scale, 7,+ = 2.197 us, so that the neutrino components are usu-
ally divided in two groups: the prompt neutrinos and the delayed neutrinos. This
particular time structure is very useful from the experimental point of view, as it
allows one to exploit a timing information in the data analysis. In Fig. we
show the arrival time distribution P,(¢) for the prompt and delayed flux compo-
nents, according to the information provided in Ref. [|54] for the SNS.

The time information can be used not only because of the very different decay
time constants, but also because the SNS employs a pulsed proton beam. In this
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way, neutrinos will in some sense be produced in coincidence or with a specific
delay with respect to the proton beam time. We can say that the proton beam time
gives in practice the "zero" time of the arrival time distribution of the neutrinos.
Moreover, having a pulsed beam, allows one to disentangle beam correlated and
beam uncorrelated backgrounds to have a better background rejection. This will
be discussed in more detail in Sec.

The prompt flux is constituted of a monochromatic v, component with energy
E,, = 29.792 MeV, obtained by the kinematic of the two body decay process. The
delayed flux component is made of two contributions, one of 7,, and one of v,, that
have continuous spectrum up to the maximum energy available, E.,q = m,/2 =
52.8 MeV, where m,, = 105.66 MeV is the muon mass.
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Figure 2.21: Arrival time distribution of the prompt (blue) and delayed (orange)

neutrino flux components as a function of the time extracted from the information
provided in Ref. [54] for the SNS during the COHERENT CsI data taking.

The three different neutrino fluxes can be described by the following distribu-
tions [11}, 5[]

dN, rNpor m; —m;

woo_ 5<Ey _ “_f‘)’ 2.62
db, A L2 2my ( )
dNy rNpor 64E? /3 E,

£ = - - — E, < 2 2.63
dE, Ar? md (3 mu)’ (B < mf2) (2.63)
dN,/ TNPOT 192E2 (1 Eu>

e _ vz _ v E, < 2), 2.64
dE, w2 md \a ) (s (264

where m, = 139.57 MeV is the charged pion mass, Npor the number of protons-
on-target (POT), r indicates the number of 7% produced for each POT, hence the
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number of neutrinos for each flavor, d(x) is the Dirac delta function and L the
distance at which the flux is evaluated at.

In Fig. we show a typical SNS neutrino flux, divide into the three different
flavor components, normalised according to the setup of the COHERENT CsI de-
tector [54] that will be described in the next chapter (Sec.[2.4.1), so considering
a number of POT Npor = 3.198 - 10?3, with a fraction of pions » = (0.0848 and a
detector set at a distance of L = 19.3 m from the mercury target. The fluxes are
presented in units of one SNS-year, in the sense that Npor is the total number of
POT in one year of operations at the SNS (~ 5000 hours). By comparing the SNS
flux and the reactor neutrino flux in Fig. it is clear that the latter one is much
more intense with respect to the SNS one, although we consider a comparable
distance between the neutrino source and the detector.
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Figure 2.22: Neutrino flux at the SNS in Oak Ridge [|82] as a function of the
neutrino energy divided in the three different components. The vertical red dashed
line corresponds to the monochromatic v, line, while the other curves refer to the
7, (blue) and v, (orange) components. The fluxes are normalized considering
the beam energy and power of the SNS, and Npor = 3.198 - 10%, r = 0.0848
and L = 19.3 m, values relative to the COHERENT Csl detector configuration in
Ref. [54].

From Fig. it is also clear that the SNS provides neutrinos of energy up to ~ 50
MeV, so significantly above the reactor neutrino energies, and this is important
in order to be sensitive to the nuclear form factors, and thus, to study nuclear
structure. At K-DAR facility even higher neutrino energies are produced, so that
they can complete the energy range of interest for CEvNS and vES measurements.
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2.4 Experimental measurements

In this section, we will present the latest and most relevant experimental Collab-
orations, measurements and detectors in the field of CE¥NS and vES research. In
particular, the past and current COHERENT experimental program, which leads
the CEvNS searches on a worldwide basis, will be discussed, together with the
first observation of reactor CEvNS from the NCC-1701 germanium detector at the
Dresden-II nuclear power planﬂ Then, we will discuss the CEvNS and vES im-
portance in direct dark matter searches in the context of noble liquid dual-phase
TPC (time projection chamber) detectors, both using liquid xenon (LXe) and lig-
uid argon (LAr) technologies, namely discussing the Lux-Zeplin measurement and
the DarkSide-20k program. In this section, we will discuss also the statistical pro-
cedures adopted to analyse available data.

24.1 — COHERENT —

The COHERENT Collaboration is responsible for the first experimental observa-
tion of CEvNS [51]], and it is still leading the field on a worldwide basis. The
COHERENT detectors are all installed in the so-called "neutrino alley" at the Oak
Ridge National Laboratory (ORNL) in Tennessee, in a corridor behind the interac-
tion vertex of the SNS, shielded by a thick concrete wall [84].

The SNS provides high quality neutrinos from 7-DAR (see Sec. and working
with a pulsed proton beam, allows experiments to have an efficient background
rejection.

Nuclear || target mass Distance NR Energy Deployment
from source | threshold
target kgl [m] [keV] period
CsI[Na] 14.57 19.3 5 2015-2019
Ar 24.4 27.5 20 2016-2021
Ge 18 22 <5 2022
Nal[T1] 3500 22 13 2022
Ar 750 29 20 2025
Ge 50 22 <5 2025
CsI 10~15 20 1.4 2025

Table 2.4: Summary of the different targets participating in the COHERENT ex-
perimental program together with their properties (such as target mass, distance,
energy threshold and operation period) adapted from Ref. [84]. The gray back-
ground indicates the two detectors that have been operating and are now termi-
nated. The green background indicates the detectors currently in operation or
under development.

4For convenience, we will refer to this measurement as the Dresden-II measurement, and to the
authors as Dresden-II Collaboration.

Cargioli Nicola 55 Part I



CHAPTER 2. LOW ENERGY NEUTRINO INTERACTIONS

The COHERENT experimental program is made of a number of detectors with
diverse nuclear targets, technologies and purposes. Some detectors have been
developed to characterise the background levels around the neutrino alley, other
represent the one to actually make the CEvNS measurements. The program is
in continuous development, with some already dismissed detectors, some taking
data, and some still being developed and installed. The situation of detectors
installed at the neutrino alley is shown in Fig. where the status updated to
2018 (upper) and to 2022 (lower) is shown.

In this thesis, we will discuss only the two detectors exploited for the two currently
available CEvNS measurements, namely a cesium-iodine crystal, Csl, and a liquid
argon single-phase detector, LAr. Other details about the background monitoring
detector system and the undergoing experimental detectors which will lead next
year’s searches can be found in Ref. [84].
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Figure 2.23: Schematic of the neutrino alley at ORNL showing the SNS proton
beam and target, together with the COHERENT Collaboration detectors updated
to 2018 (see Ref. [[84]) and to 2022 (see Ref. [85]]).
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The COHERENT Csl experimental program has been particularly relevant as it
has provided the first experimental proof of the CEvNS process in 2017 [|51, 83,
whose results have been updated in 2021 [54]]. The detector is made of 14.57
kg of CsI[Na] crystal located at 19.3 m from the SNS mercury target, and it has
observed around 130 CEvNS events in the first campaign, and up to 300 events in
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the second campaign 83]]. The first measurement led to a 6.70 confidence
level (C.L.) evidence of CEvNS over the background, improved to 11.60 evidence
with the second measurement. A schematic of the detector and its shielding system
is shown in Fig. (left).

In 2020 the COHERENT Collaboration reported the first measurement of CEvNS
on a liquid argon target, thanks to the CENNS-10 detector: a single-phase liquid
argon detector with a 24.4 kg active mass at 27.5 m from the SNS target. A
schematic of the CENNS-10 detector and its shielding system is shown in Fig.
(right).

cryocooler
system

vacuum
jacket

detector
chamber

PMTs

water
shield

Pb-Cu
Shield

Figure 2.24: (Left) Schematic of the CsI[Na] shielding and detector at the SNS,
taken from Ref. [83]]. (Right) Schematic of the LAr (CENNS-10) detector with
shielding taken from Ref. [85]].

The first measurement campaign with the CENNS-10 detector led to the observa-
tion of around 160 CEvNS events, resulting in an observation at ~3 ¢. The second
campaign finished in 2021, but the data are not yet available to the community,
but are expected to improve the previous measurement.

