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Abstract

The Standard Model of particle physics is a remarkably successful predictive theory. Searches
for physics beyond the Standard Model require precise predictions and precise experiments
to look for subtle and unexpected deviations. This thesis investigates predictions and
experiments of low energy weak interactions in the neutrino sector. Operating within
the theoretical frame-work of the effective weak interaction, this thesis shows how careful
experiments can serve as broadband searches for new kinds of physics.

In particular this thesis presents results on the first measurement of coherent elastic
neutrino nucleus scattering by the COHERENT Collaboration on germanium. It also
includes a follow up measurement that is the most precise measurement of CEvNS to date.

These measurements, and the theoretical interventions that support them, show how
future precision tests of the Standard Model in low energy neutrino physics are a complement

to large colliders in their ability to probe the fundamental laws of nature.
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Chapter 1
Introduction

What are particle physicists supposed to study? The question is not at all rhetorical and,
indeed, there are many answers that float around the community. As a small contribution,
it is worth considering the limited perspective of a researcher who has joined the field at a
time where this question did not have an obvious answer.

For a portion of the modern history of the field of particle physics “discoveries” were
a thing that could be anticipated. Remarkable as it is, particles have repeatedly been
theorized before their observation. Clear road-maps have existed for planned progress in the
understanding of the laws of nature. The same cannot be said for this current moment.

For a generation of particle physicists who have taken up the profession in a post-Higgs
world, that certainty seems alien. The super-symmetry did not show up in the colliders, the
dark matter is still a mystery, and the Standard Model of particle physics has stubbornly
held on as humanity’s greatest predictive theory. Of course, a WIMP discovery could be
announced tomorrow or the Majorana nature of neutrinos could be revealed within the year
and everything would fall into place just as everyone predicted it would. And yet, just as
easily those discoveries might be generations away.

So it is worth really considering the question: what are particle physicists supposed to
study? The work of this thesis is a small slice of one type of answer: look everywhere and
have fun doing it.

Decades of institutional effort have carved out literal and metaphorical mines to search
for new physics. These Big Projects that are well motivated should be contributed to by
cohorts of creative and eager young scientists. And at the same time, it is important to
look for smaller rocks that have not yet been overturned because there is simply no way to
predict where the next hint will come for the new physics.

History tells us, so far, that the neutrino might hold some clues. Some of the first hints



at the new physics have come from the unexpected phenomena of neutrino oscillations —
the first cracks in the frustrating accidental symmetries of the Standard Model. Fortuitously
there are still many rocks to turn over in neutrino physics.

This thesis presents new results in the theoretical and experimental study of the weak
interaction as probed by low-energy neutrinos. It begins in Chapter 2 with a review of
the theoretical framework that underpins these investigations. Chapter 3 then details
novel contributions to the precise calculation of double beta decay rates, including new
strategies for using double beta decay to search for physics beyond the Standard Model. This
work appears in the Journal of High Energy Physics as “2v33 spectrum in chiral effective
field theory” (Volume 2025, Article 82, 2025). Chapter 4 shifts focus to coherent elastic
neutrino—nucleus scattering, summarizing the theoretical predictions for this process. The
remainder of the thesis presents the primary experimental efforts and new results in coherent
neutrino scattering, including work published in Physical Review Letters as “Evidence
of Coherent Elastic Neutrino—Nucleus Scattering with COHERENT’s Germanium Array”
(Phys. Rev. Lett. 134, 231801, 9 June 2025), as well as new, yet-unpublished results that
build upon this measurement.

This thesis will belabor why exactly these are interesting places to look for the new
physics but what will be harder to capture is, narratively, the type of personal development
that occurs throughout the doctorate.

The theoretical interventions in this thesis are some of the results of a six month
residency at Los Alamos National Laboratory. The main focus of this stay was to contribute
to one of these big projects: the Large Enriched Germanium Experiment for Neutrinoless
BB Decay (LEGEND). Contributions to the experimental efforts to LEGEND, including
looking for ways to poke at the Standard Model with the experiment beyond the pressing
search for Lepton Number Violation, do not appear in this thesis. This work however was
an instrumental learning experience and eventually gave rise to fruitful collaborations with
the Theory Division that hopefully continue for many years.