COHERENT CsI measurements and Data analysis procedure

Thanks to the time information given by the 7-DAR process, already discussed
in Sec. the data for the COHERENT Csl experimental program are given as a
function of the number of extracted photo-electrons and as a function of the arrival
time, as it is shown for the 2017 data set in Fig. Indeed, the experimental
variable is not the recoil energy, but the number of photo-electrons extracted as a
consequence of a recoil in the target material.
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The number of photo-electron Npg is related to the recoil energy through the
electron-equivalent recoil energy (or simply electron recoil energy), 7., and the
light yield, Ly. The electron recoil (ER) energy, is obtained from the nuclear
recoil (NR) energy, through the so-called quenching factor, f,, through

T, = fo X Ta, (2.65)

where the quenching factor f, depends on the material and it is also a function of
the recoil energy. Hence, f is the ratio between the scintillation light produced
by electron and nuclear recoils, respectively, and in practice, it determines the
relation between the number of detected photo-electrons and the kinetic energy
of the recoiling nucleus. However, the quenching factor is still quite an unknown
quantity, as only a few measurements are available, and on a relatively limited
energy range.
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Figure 2.25: Residual counts for beam OFF and beam ON period as a function of
the number of photo-electrons (upper panel) and of the arrival time (lower panel)
for the COHERENT CsI 2017 measurement [|51].

The light yield, instead, quantifies the response of the material to an electron
recoil in terms of the number of photo-electrons extracted for a keV of ER energy
deposited in the detector, so that

NPE = Ly X Te = LY X fQ X an . (266)

At the time of Ref. [|51], it was measured that a for a nuclear recoil energyﬂ of
~ keV,, approximately 1.17 photo-electrons are extracted.

The quenching factor for CsI was measured by the COHERENT Collaboration in
2017 and can be found in Ref. [51], together with the signal acceptance function
as a function of the number of photo-electrons for the COHERENT CsI 2017 mea-
surement.

SWe have explicitly used the under-script "nr" to stress that we refer to a nuclear recoil energy.
For electron recoils we will use the under-script "ee" (electron-equivalent).
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In 2021 the COHERENT Collaboration released a new data set with the CsI detec-
tor [54], therefore, in this thesis, we will present the results from the analysis of
the latest results. The new data set is shown in Fig. always in the form of a
function of the number of photo-electrons and time.

The number of protons of target for the latest measurement is Npot = 3.198 - 10%,
with the fraction of produced pions » = 0.0848 and a light yield measured to be
Ly = 13.35PE/keV,, [54].
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Figure 2.26: Excess counts as a function of the number of photo-electrons (left)
and arrival time (right). The figure shows the data residuals, and the contribution
from the three different neutrino flux components, together with two beam-related
background components (BRN and NIN) [54].

In Fig. together with the data residual, the histograms show the contribution
of the different neutrino flux components, as described in Sec. In the fig-
ure also two "beam-related" background components are shown, namely the BRN
(beam related neutrons), which consists of neutrons produced by the SNS that
produce a signal in the detector, and NIN (neutrino induced neutrons), a process
already briefly introduced in Sec. 2.2

The 2021 CsI measurement is not only characterised by a larger amount of col-
lected data, but also by a redefined quenching factor, obtained by a larger amount
of dedicated measurements, as described in Ref. [|[86], which is shown in Fig.
(left). The new quenching factor model for the CsI[Na] crystal, is built upon a
polynomial function

[ T 2 T 3
Csl nr nr nr
T..) = 0.0554628+4. 1 —111. ( ) +840. 4( > . (2.
fQ (Tyr) = 0.0554628+4.3068 MoV 707 MoV 840.38 MoV (2.67)

Instead, in Fig. (right) we show the signal acceptance, A(Npg), as a function
of Npg (and also nuclear recoil energy). In the supplemental of Ref. [54], also the
time acceptance, er, is presented, and has the form

en(t) = {1 b<a, (2.68)

e tt-a) ¢+ >q,

with @ = 0.52 us and b = 0.0494/ uis.
In that document, also the detector energy resolution, R(Npg, Nj), is provided
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and has the form of a Gamma distribution
lag(1+ bg)'to7]
['(1+ bg)

with ap = 1/N} and br = 0.716 N}, Npr being the number of detected photo-
electrons and N} the true number of photo-electrons.

R(Npg, Npy) = Npgeor(Hbm)Nee (2.69)
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Figure 2.27: (Left) Quenching factor campaign measurement for CsI crystal as a
function of the nuclear recoil energy adapted from Ref. [[86]]. The pink band shows
the quenching model and its corresponding uncertainty. (Right) Signal acceptance
as a function of Npp (and nuclear recoil energy) taken from Ref. [54].

The first step to compare theory and experiment, is to compute the expected rate
of CEvNS events for the COHERENT Csl detector. In order to do so, we need to fold
the CEvNS cross section in Eq. with the neutrino flux of the SNS, described
in Eq. [2.62] Eq. [2.63] Eq. [2.64] and shown in Fig. properly normalized to
the location of the detector and data taking period. Thus, we can define the
differential CEvNS rate as’]

dR,, B AN,  doy,
— =N t X dE 2.
i~ NV [Em g, < ar. Fr (2.70)

where N(/N) is the number of target atoms in a kg of detector. One remark is that
to obtain the rate on a CslI crystal, one has to sum together the cross section on
cesium and iodine. To properly calculate the CEvNS cross section, one has to fix
a parametrization for the nuclear form factors in Eq. and use the appropriate
nuclear radii reported in Tab. A possible choice is known as the symmetrized
two-parameter Fermi model [|87], SF, which provides an analytic expression for
the form factor, namely

SE, 2\ 3 Tqa mqasin(qc) v cos(ac
Fz(a) = qc[(qc)? + (mqa)? Linh(wqa)} [tanh(ﬂqa) 4 (g0)) - @71

SLet us note that the calculation of the vES rate is practically identical, even if it is a function
of the electron recoil energy and not nuclear recoil energy. However, since as shown in Fig. [2.9we
showed the SM prediction of vES cross section to be much smaller than the CEvNS one, we will
now concentrate only on CEvNS rates, and discuss vES ones only in beyond the standard model
theories for which it produces a non-negligible impact.
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The SF parametrization of the form factor depends on two model parameters, ¢
and a. c is the half-density radius and « is the diffuseness parameter, which de-
scribes the drop of the density in the periphery of the nucleus. « is related to
the surface thickness ¢ through ¢ = 4 ¢ In(3) and is commonly fixed to the value
t = 2.30 fm both for the neutron and proton form factor, as most of the theoret-
ical nuclear models predict roughly the same density drop between proton and
neutron distributions. The root-mean-square (rms) radius is related to a through
R? =3/5c¢* +7/5(ma)? and, for the proton distribution inside the nucleus, we use
the proton rms radii obtained from the muonic atom spectroscopy data 591.
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Figure 2.28: Standard model CEvNS event rate as a function of the nuclear recoil
energy considering a Csl target. The different colored regions indicate the three
different neutrino flux components, while the black curve is the total expected
event rate.

S

For the neutron form factor, we have used a different description, known as Helm
parametrization [|88]], given by

J-Helm (|(ﬂ2) — 3M6_|ﬂ252/2’ (2.72)

where j,(x) = sin(x)/x* — cos(z) is the order-one spherical Bessel function, while
R, is the box (or diffraction) radius. The rms radius of the corresponding nucleon
distribution is given by R? = 3/5R?% + 3s?, where the parameter s quantifies the
so-called surface thickness. We consider a value of s = 0.9 fm, which is the typ-
ical value determined for the proton form factor for this type of nuclei [89]. A
detailed discussion of form factor descriptions and models will be presented in
Sec. also because the choice of using Helm or SF in the context of COHERENT
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data leads to practically identical results.

In Fig. we show the standard model rate of CEvNS events for the COHER-
ENT Csl detector as a function of the nuclear recoil energy. The black line shows
the total rate, while the colored curves indicate the three different neutrino com-
ponents’ contribution to the rate. Let us note that the rate decreases significantly
around 7, ~40-50 keV due to the effect of the nuclear form factors.

Such rate needs to be converted into an integrated number of events for each of
the experimental energy (and time) bins. The number of events in the i energy
bin can be obtained by

T

JVfE”NS(A/)::A4ng// AT A(Tyy) ¥ (2.73)

i

y /anmax dT/ R(T T/ ) Z dRVZ
0 nr nr nr dTI{lr Y

Vg=Ve,Vp,Vp

where we recognise the acceptance A(7},) and the energy resolution R(7T,,7},)
already discussed before. M, is the detector mass. To account for the time
distribution, one has to calculate the number of theoretical CEvNS events not only

in the i energy bin, but also in the j time interval
CEvNS CEvNS ¥ ) CEvNS (Ve,w )
N3 = (N, o, P+ (N Jvew By (2.74)

where we use the fact that the v, constitutes a prompt neutrino flux. Pfj“ and

Pj(”e “») are obtained by integrating the time arrival distributions, shown in Fig.|2.21

with the time efficiency in the corresponding time interval ;.

NS-E”NS can now be compared with the experimental number of events in the cor-
respondent i-th energy bin and j-th time bin.

To statistically compare the theoretical rate with the data, we can build a chi-
square function. Since the COHERENT CslI present several bins with a significantly
low number of events, we build a Poissonian chi-square function [25, 90], instead
of the typical Gaussian one,

9 11 4 Nexp
2 o z exp exp 1)
XGst = 2 (1—}—772)]\7 — N;;" + N;;"In +
Z [Z ’ ’ Zz 1(1 + 772>NZ

4 2
+§:(%>7 (2.75)

where the indices i, j represent the nuclear-recoil energy and arrival time bin, re-
spectively, while the indices » = 1,2,3,4 for Nj; stand, respectively, for CEVNS,
(Nl-lj =N CE”NS) beam-related neutron (N 2] N}}RN), neutrino-induced neutron
(N, = N, NIN) and steady-state (N;; = N;°) backgrounds obtained from the anti-
coincidence data provided by the COHERENT Collaboration. In our notation, N;;*
is the experimental event number obtained from coincidence data and N cevNs is
the predicted number of CEvNS events that depends on the physics model under
consideration, so here the SM prediction.
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We take into account the systematic uncertainties with the nuisance parameters
1., which allows the components to fluctuate in the fit, and the corresponding un-
certainties ocg,ns = 0.12, ogry = 0.25, onin = 0.35 and oss = 0.021 as explained in
Refs. [5, [54].

Let us conclude by saying that the procedure just described is rather general and
will be followed in all the BSM scenarios studied in this thesis work. When con-
sidering BSM effects, the number of theoretical events, N}, = NG5, will be
modified and in some scenarios also the corresponding nuisance parameter uncer-
tainty will be modified, to avoid double counting.

In the case in which also vES contribution is included in the fit, the chi-square func-
tion has to be modified to incorporate such contribution. A description of such a
modified chi-square function and the discussion on the nuisance parameters to be
considered can be found in Ref. [|6].

COHERENT LAr measurement and Data analysis procedure

The COHERENT LAr measurement will be discussed in a similar way to what was
done for the CsI measurement, but with the difference that the LAr data set is
provided directly as a function of the electron-equivalent recoil energy 7., instead
of than number of photo-electrons. The data are shown in Fig as a function
of the arrival time (left) and the recoil energy (right) together with the residual
background components. In principle, in the data release file in Ref. [91], the data
are provided in terms of a third variable, known as Fy,, which quantifies the light
fraction emitted in the first 90 ns after the recoil with respect to the total light
collected. In fact, the liquid argon scintillation mechanism is rather complicate as
it tends to form dimers and de-excite with a fast and a slow component.
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Figure 2.29: Excess counts as a function of the arrival time (left) and the recoil
energy (right). The figure shows the data residuals and the contribution of the
BRN background component [53].

Practically speaking, what is observed is that a nuclear recoil signal produces al-
most all the light within the first 90 ns, while electron recoils tend to produce the
majority of the light after that time window, providing very useful information to
discriminate nuclear recoils from electron recoils [53]. However, in our analysis of
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the COHERENT LAr data, we neglect the Fy, variable, using only the energy and
time information, as it is done for the case of the CsI detector.

The quenching factor considered corresponds to a linear fit of the available data
shown in Fig. (left) in the nuclear recoil range between 0-125 keV .. After
that energy, the quenching is assumed to flatten and becomes a constant, so that
the quenching model is given by [53, 91]]

) 0.00078 x Ty +0.246 T, < 125keV,,
S (Tw) = { (2.76)

T
e 0.3435 T.. > 125keV,, .

In Fig. (right) also the energy acceptance as a function of the recoil energy
is shown. The COHERENT Collaboration performed two different analyses so that
the corresponding acceptances are shown. In particular, we employed the analysis
indicated as analysis A. For more details see Refs. [53, 91]].
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Figure 2.30: (Left) Quenching factor campaign measurement for liquid-Ar as a
function of the nuclear recoil energy taken from Ref. [53]. (Right) Signal accep-
tance as a function of both the nuclear, 7,,, and electron, T,, recoil energies, taken
from Ref. [|53]].

More details about the arrival time distribution and time acceptance can be found
in the data release in Ref. [91], but the discussion is rather similar to the one of
the CsI measurement.

A crucial difference with respect to the Csl data set, besides the different detector
location, is the number of protons of targets. In the case of the argon measure-
ment, Npor = 1.37 - 10?3, and the = fraction is » = 0.09.

To analyze COHERENT LAr data, we have calculated the experimental event rates
following the same procedure adopted for the COHERENT CsI measurement. The
theoretical event rate as a function of the nuclear recoil energy for CEvNS on ar-
gon is shown in Fig. together with the curves from each of the neutrino flux
components. By comparing the rate for argon with the one for CsI (see Fig. [2.28)),
we can notice that the rate on argon is smaller due to the argon being a lighter
nucleus, but it expands on a larger nuclear recoil range. In fact, the suppres-
sion due to the form factors becomes significant at higher recoil energies, around
Tor ~ 120keV.
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To fit the data, we have defined a Gaussian least-square function [|5]

12 10 Xp 4 sys 2\ 2
Nim =2 (L + ) ) NG
XgAr _ ZZ ( j Z 1( Zl zl,zy) j) +

Uij

i=1 j=1

4 2
+2 (Z_) +3 (e, 2.77)
2,0

z=1

where also here i refers to the energy bins and j to the time bins. Here, z =
1,2, 3, 4 stands for the theoretical prediction of CEvNS, Steady-State (SS), Prompt
Beam-Related Neutron (PBRN) and Delayed Beam-Related Neutron (DBRN) back-
grounds, and N;;* is the number of observed events in each energy and time bin.
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Figure 2.31: Standard model CEvNS event rate as a function of the nuclear recoil
energy considering an Ar target. The different colored regions indicate the three
different neutrino flux components, while the black curve is the total expected
event rate.

The statistical uncertainty o;; is given by

(0;)° = (057)2 + (02°)?, (2.78)

ij ij
where 07" = /N5® and ¢}° = |/N55/5. The factor 1/5 is due to the 5 times
longer sampling time of the SS background with respect to the signal time win-
dow. The nuisance parameters 7, quantify the systematic uncertainties of the event
rate for the theoretical prediction of CEvNS, SS, PBRN, and DBRN backgrounds,
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with the corresponding uncertainties ocg,ns = 0.13, opgrny = 0.32, oppry = 1,
and ogg = 0.0079. We considered also the systematic uncertainties of the shapes
of CEvNS and PBRN spectra using the information in the COHERENT data re-
lease [91]]. This is done in Eq. through the nuisance parameters ¢,; and the
terms 737 given by

Nsys _ NCV

sys zl,ij zl,ig
i = e — e (2.79)

zl,ij

where [ is the index of the source of the systematic uncertainty. Here N)°. and

zl,ij

Ng\; are, respectively, 1o probability distribution functions (PDFs) describ]ed in
Table 3 of Ref. and the central-value (CV) SM predictions described in Ta-
ble 2 of Ref. [91]]. For the theoretical prediction of CEvNS (z = 1), the sources of
systematic shape uncertainties are the Fy, energy dependence and the mean time
to trigger () distribution. For the PBRN background (» = 2), the sources of
systematic shape uncertainties are the energy, ¢,;, mean, and t,;, width distribu-
tions.

As already discussed in the case of COHERENT Csl data, in case of beyond the
standard model scenarios, N N5 will be properly modified inside the chi-square
function. In order to perform combined analysis using both data sets, the least-
squares function will be obtained by summing the function in Eq. and the

one in Eq.

2.4.2 — Dresden-II —

In 2022, the first evidence of CEvNS from reactor neutrinos has been reported
by the Dresden-II collaboration, using a 2.924 kg p-type point contact germanium
detector, named NCC-1701 with a low experimental threshold, namely 7, =
0.2keV... The detector is located in close proximity (L ~ 10.39 m) to the core of
the Dresden-II boiling water reactor power plant, in Illinois.

Figure 2.32: (Left) Schematic of the detector location within the Dresden-II boil-
ing water reactor plant. (Right) Cross section of the NCC-1701 detector and its
shielding system. Image taken from Ref. [93].
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A schematic of the location of the detector and a cross section of the system are
shown in Fig. More technical details about the detector, shielding and acqui-
sition system can be found in Ref. [93].

The data of interest have been collected between 22/1/2021 and 8/5/2021, with
a reactor power of 2.96 GWy,, resulting in 96.4 days of effective exposure. The
flux normalization estimate at the reactor location during the operational period
is 4.8 - 10127, /em?s, as in Fig.

The quenching factor for the germanium crystal was measured by the same au-
thors, and in particular they refer to two different possible models, fitting different
data sets, namely the iron-filter (Fef) and the photo-neutron (YBe) ones [92, 94].

— iron filter (Fef)
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Figure 2.33: Germanium quenching factor measurement as a function of the nu-
clear recoil energy. The blue points and line correspond to the iron filter data, the
red ones to the photo-neutron ones [92, 94]. The green line shows the standard
Lindhard prediction of the quenching factor for germanium [95, 96].