The experimental interventions are, broadly speaking, the result of a unique and nurturing



environment at both Duke University and Oak Ridge National Laboratory, manifested in the
COHERENT collaboration. Within this collaboration, the doctoral research matured into
independent contributions, culminating in new results on coherent elastic neutrino—nucleus
scattering with germanium detectors. Beyond the analyses presented in this thesis, additional
contributions were made to a range of collaborative efforts, including detector deployments
and the organization of working groups devoted to sterile neutrino searches. Although
these projects do not appear in detail here, they formed an important part of a broader
engagement with the collaboration and helped shape the perspective and skills that inform
the work that follows.

Taken together, the theoretical and experimental avenues of this work reflect an interplay
between the frameworks that guide curiosities and the experiments that test them; and the

joys of doing both.



Chapter 2
The Effective Weak Interaction

The focus of this work is on low-energy neutrinos, with energies comparable to the scale of
nuclear excitations, where the neutrino wavelengths are large enough that they probe nuclei
in their entirety. At these energies, nucleons and nuclei comprise the natural laboratory for
studying the weak interaction, and what neutrinos may reveal about fundamental physics.
Here, the phenomena of the weak interaction observed experimentally emerge as the aggregate
of microscopic interactions hidden inside of composite particles. Handling this microscopic
physics requires inputs from non-perturbative interactions in the strong force, and so is
often prohibitively difficult. Despite this, the framework of Effective Field Theory (EFT)
provides a prescription for making precise predictions, often treating nucleons and nuclei as
fundamental particles.

In this picture, effective interactions, and even the matter-fields, are the low-energy limit
of a theory that describes the physics above a certain energy scale. The development of the
theory of the weak interaction is useful example of this concept [1]. The early development
of the charged-current (CC) weak interaction was described with an interaction Lagrangian

that exhausted all possibilities:

Loc = Z Gy (1(0:)"p) (e(03) uv) + hec. (2.1)

Here, n,p, e, and v are Dirac matter fields that describe neutrons, protons, electrons,
and neutrinos respectively. The interaction responsible for beta decay is decomposed as a

sum over all possible fermion bilinears of the form ©¥O;1), where
O’i € {177/1477577#7570—/1”/}. (22)

are linearly independent Dirac matrices. They correspond to the scalar, vector, pseudoscalar,



axial-vector, and tensor currents. Together, the bilinear currents represent the Lorentz
structures that can appear in four-fermion interactions and form a complete basis under
Lorentz transformations. In full generality, each could, in principle, contribute to weak
interaction currents observed at low energies. Which of these actually occur in nature is
determined by observation.

Indeed, each operator introduces a different Lorentz structure, which manifests itself
experimentally through different observable phenomena. In experiments, this impacts the
differential rates that are the physical observables of the theory.

The development of weak interaction studies revealed that parity is maximally violated
in processes involving neutrinos, and that beta decays could only be consistently described
if the interaction had a chiral structure [2]. These results led to the formulation of the
vector—axial V' — A theory, in which the charged—current weak interaction couples left—handed
leptons to hadronic currents through a mixture of vector and axial-vector operators [3].

This structure can be expressed as

Loc = Gr (" (1 — gavs)p) (eyu(l —vs5)v) + h.c. (2.3)

The resulting framework encoded the Lorentz structure required to match experimental
observations. Refinements for precision predictions were introduced through the development
of form factors, which parametrize nucleon and nuclear structure effects not captured by the
effective theory. Higher-order effects, such as electroweak radiative corrections, were also
incorporated [4]. This effective description remains a remarkably successful framework for
understanding low-energy weak interactions.