These new measurements show a rather large quenching factor at tiny nuclear
recoil energies (below ~ 1keV,,), with respect to the expectation of traditional
quenching factor models, such as the Lindhard model.

The Lindhard model for the quenching factor is considered a standard quenching
reference in the community, and in particular for germanium it is defined by [95,
961

56 ) = e v

1+ kae : gGe(an)

Wlth ]C(;e = 0157, and gGe(an> = 3[€Ge(an)]0'15 + 0.7 - [EGe<an)]0'6 -+ GGe(an) and
cce(To) = 115 Z5 " - T,

(2.80)
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According to the authors, the Lindhard theory is not suitable to describe the mi-
croscopic mechanisms that govern the quenching factor at low recoil energies.
However, there is not even a clear physical explanation for such larger values of
the quenching. Therefore, many discussions are ongoing in the community, in the
direction of the need for further quenching measurements in the full recoil range.
Since the data are provided as a function of the electron recoil energy, we need
to account for the quenching factor to determine the rate, when making the con-
volution of the CEvNS cross section| in Eq. with the reactor neutrino flux
shown in Fig. The theoretical number of CEvNS events in each electron
recoil energy bin is given by [6]]

Tei+1 T/max

NSO = NG [ an, [ RE T @8

i /min
S Thr

E
max dN; v do TN
X dE E

Lmin (Tlgr) dE ( ) dTrllr

(B, T,

> nr

where N'= 4Ge with A = 70, 72,73, 74,76, and NCENS(Ge) = 3~ , f(4Ge)-NFENS(1Ge),
where f(4Ge) are the germanium isotopic abundances. Moreover, N (Ge) = 2.43 x

10?° is the number of germanium atoms, 7/™" ~ 2.96 €V is the minimum average
ionization energy in Ge and R(T., T}(T},)) is the detector energy resolution func-
tion. The detector energy-resolution function is described as a truncated Gaus-
sian [6]]

2 1 _ (Te=Ti(1h)?
e et (2.82)
1+ Exf ( m>) 270,

R(T., Ti(Ty)) =

with a standard deviation equal to o = /02 + nF;T,, where the average energy
of electron-hole formation is n = 2.96 eV and the Fano factor is Fy = 0.11 for
Ge [92]]. Finally, in Eq. the experimental acceptance does not appear since
the data points provided in the data release are already corrected for it.

In the energy region of interest of Dresden-II, 0.2keV.. < T, < 1.5keV,, the main
background components come from the elastic scattering of epithermal neutrons
and the electron capture in "'Ge. The epithermal neutron contribution, which is
the dominant one in the CEvNS recoil-energy region, T, < 0.5keV ., is described
by an exponential function with decay constant T, plus a constant term Nepith-
Instead, the electron capture peaks from "'Ge, namely the L1-, L2- and M-shell
peaks, are described each by a Gaussian function. The latter is parameterized by
an amplitude A;, the centroid 7; and the standard deviation o;, where i = L1, L2
and M. Thus, the expected event rate of background is given by

AN A Te/T, > A oot (2.83)
= Nepith + Aepigne ¢/ 7P + e W .
dT o o i—Triem V270

’Let us note that since the typical neutrino energies of reactor neutrinos are E, ~ 2MeV, the
form factors in the cross section have a negligible impact.
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Following Ref. [6], 92], the total amount of free parameters for the background
prediction reduces to: Nepith, Aepith> Lepith, Ar1, Fri, o1 and Syyni. In fact, the
amplitude of the L2 shell contribution can be expressed in terms of the amplitude
of the L1 shell (Ay,), in particular A;5/A;; = 0.008, and o1, = op;. The centroid
of the L1 Gaussian has nominal value 77, = 1.297 keV, while the L2 Gaussian
one can be safely set to 71, = 1.142 keV. The standard deviation of the M-shell
contribution can be fixed to the electronic noise uncertainty, which is o,, = 68.5 eV
for the Rx-ON (reactor operation period) data.
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Figure 2.34: Event count rate as a function of the electron recoil energy 7. for the
Dresden-II measurement. The black points correspond to the dataset provided by
the authors in Ref. [92]. The gray curve instead shows the best fit of the back-
ground model (using the CEvNS with Fef). The blue, red and green curves corre-
spond to the SM CEvNS rates obtained using the Fef, YBe and Lindhard quench-
ing, respectively. The lighter blue, red and green dashed curves represent the
background plus CEvNS rates for the corresponding quenching models. The inset
shows a zoom of the rates in the region of interest of CEvNS searches.

The centroid of the M-shell Gaussian is fixed to its nominal value Ty; = 0.158 keV,
being smaller than the experimental threshold whereas its amplitude is left free to
vary in the fit with a constraint corresponding to the experimentally determined
ratio BM/LI = AM/ALl = 0.16 &= 0.03.

To analyze the Dresden-II data, we build the following least-squares function [|6]

130

Vo= Y (M e SN (D Bt (221 s

Py Oexp O Bmy11

where Nf’kg and NCFNS are the predictions in the i-th electron recoil energy bin
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for the background and the CEvNS signal signal, respectively, and N, is the ex-
perimental number of events in the i-th bin. The nuisance parameter « takes into
account the uncertainty on the neutrino flux (with o, = 2%), while y;/1 is a prior
for the M- to L1-shells ratio, with 11 = 0.16 and o, ,, = 0.03.

In Fig. we show the event rate predicted in the SM for CEvNS in the NCC-
1701 detector considering the three different quenching models presented in Fig.
In the figure also the data set is shown together with an example of the expected
background event rate (in gray), obtained by fitting the data assuming SM CEvNS
and Fef quenching. To give an idea of how the CEvNS rate compares directly to
the data, we show the rate for background plus CEvNS and an inset with a zoomed
range in the low recoil regime. In fact, the SM CEvNS signal is all concentrated at
low electron recoil energies, 7, < 0.4keV... Therefore, low thresholds are needed
to measure CEvNS using reactor anti-neutrinos.

From Fig. it is clear that the expected CEvNS event rate is rather low, es-
pecially compared to the counts due to the background components. Thus, for
reactor CEvNS experiments, it is crucial to characterize the background, as it is
difficult to reduce it, since for example, the timing information is missing (differ-
ently from the 7-DAR experiments). Moreover, we see that the CEvNS event rate
is strongly dependent on the considered quenching model. Using Fef (blue), the
rate of events is significantly enhanced with respect to the one obtained accord-
ing to the standard Lindhard theory (green), while the YBe quenching stands in
the middle. Hence, in order to perform precision CEvNS measurements at reactor
power plants, it is crucial to have a well tested and understood quenching factor,
especially at low recoil energies.

In some beyond the standard model scenario, we will consider also the contribu-
tion given by the vES process. The discussion is rather similar, but for the different
cross section. Additionally, the vES rate does not depend on the quenching fac-
tor model as it intrinsically depends on the elector recoil energy. When we will
account for the vES contribution, in practice, the x? function in Eq. will be
modified by adding to the NFF*N5 contribution the number of vES events in the
same energy bin, NP5, weighted by the same a nuisance parameter.

2.4.3 — Xenon based Dark Matter detectors: Lux-Zeplin —

In this section, we will move from experiments developed in order to measure
CEvNS, to experiments whose aim is to search for hypothetical dark matter parti-
cles interacting with target materials.

Among this very wide research field, we will concentrate on noble-elements dual-
phase TPCs, and in particular, those filled with xenon (Xe) or argon (Ar). With
dual-phase TPC, we refer to a time projection chamber filled with a liquid for most
of its volume, but for a small gas pocket on the top, which constitutes the second
phase of the chamber.

This technology is adopted widely in direct dark matter searches, where one looks
for possible recoil signals in the TPC by dark matter particles coming from space.
Such recoils would produce a first scintillation signal, called S1, that can be de-
tected by a system of photo-multiplier tubes located at the top and at the bottom
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of the chamber. Following the scintillation, material electrons get ionized, and
thanks to an electric field applied between the bottom and the top of the chamber,
they drift toward the gas phase (also known as gas pocket). Once the electrons
reach the interface with the gas phase, they emit again light that is detected by
the photo-multipliers. A schematic of the working mechanism of a LXe dual-phase

TPC is shown in Fig.
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Figure 2.35: Schematic of the signals produced in a dual-phase TPC filled with
xenon, taken from Ref. [97]]. In particular, the left part of the picture shows the
S1 signal, so the light produced by the recoil in the liquid xenon. The right part
shows the S2 signal, so the one produced by the ionized electrons that after having
been drifted, emit photons at the interface between the liquid phase and the gas
pocket.

The collection of light in the photo-multipliers planes allows the reconstruction of
the x-y position of the recoil event. Instead, the drift time, i.e. the time between
the S1 and S2 signal, allows one to reconstruct the depth at which the event was
generated in the chamber (z position), providing a quite good 3D reconstruction.
This mechanism is rather general and can be applied also in the case of dual-phase
TPC filled with argon or other noble liquids, although the scintillation mechanism
can be slightly different from material to material. The electric field applied can
also be different from detector to detector. The same applies to the read-out sys-
tem and other technical details.

We will concentrate on the Lux-Zeplin (L.Z) Collaboration, which has recently re-
ported their first weakly interacting massive particles (candidate of dark matter)
search using an exposure of 60 live days and 7 t of LXe (5.5 t fiducial mass)
at the Sandford Underground Research Facility in Lead, South Dakota.

Let us note that almost at the same time, also the XENON-nT Collaboration re-
leased their data, using a very similar LXe dual-phase TPC located at the Labo-
ratori Nazionali del Gran Sasso (LNGS), in Italy, with 4.37 t of active mass and
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a total exposure of 1.16 t yr. A discussion of their measurement can be found in
Ref. [99]].

Technical details on the LZ detector can be found in Ref. [98] and Ref. [100], while
a schematic of it is shown in Fig.

Like the other direct dark matter detectors, the LZ detector is located under-
ground to exploit the ground rock as a natural shield from cosmogenic back-
grounds. In particular, the LZ detector is shielded by an overburden of 4300 m
water-equivalent.

The LZ Detector
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Figure 2.36: Schematic of the Lux-Zeplin dual-phase TPC located in the Sandford
Underground Research Facility in South Dakota [98,|100].

Therefore, one of the backgrounds for direct dark matter detectors is due to solar
neutrinos, as thanks to their weak cross section, they do not get shielded by the
rock. Moreover, the dark matter particle searched for by this kind of experiments is
expected to interact weakly and to produce a similar signature to the one produced
by neutrinos interacting with nuclei in the active volume of the TPC, so it is not
trivial to distinguish a signal from such hypothetical dark matter candidate and a
neutrino. It is clear that CEvNS and vES are crucial to determine the background
and analyse data of a direct dark matter experiment.

Furthermore, as we will discuss later in this thesis, dark matter detectors can also
become "neutrino detectors", as some of their technical features made for dark
matter searches, turn out to be very suitable and powerful when looking from
beyond the standard model neutrino properties.

One interesting aspect of dark matter detectors is that they are designed to have
very low energy thresholds. For instance, the LZ detector has a threshold around
~ 5keV,, (~ 1.5keV,.).

The LZ Collaboration reported around 27 vES events in their region of interest
(ROI), while the contribution of CEvNS results to be significantly smaller in that
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recoil energy range, around 0.15 events, coming mainly from the contribution of
B solar neutrinos.
The total vES cross section to be considered is given by the weighted sum of the
different neutrino flavor cross sections according to the oscillation mechanism, so
that [|7]]

do,

do,
o7 (B, Te) = Pc ”€+Z ! (2.85)

AT’

T
where P,. = sin*6;3 + cos*6;5P? [101] is the average survival probability for
solar neutrinos reaching the detector when considering the dominant pp and "Be
fluxes and P* ~ 0.55 [25} 138] is the v, survival probability in the two-neutrino
oscillation scheme. Here, P,, = (1— F..) cos® fp3 and P,, = (1— P..) sin? fy5 are the
transition probabilities. The values of the corresponding mixing angles 6,3 and 6,3
were taken from Ref. [25]. The cross sections are the ones defined in Eq.
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Figure 2.37: (Left) Signal efficiency of the LZ detector as a function of the nu-
clear recoil energy as provided by the collaboration in Ref. [98]. (Right) Signal
efficiency of the LZ detector as a function of the electron recoil energy as obtained
converting the nuclear recoil one using the NEST 2.3.7 software [7]. The gray
vertical dashed lines indicate the energy thresholds in both cases.

The main components that contribute to the vES event rate in the ROI, are the
pp flux and the monochromatic "Be 861 keV line, which have been presented in
Fig. Following a very similar strategy to the one used to analyse COHERENT
data, we calculated the expected number of vES in each electron recoil energy bin

by (7]

Tt

Emax
T, A(T,) / dEZdN (0 CrmT). (286

N/ES = N(Xe /
xe) Ban(T) S 4B T dIe

7
e

where N(Xe) is the number of xenon targets contamed in the detector, A(T.) is
the energy-dependent detector efficiency, Epnin (7 (Te + /T2 + 2m.T.)/2, and
FEmnax ~ 2 MeV. The number of target xenon atoms in the detector is given by
N(Xe) = NpMget/Mxo, where Ny is the Avogadro number, My, = 5.5 t is the
detector fiducial mass and My, is the average xenon molar mass.

In principle, in Eq. also the energy resolution should appear to convert the
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recoil energy, into the true recoil energy. The energy resolution is measured to be
very precise by the LZ Collaboration, so that it has little effect on the calculation
of the rates. To check this, the theoretical spectra were smeared using a Gaussian
distribution with an energy-dependent width, which has been determined using an
empirical fit of mono-energetic peaks [[102]. In particular, we employed o(7T.) =
K/\/T,, with K = 0.323 4 0.001 as reported in Ref. [103].
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Figure 2.38: (Left) Theoretical CEvNS event rate on xenon as a function of the
nuclear recoil energy. The three different flux components contributing to the to-
tal rate are shown through the different colors: green for 8B, purple for hep and
orange for atmospheric neutrinos. The vertical gray band indicates the experi-
mental threshold of the LZ detector. (Right) Theoretical VES event rate on xenon
as a function of the electron recoil energy. The three different flavors are shown
through the different colors: green for v,, orange for v, and purple for v,. The
vertical gray band indicates the experimental threshold of the LZ detector.

The detector efficiency has been provided by the LZ Collaboration as a function of
the nuclear recoil energy, so that it was necessary to convert it into the observed
energy, i.e. electron recoil energy. In order to do so, we used the NEST 2.3.7
software [[104]. The efficiency as a function of the nuclear recoil energy (left) and
of the electron recoil energy (right) is shown in Fig. In the figure, the gray
vertical line indicates the energy threshold of the experiment, and the gray bands
show the energy range that is not accessible to the experiment.

In Fig. we present the theoretical event rates on xenon in units of keV 'ton~*day "
for CEvNS (left) and vES (right), as a function of the nuclear (left) and electron
(right) recoil energy. From the comparison between the two images, it is clear that
the event rate of vES is significantly higher than the CEvNS event rate, if one con-
siders the LZ ROIs identified by the efficiencies in Fig. To further stress this,
in the figure, the vertical gray bands indicate the below threshold energy regions,
to show the part of the spectra which is excluded by the analysis. In this sense,
the solar neutrino contribution to CEvNS rate, results to be completely below the
threshold, so that only atmospheric neutrinos can contribute to the ROI, however,
this results in a rate which is about a factor 10® lower than the vES contribution.
Instead, the steps in the right image of Fig. reflect the ZX¢ function in the
VES cross section.
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Indeed, we can neglect the CEvNS contribution when calculating the number of
events in each experimental bin, and consider only the vES contribution, since the
acceptance would exclude completely the contribution of solar neutrino CEvNS.
To obtain the count rate, we need to consider also the experimental exposure,
which is given by the product of the active detector mass (5.5 t for LZ) and total
time of data collecting (60.3 days for LZ).
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Figure 2.39: LZ data set as a function of the electron recoil energy 7,, together
with the systematic and statistical error budgets [98]. The magenta line shows the
experimental vES rate, the orange one indicates the 37Ar background component,
and the blue line shows the total background, subtracted for the vES component.

In Fig. we show the experimental vES rate of events as a function of the
electron recoil energy, expected for the LZ detector, which corresponds to a total of
~27 events in the ROLI. In the figure, also the data points provided by the Collabo-
ration are shown, together with the residual background component (background
at which we have subtracted the vES contribution) and the 37Ar background com-
ponent, which is one of the dominating background for the LZ measurement [7,
98]]. The latter is an unstable argon isotope with a half-life of about 35 days, which
thus, undergoes the 5 decay process producing electrons at 7, ~ 3 keV...

To analyze the LZ data, we have built the following Poissonian chi-square func-
tion [7]

51
=2 [(1 + Q)N 4 (14 B)NYES — NP

i=1

NP ((1 e B)Nim) |+ (2 (). e

where N is the number of residual background events found in the i-th bin fit
by the LZ Collaboration and N;™ is the experimental number of events in the i-th
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bin [98]]. The nuisance parameter « takes into account the uncertainty on the
neutrino backgroundﬂ (with o, = 5.1%), while 8 accounts for the uncertainty on
the neutrino ﬂuxﬂ (with o5 = 7%). However, in order to keep into account the
large uncertainty on the 3"Ar background component, we analyze the LZ data also
with a different least-squares function [7]]

51
o = 230 [ 4 BN 4 5T s
=1

NP
exp i
A aNPKe 4 BNVES 4 GNTAr }
a—1\2 —1N2 /6 — 12
+( )+<ﬁ )+ (=) (2.88)
Oq op ags
where N* is the number of residual background events at which we have sub-
tracted also the 3"Ar contribution as found in the i-th electron recoil energy bin fit
by the LZ Collaboration, and N, A" is the number of 3"Ar background events found
in the i-th bin fit by the LZ Collaboration, scaled such that the integral is equal to
96 events, as estimated in Ref. [98]]. In such a way, we leave the latter contribution
free to vary in the fit with a Gaussian constraint given by the additional nuisance
parameter §, which takes into account the uncertainty on the 3"Ar background,
with o5 = 100%. In this case, we set 0, = 13%, which is the uncertainty on the ex-

pected number of background events provided in Ref. [98] when not considering
the 37Ar contribution.