Despite its success, the low-energy effective theory predicts neutrino—matter interaction
probabilities that grow with energy, eventually exceeding unity. In this context, the “proba-
bility” refers to the scattering probability for a neutrino to interact with a single nucleon

or nucleus. Because the Fermi interaction treats the weak force as a point-like contact



interaction, the predicted cross section grows as

o~ GLE2 (2.4)

At sufficiently high neutrino energies (a couple of hundred GeV), the interaction probability
becomes unphysical. The full electroweak theory, with explicit W and Z propagators,
restores sensible predictions for these energies. Historically, this limitation of the Fermi
theory was a key motivation for the development of a unified electroweak model. By contrast,
the full Standard Model remains well-behaved across all experimentally accessible energies.

In this thesis, a similar perspective is adopted: the Standard Model itself may be a
low-energy limit of a more fundamental theory. By expressing both the Standard Model
and possible new physics within an EFT framework, it becomes possible to search for subtle
signatures of high-energy phenomena in precision studies of low-energy neutrino interactions.
More specifically, this thesis focuses on a new measurement in neutrino-nucleus interactions
and how, when cast in this language of EFT, it can be used as a broad net to search for

new physics.

2.1 Effective Lagrangian

The work of this thesis is primarily focused on interactions between neutrinos and nuclei.
Since there are no nuclei in the Standard Model, EFT predictions need a prescription to
build up a picture of neutrino-nucleus interactions. That is, there needs to be a way to
go from operators that mediate neutrino-quark interactions all the way to operators that
mediate neutrino-nucleus interactions. Figure 2.1 illustrates the goal of this prescription
schematically.

While the main experimental intervention of this work is in a particular neutral-current
(NC) interaction, the theoretical interventions are primarily focused on a particular CC
interaction. In general, the application of the framework of EFT to compare precise

measurements to precise predictions is the same, and so, in this section, both CC and
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Figure 2.1: Transition from the Standard Model description of neutrino-quark scattering via
Z exchange (left) to the low-energy effective theory for coherent neutrino-nucleus scattering
(right).

NC interactions will be considered. Importantly, the effective weak theory inherits the
symmetries of the Standard Model. As a result, the couplings that appear in CC and NC
interactions are not independent, but related by the underlying electroweak structure. This
ensures that the two interactions provide complementary probes of new physics.

The starting point of the EFT framework is to enumerate possible operators that are
relevant in describing a physical process. Not all operators parametrize Standard Model
interactions, and many may not even be well-motivated. Tracking the dimensionality of
operators is a key feature of EFT. For energies below a characteristic energy scale A, one
can consider any operator of dimension d > 4 that enter in an expansion of the interaction
Lagrangian in powers of A?~%. The familiar V' — A picture, which parametrizes the standard
charged and neutral vector bosons, is described by dimension six operators.

After identifying the relevant operators, the low-energy, quark-level effective NC and CC

Lagrangians can be written as [1]:

G
Lo = 7; > (v (g% — gk )v) (@ (9% — 9575)9). (2.5)
q

£ = TE (7 (1= 25)e) (0 (1 = 25)d). (2.6

Here, neutrino indices have been suppressed and for the CC interaction the particular
quark flavors are chosen to correspond to beta decay. In general, only u,d, and s quarks

are considered. Coeflicients of the effective theory have been replaced with couplings of the



Standard Model,

N
<}
Il
N[ =
Q
NN
Il
D=

% — %sin2 Ow, q=u,c,t, (2.7)
9% =T4 — 2Q%sin? Oy =

—% + %Sin2 Ow, q=d,s,b.

Where Ty is the weak isospin of the gauge group, @ is the electromagnetic charge, and
Ow, often called the weak mixing angle, is a parameter of the Standard Model. The effective
Lagrangians are factored into leptonic currents and quark currents.

This is the effective weak theory to first order in perturbation theory. Higher order
corrections, in particular electromagnetic radiative corrections, can be parametrized as

corrections to the couplings described at the quark level.

2.2 Constructing Nuclear Currents

Connecting the quark-level effective operators to nucleon and nuclear interactions, proceeds

in two steps: first to nucleons, then to nuclei.