2.4.4 — Argon based Dark Matter detector: DarkSide-20k ——

The counterpart of direct dark matter searches with LXe detectors is represented
by the LAr detectors. They employ the same dual-phase TPC technology, but with
a lighter target nucleus like argon.

Argon has the advantage with respect to xenon that it can be easily purified from
electro-negative impurities and it is very abundant in the atmosphere (it is usually
called atmospheric argon, AAr). However, the interaction of cosmic rays with AAr,
activates some radiative argon isotopes, namely *’Ar, 3"Ar and “?Ar, which be-
ing -emitter, introduce an intrinsic background in the detectors. 3°Ar constitutes
the dominant source of background at low energies for argon-based detectors, re-
quiring dedicated studies to reduce its contribution. In addition, the scintillation
mechanism of argon allows for an efficient discrimination between nuclear and
electron recoil signals, which is very profitable for dark matter searches.

The DarkSide-50 Collaboration, which leads the argon-based direct dark matter
searches using a dual-phase TPC, cleverly decided to use an argon from a dif-
ferent source, known as underground argon (UAr), which can be extracted by

8We note that this procedure ignores the fact that the different background contributions have
a different relative uncertainty. However, given that the total background is dominated by the
decays this approximation is valid.

°The flux uncertainty is about 7% for “Be and 0.6% for pp [105], we conservatively use the first
one for both fluxes.
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underground natural gas reservoirs [[106]. UAr is argon from natural gas wells
which is depleted of 3°Ar, as its activation process due to cosmic rays is strongly
suppressed, thanks to the natural rock shielding. The DarkSide-50 Collaboration
demonstrated that the UAr has an ?Ar rate of 7.3 x 10~* Bq kg™, which is a factor
of about 1400 below atmospheric levels [107].

Recently, the Aria Project, which is part of the DarkSide scientific program, demon-
strated also that a very tall cryogenic column can be used to further purify argon
from its problematic radiative isotope 20]]. The prototype of the Aria distilla-
tion column is running in the mine shaft at Carbosulcis S.p.A. in Nuraxi-Figus, in
Sardinia, and the final 350 m tall column is currently under construction.

The DarkSide-50 detector is now dismantled after its successful measurements
started in 2013. Meanwhile, the DarkSide Collaboration has been designing the
next argon-based dual-phase TPC detector to search for dark matter signals. The
new detector, known as DarkSide-20k (DS-20Kk), is under installation at the LNGS
in Italy, and will be filled with 50 tons of active mass of UAr argon coming from
Colorado and then further purified using the Aria column.

The detector has a similar technology to the LZ and XENON-nT detectors, how-
ever it will have a light readout made of silicon photo-multipliers planes, instead
of the canonical photo-multiplier tubes. A schematic of the DarkSide-20k detector

is shown in Fig.
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Figure 2.40: Schematic of the DarkSide-20k dark matter detector which is under
construction at the Gran Sasso National Laboratories with a closeup of the inner
detector shown on the right [108].

In a similar way to what we have discussed for the LZ detector, we can determine
the CEvNS and vES theoretical rate for a 50 ton (20 ton after fiducialization) LAr
dual-phase TPC, to understand the impact of neutrinos as a background source, in
the context of the DarkSide-20k detector.

As the detector is not taking data and finalised, we only consider theoretical rates.
In particular, the CEvNS event rate on argon is shown in the left image in Fig.
(left), while the vES one in the right one of the same figure.

These rates can be compared to the ones obtained for the case of a xenon tar-
get, in Fig. The CEvNS event rate on argon results to be higher, especially
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for the atmospheric neutrino contribution, as a given nuclear recoil energy cor-
responds to a smaller momentum transfer in the case of argon, because of the
lighter nuclear mass. In this sense, the CEvNS event rate expands toward much
higher nuclear recoil energies. However, the energy threshold for argon detectors
is usually high enough to still cut the solar neutrino contribution out of the ROI. In
the Fig. (Left), we fixed the threshold to ~ 30 keV,, to indicate an estimate of
the possible nuclear recoil energy threshold for the DS-20k detector. Considering
such energy threshold, and integrating up to ~ 200 keV,,, we estimate around 2.9
CEvNS events in the DS-20k ROI with an exposure of 200 ton yr.
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Figure 2.41: (Left) Theoretical CEvNS event rate on argon as a function of the
nuclear recoil energy. The three different flux components contributing to the
total rate are shown through the different colors: green for ®B, purple for hep and
orange for atmospheric neutrinos. The vertical gray band indicates an estimate
of the experimental threshold for DS-20k. (Right) Theoretical vES event rate on
argon as a function of the electron recoil energy. The three different flavors are
shown through the different colors: green for v,, orange for v, and purple for v,.

Also the vES event rate is similar between the case of LAr and LXe (for the latter
see Fig. [2.38), although the rate on argon is slightly higher. In this case, we
didn’t indicate an energy threshold, as the details of the DS-20k on this kind of
measurement are not available yet. In particular, this threshold can also depend
on the quenching factor model of argon considered by the Collaboration.

2.4.4.1 The Single Electron "problem" in the DarkSide-50 detector

We have just discussed the intriguing characteristics of direct dark matter detec-
tors, in particular in the context of noble liquid dual-phase TPCs. The detectors are
optimized in order to reach very low background levels together with low energy
thresholds, which makes them suitable also to search for neutrino BSM signals as
we will discuss later on.

Reaching lower thresholds represents one of the main challenges for future dark
matter detectors as well as for neutrino detectors, however, achieving lower re-
coil energies is not trivial. Indeed, one limiting factor that has been observed
in a plethora of different experiments is the presence of a still-to-be-understood
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excess of events in the low recoil region, which has motivated many discussions
around the community. In particular, this excess of events has been observed in
various crystal based detectors, motivating the creation of a common initiative,
called EXCESS [[109], in order to join the efforts looking for a possible explana-
tion. However, similar events have been detected also in noble liquid dark matter
TPCs, among which the DarkSide-50 (DS-50) detector [9]. The careful charac-
terization of this unexpected background component is crucial especially as the
community is developing the next generation devices, which aim to reach even
lower background levels and thresholds besides being scaled up significantly. This
applies, for instance, to the DarkSide-20k (DS-20k) [110] detector, which is cur-
rently under construction.

As we have already discussed, a typical interaction in the active volume of the TPC
yields a prompt scintillation signal, S1, and one or more clouds of ionization elec-
trons, depending on the single- or multi-scatter nature of the interaction. Inside
the DS-50 LAr TPC, the extracted electrons drift upwards under a uniform electric
field until they reach the gas pocket and induce electroluminescence signals, S2.
We will call S1+S2 events, those in which both the scintillation and the ionization
signals are observed. In fact, low energy interactions may yield only S2 signals
above the detection threshold. These single-pulse events were used to extend the
search for dark matter to lower masses [[111].

In addition to S1+S2 and S2 only events, other event types were also observed in
the DS-50 detector [[9]. We discuss prompt emission events, namely events with an
additional small amplitude S2 pulse, occurring in the same 440 us data acquisition
window as standard events; we refer to these pulses as Single Electron Candidates
(SEC). We classify these events into two different categories: echo events, when
the SEC has a definite temporal relationship with the preceding S1 or S2 signals,
and bulk events, when the SEC does not have a definite temporal relationship
with the preceding S1 or S2, but is consistent with being due to a single elec-
tron. Therefore, both these event types have features that clearly distinguish them
from the common multi-scatter photon background interactions, for which the S2
pulses have a wide spectrum of charges. We also provide a tentative interpretation
of the observed event types [9]].

Events with single electron signals occurring outside the acquisition window of
a previous standard event, i.e. due to delayed emission, were also observed in
DS-50 [111]] and will be discussed and analyzed in an upcoming DS-50 publica-
tion, currently under finalization.

Similar kinds of events were also observed and studied with liquid-xenon based
detectors, indicating that the source of this background component may be com-
mon throughout different detector materials. The most comprehensive study was
performed by the LUX Collaboration [|112], to which, therefore, we refer for com-
parison. Other previous papers reporting similar event types can be found in
Refs. [113-116].

The DS-50 LAr TPC is a cylinder, whose active volume has a height of 35.6 cm and
a diameter of 35.6 cm at warm, and contains (46.4 + 0.7) kg of low-radioactivity
argon (UAr) extracted from underground [|106, 117, 118]]. Arrays of 19 3” photo-
multipliers (PMTs) at each end detect the S1 and S2 signals. The PMTs are im-
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mersed in liquid argon and view the active volume through fused silica windows.
These are coated on both faces with transparent conductive indium tin oxide (ITO)
films 15 nm thick. The inner faces of the window define the grounded anode (top)
and the HV cathode (bottom) of the TPC, while the outer faces are kept at the
average photocathode potential of each 19-PMT array.

The cylindrical side wall is made of 2.54 cm-thick polytetrafluoroethylene (PTFE)
reflector that was sintered using a special annealing cycle to increase its reflectiv-
ity. The PTFE reflector and the fused silica windows are coated with a tetraphenyl
butadiene (TPB) wavelength shifter, which absorbs the 128 nm LAr scintillation
photons and re-emits visible photons with a peak wavelength of 420 nm, which
can be detected by the PMTs. The specific thickness of the TPB coating on the
windows corresponds to a few pum thickness [9]].

Figure 2.42: Schematic of the DarkSide-50 detector in which we also show an
example of the S1 and S2 signals [[119].

The electric fields needed for drifting and extracting electrons are formed by the
ITO-coated cathode and anode planes, a field cage made of a stack of copper rings
behind the PTFE reflector held at graded potentials, and a grid that separates the
drift and electron extraction regions. The grid is placed 5 mm below the liquid
surface. It is made from hexagonal mesh photo-etched from a 50 pm-thick stain-
less steel foil and has an optical transparency of 95% at normal incidence. The
data employed in this analysis [9]] were collected between July 2015 and Octo-
ber 2017, with a TPC drift field of 200 V/cm, an extraction field of 2.8kV/cm,
and an electroluminescence field of 4.2kV/cm. At this extraction field, the grid
is fully transparent to electrons and the efficiency for extracting ionization elec-
trons into the gas layer is estimated to be close to 100% [120, 121]. The electron
drift time, t4 = Atse_s1, has a maximum value at t7% = 376 us, correspond-
ing to interactions located right above the cathode. The electron drift speed is
(0.93 4+ 0.01) mm/us [122]. A schematic of the DS-50 TPC is shown in Fig.
where an exemplification of the S1 and S2 signals is shown. The time acquisition
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window is set to record from all 38 PMTs for 440 us starting ~ 10 us before the
trigger, which, for this analysis, is the S1 signal. Software pulse-finding algorithms
are then applied to the digitized data, including the pre-trigger data. The software
classifies the pulses into two categories (S1 or S2) based on the fraction of light
detected within the first 90 ns (fy9). The fy variable is used to distinguish between
electron and nuclear recoils, as for electron recoils, its value is clustered around
0.3, while for nuclear recoils, it is around 0.7 [9]]. The efficiency of the software
pulse-finding algorithm is essentially 100 % for S2 signals larger than 30 PE [[123].
The pulse finder uses an integration window of 30 us, which is long enough to
include the entire S2 signal.

We select three-pulse events, with an S1 followed by two S2, one of which is called
a SEC. The S1 pulse provides the event trigger. We classify the selected events into
two groups, according to the time sequence of the three pulses: S1-S2-SEC, with
the SEC occurring after the S2 pulse, and S1-SEC-S2, with the SEC occurring be-
tween S1 and S2 [9]. The S2 light yield drops by about 60% from the center to the
sides of the detector [|124]]. To avoid efficiency corrections for the pulse finder, we
only select SEC pulses with the maximum signal in the top central PMT [9]. In this
analysis, only electron recoil events are selected, by requiring foo< 0.5. Moreover,
to limit the effects of saturation and pulse overlaps, we require S2< 50000 PE and
100 PE <S1< 1500 PE [9]. Moreover, in DS-50, the typical S2 to S1 charge ratio
for electron recoils is between 10 and 30. To further strengthen the identification
of the pulse sequence, the S2 to S1 ratio is required to be larger than 10.
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Figure 2.43: Distribution of SEC charge vs. time difference between the SEC and
the preceding S2 pulse, Atsgpc_s2. The set of events at small values of Atsgc_gs2
and large values of charge is related to double-scatter ~-ray interactions [9]].

In Fig. we show the charge of the SEC pulse vs. the time difference, Atgpc_go,
between the SEC pulse and the preceding S2, in the case of S1-S2-SEC events. We
observe three main features in the plot, corresponding to three sets of events.
One set of events in is clustered around Atsgc_s2 ~ 380 us, corresponding
to the maximum TPC drift time, and SEC charges up to a few hundred PEs. It
seems plausible that these events are due to S2 photons extracting electrons from
the cathode. The electrons then drift through the whole TPC length. We call
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these events S2-echo events. In Fig. we show the SEC charge spectrum for
these events. The peak related to the signal from one ionization electron is clearly
visible and its corresponding SEC charge@] is in agreement with the observation
of a previous DS-50 publication [111]] of ~ 23 PE. The distribution also shows a
tail extending to several electrons. The S2 pulses are quite large signals and can
induce the emission of more than one electron from the cathode.
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Figure 2.44: SEC charge distribution for S2-echo events [9].

From now on, we require the SEC to be a small amplitude electroluminescence
pulse, i.e. to have a charge smaller than 200 PE, which corresponds to about eight
extracted electrons.
The number of recorded S2-echo events is affected by the data acquisition window
of 430 us after the trigger. This time window is smaller than 2 x ¢}3%, the time that
would be required for recording all S2-echo events. In practice, the DS-50 data
acquisition only records S2-echo events originating from interactions in the top
section of the TPC, with drift times, Atgs_g;, smaller than 430 us — t32%, which is
~ 50 us [9].
The fraction of events containing an S2-echo, Fss.ccno, as a function of the drift
time, is

Fs2-echo(taritt) = Ns2-echo (tarite) /Ns2 (taritt)- (2.89)

The drift time, Atgs_g;, depends on the depth of the interaction, z, with z = 0 cor-
responding to Atgs_g; = 0, the gas-liquid interface. In Fig. we show the SEC
charge vs S2 charge distribution for S2-echo events. From the figure, we observe
that larger S2 charges correspond to a greater probability of inducing photoelec-
tric emission from the cathode of more than one electron. This corroborates our
interpretation of S2-echo events [9]].

We also expect that the probability of S2-echo events, independent of the SEC
pulse charge, increases with the S2 pulse charge. Indeed, this is clearly visible
in Fig. which shows the fraction of S2-echo events as a function of the S2

10Charge ~ 23 PE corresponds to one extracted electron, from which we speak about Single
Electron signals.
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charge. The fraction is found to increase with the S2 charge, leading to an event
fraction of about 0.5 at the maximum S2 selected energy.
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Figure 2.45: SEC charge vs S2 charge distribution for S2-echo events. Overlaid is
the profile histogram. A linear fit gives an intercept of ~ 23.3 PE and a slope of

~1.2x 1073 [|§|].

This translates into a probability of observing an echo of about ~ 20% for a S2
of 30000 PE. Since we selected only the events with the maximum signal in the
central top PMT, which causes a restricted geometric acceptance for the SEC, for
the events with S2 above this size essentially every event produced an echo signal
in the detector [9]. However, due to the limited data acquisition time window,
most of the third pulses are not recorded.
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Figure 2.46: Fraction of S2-echo events vs S2 charge, with 5 us < Atg g1 <
45 ps [91.

Another set of events in Fig. is clustered at SEC charges peaking at ~ 25 PE,
the single ionization electron response, and spanning the time axis from 50 us to
375 ps. These events are well separated from those with SEC charges larger than
a few 100 PEs, which are identified as S2 events from standard double-scatter -
ray interactions in the detector. It can be noticed that the pulse finder is not able
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to reconstruct SEC pulses below ~ 100 PE that are less than ~ 40 us after an
S2 pulse, as they would be incorporated inside the S2 signal. The origin of these
events can be understood from Fig. which shows the distribution of Atgpc_g2
vs. Atsgc_s1, when selecting events with SEC< 50 PE.
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Figure 2.47: Time difference Atsgc_s2 Vs time difference Atgpc_s; distribution for
events with SEC< 50 PE [9].

Three event categories are clearly visible in the distribution: a horizontal band
at Atsgc_s2 ~ 380 us, corresponding to the S2-echo events discussed previously,
a continuum of events without a specific time relation of the SEC with either
S1 or S2, which will be discussed later, and a vertical band, corresponding to
Atspo_s1 ~ 380 us, about one maximum drift time after the S1 signal. We interpret
these events as photoelectric emissions from the cathode induced by S1 photons
and call them S1-echo events, in analogy with S2-echo.

In Fig. we show the time distribution, Atggc_g;1, for events with SEC< 50
PE and Atspc_g2 < 350us. The narrowness of the peak for the S1-echo events
and the similarity between the rates before and after the peak imply that there
is no substantial delayed emission from the liquid surface on the scale of 10 to
100 ps. This finding agrees with the electron extraction efficiency into the gas
pocket being close to 100%. The events before and after the peak belong to the
S2-bulk category, that is the third type of SEC considered in this analysis, and will
be discussed later.

Fig. shows the fraction of S1-echo events, Fsiccho, as a function of the drift
time, tq.¢, defined as [9]]

NSl—echo (tdrift)

; (2.90)
N (taviet)

FSl-eCho(tdrift) -

with Ny (tqir) the selected total number of events (two pulses and three pulses).
The fraction Fyieano rises with tq. up to about 250 s, due to solid angle effect,
whereas it drops at large ¢4, when the time of the SEC becomes closer to the
preceding S2. This drop is due to a pulse finder inefficiency, similar to the effect
seen in Fig. which tends to merge small signals with a preceding S2.
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Figure 2.48: Time difference Atgpc_g; distribution, for events with SEC< 50 PE
and AiSEC,SQ < 350 us [9].

Indeed, when for instance, we select low energy events, such as with S1< 800 PE
and S2< 5000 PE, we find that the drop at large Atg,_g; only starts at ~ 300 us.
No tuning of the pulse finder algorithm was made to cope with this effect [|9]. We
tested the hypothesis that the drop could be due to the SEC being captured by the
ion cloud of the S2 signal, by selecting events for which the S2 signal maximum
is not in the central PMT. The corresponding distribution in Fig. does not
change, and we therefore discard this hypothesis. The presence of a time gap
between the S2 and the subsequent SEC is also visible in the continuum of events
at the bottom of Fig.

The geometric acceptance for S1 UV photons, €(r,tqs), defined as the fraction
of photons, for which we assume 47 emission at a given r and z position in the
chamber, that hits a cathode area corresponding to the central PMT, was calculated
with a simple Monte Carlo, and a schematic representation of the situation is
pictured in the left image of Fig. In the following, we made the simplifying
assumption, true to a good approximation, that the event distribution in ¢4,; and
r factorizes. Then, the average é(tq.r) is obtained by weighting the geometric
acceptance €(r, tq,r) by the normalized radial distribution, f(r), of the S2 pulses
measured with data, as

€(tarire) = Z €(r, taviee) f (1) - (2.91)

T

For ¢4 < 330 us, the calculated efficiency is a rising function of ¢4,; and can be
parameterized as [9]

é(tarige) = 0.0072 - 00024 asite () 0054, (2.92)

with ¢4, expressed in us. The fraction of S1-echo events vs drift time after S1 UV
photon acceptance corrections, defined as

NSl-echo (tdrift)
é(tariee) N (tarie)

Fsel—echo (tdrift) = (2.93)
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is shown in red in Fig. Below ~ 200 us we retrieve a flat distribution.
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Figure 2.49: Fraction of S1-echo events, Fsi.ccpno, VS drift time Atgs g1 (black dots)
and after S1 UV photon corrections (red dots), F§, ., [9].
F§, oo 1s multiplied by 0.01 to fit conveniently on the plot.

By repeating the results in Fig. but applied to S1-echo events (for 50 us <
Atga_ g1 < 200 ps), we observe that the probability of S1-echo events increases
with the S1 charge (see Fig. 9 of Ref. [9]]).

Moreover, by repeating also the results in Fig. for the S1-echo events, we
observe that similarly to the S2-echo case, the SEC charge distribution shows a
clear peak corresponding to one extracted electron and a lower shoulder due to
two extracted electrons (see Fig. 10 of Ref. [9]).

From the measured fraction of both S1-echo and S2-echo events, it is possible
to estimate the quantum efficiency of the cathode in liquid argon, i.e. the pho-
toelectron emission probability per UV photon, ., at the liquid argon emission
wavelengths of ~128 nm [9].

For the calculation of the quantum efficiency measured with S1 photons, Q) Es, we
select events with 50 us < Atgy_g; < 200 us. Indeed, we have shown in Fig.
that, for these drift times, we retrieve a flat distribution as a function of ¢g4,i¢, after
acceptance corrections. The number of S1-echo events is given by [9]

QFEs

m, (294)

Nsi-echo(tarit) = € (tdrift>N$U1V (tarife)

where the number of S1 UV photons is
N (tasite) = N (tann) (S1)e/g1. (2.95)

Nr(tavire) is the selected total number of events (two pulses and three pulses), (S1),
the S1 mean charge expressed in PE, and ¢; ~ 0.16 PE/~,, the average number
of photoelectrons per UV photon [124]]. The presence of the average number of
electrons per Sl-echo event, (N,)s;, in the denominator of Eq. takes into
account that an S1-echo event might have more than one extracted electron and
is defined by [9]

(Net)s1 = (SEC)s1/9, (2.96)
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with (SEC)g; the average SEC charge (see the distribution in Fig. 10 of Ref. [9]),
and g ~ 23 PE/e~ the photoelectric gain in the central PMT. In the selected Atgs s
range, the average fraction of S1-echo events, (F§,_ ), is ~ 1.0 (see Fig.[2.49),
and from Eq. [2.93] Eq.[2.94} and Eq. we obtain [9]]

QFs) ~ <F§1.echo><§’+><zvel>51. (2.97)

The mean value of S1, (S1)., is ~ 730 PE, while the average number of electrons,
(Nei)s1, s ~ 1.1, giving [9]]

QFEs; ~ 2.4 x 107 /vpy. (2.98)

The S2-echo photons are induced by S2 signals, which are all produced within the
thin gas region at the top of the TPC, shown by the light gray rectangle at the top
of the images in Fig. Therefore, the average acceptance for S2 UV photons,
€s0, is the value calculated from Eq. at tq. ~ 0. For S2-echo events, Eq.
gets modified into [9]

<FS2—echo> g2
Fao ~
QEs: b (2.

where the average of Fsa ocho, (Fs2.echo) ~ 0.055, is taken from Fig. 3 of Ref. [9]
over the interval 5 us < Atgy_s1 < 45 us, (5S2). is the mean S2 charge, (N,;)go is
the average number of electrons per S2-echo event,

(Nei) s2- (2.99)

(Ne)s2 = (SEC)s2 /g, (2.100)

with (SEC)g, the average charge of the distribution from Fig.[2.44} yielding (N.;) g2 ~
2.1. The mean S2 charge, (S2)., is ~ 23430 PE, g, ~ g1 ~ 0.16 PE/~,, [124,125],
and ég, ~ 1.8 x 1073, giving [9]

QFEsy ~ 4.4 x 107 /vyy. (2.101)

The two measurements of the quantum efficiency, () Es; in Eq. and QFs; in
Eq. are in broad agreement with each other. They are affected by systematic
uncertainties due to the dependence of both ¢; and ¢, on the interaction position
in the detector, at most a 10 — 20% effect, and to the acceptance calculation for S1
and S2 UV photons. Indeed, both é(¢4,if) and éss were calculated under the simpli-
fying assumption that the SEC signals with the maximum charge in the top center
PMT are only those with electrons extracted from the cathode area correspond-
ing to the center PMT. In this way, the efficiency is slightly underestimated, since
electrons extracted just outside that area can still give the same kind of signal. A
quick evaluation of the uncertainty on the geometric efficiency calculation can be
obtained from the fraction of the detector cross-section which is not covered by
the PMTs, which amounts to ~ 15% [9].

Moreover, Rayleigh scattering was also not included in the acceptance calcula-
tion. An upper bound on the size of this effect could be obtained by re-calculating
€(tariry) and éso with the inclusion in the Monte Carlo simulation of the Rayleigh
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scattering probability for the UV-photons, assuming that every scattered photon
is lost. In this extreme case, with a scattering length of 90 cm [126]], és» would
decrease by ~ 30%, whereas €(t4,i;) by only ~ 15% [9].

Furthermore, in the calculations of the acceptance for S1 and S2 UV photons, we
assumed no dependence on the angle of incidence on the cathode of the photo-
electric efficiency and that UV light attenuation in liquid argon is negligible.

The measured absorption length of TPB at 128 nm is about 400 nm [127]. Since
this thickness is much smaller than the few microns of the TPB on the DS-50 cath-
ode, most of the photoelectric effect we observe is due to electron emission from
the TPB itself. The QE we measure is therefore the previously unmeasured quan-
tum efficiency of the TPB in liquid argon. It should also be noted that this may
be different from the value measured in vacuum since the effective work function
of the TPB could be modified by the electron affinity of the liquid argon, as is ex-
pected for liquid xenon [112]].

In Fig. there is also a continuum of events with no specific values of time
differences between SEC and either S1 or S2, which are not interpretable in terms
of S1-echo and S2-echo events. Since our selection constrains the SEC pulse to
follow the S2 one, these events follow the S2 signal, we call them S2-bulk events
(see a schematic representation in the right image of Fig. [2.51). However, it is
also possible to observe other events with no specific values of the time difference
between SEC and S1, by studying events with the time sequence S1-SEC-S2, and
they will be called S1-bulk events [9]. An unde