2.2.1 Nucleon-Level Currents

Quark currents are projected onto nucleon states using phenomenological form factors that
encode the effects of non-perturbative Quantum Chromo Dynamics (QCD). For a nucleon

n = n,p and quark flavor ¢, the vector and axial currents are parametrized as

qm¢ .2
(n(pp)lar*aln(p)) = alpy) [qu’"(f)'y"‘ + imawqu]wm, (2.8)
(n(pg)lay vsaln(p)) = u(py) [G%’"(qz)v“% + G?»’"(QZ)CJ“%]U(Z)), (2.9)

where ¢ = py — p is the four-momentum transfer, u(p) is the nucleon spinor, and Fj 2 and
G A, p are the Dirac, Pauli, axial, and pseudoscalar form factors [5, 6]. This Lorentz-covariant

form, @(ps)*u(p), is the same spinor structure that appears in fermionic S-matrix elements,



with the form factors encoding the composite internal structure of the nucleon.

In the limit ¢# — 0, the Dirac form factor F{""(0) reduces to the quark charge of the
nucleon and the axial form factor G%"(0) to its axial charge. In this regime, the currents
become momentum-independent and describe the static weak charges of the nucleon. The
CC and NC currents differ in their flavor structure: NC currents involve a sum over quark
flavors weighted by their weak couplings, while CC currents connect u <> d quarks in beta

decay.

2.2.2 Nuclear Currents and Matrix Elements

In the non-relativistic limit, where momentum transfers ¢ are small compared to the rest
mass of the nucleus M, the nuclear current can be expressed as a sum over all nucleon
currents [7]. This approximation treats each nucleon as a point like target and neglects
many-body interactions. It is a reasonable approximation below ~ 100 MeV, and a standard
regime for the work of this thesis. Here, the nuclear current can be written in the rest frame

of the nucleus as:

A
Tt o (@) = D €T (), (2.10)
k=1

where k labels nucleons, 7 is the position of the k-th nucleon, and Ji' () is the single-nucleon
current. Corrections to the static limit can be expressed as an expansion in powers of ¢/M [8,

9]:

A
T e (@) =D € TTE > [gvV(k)“ + gw Wk — g A — gpP("”)“] : (2.11)
n=1 k=1
where V®) W &) A(®) and P*) are general non-relativistic operators of a nucleon inside the
nucleus which is labeled by index n. The momentum dependent couplings gy, gw, ga, and
gp are linear combinations of the nucleon-level form factors. The non-relativistic expansion

in powers of |q]/M is summarized in Table 2.1, showing which components dominate at the



zero momentum limit and which terms enter as first order corrections in the recoil expansion.

Table 2.1: Non-relativistic reduction of the nuclear currents to order k£ =1 in ¢/M. Time
and spatial components are defined separately. Three-momentum ¢=p—p, Q = p+ 7,
and & is the Pauli spin matrix. This table is reproduced from [8].

k=0 k=1
w0 —(1/2M)q(q—io x Q)
AP 0 (1/2M)o-Q
Y0 ~(1/2M) ¢’ o-q
v k) 0 (1/2M)(Q — io x q)
Wk —iocxq —(1/2M)¢° (q —io X Q)
A) o 0
Pk) 0 —(1/2M)qq-o

The nuclear matrix element for a transition |a) — |3) is

A
(B1 T creus (D) =D (BlTT T ()] ), (2.12)
k=1

where J}' denotes the non-relativistic single-nucleon current. Here, |o) and |3) are many-
body wavefunctions of the nucleus expressed in coordinates of the individual nucleons, 7.
The exponential factor e’ arises from the Fourier transform of the spatially distributed
nucleon currents in the non-relativistic limit. In this way, nucleons are treated as localized
within the extent of the nuclear wavefunction.

In practice, this expression can be reorganized into a multipole expansion [5, 10], which
separates contributions according to their angular momentum and parity. The result connects
the single-nucleon form factors to observable nuclear transition amplitudes, allowing non-
perturbative effects to be systematically included within the EFT framework.

Figure 2.2 illustrates schematically the construction of nuclear currents from quark-level
operators. Quark currents are projected onto nucleons using hadronic form factors, and
nucleon currents are summed over the nucleons in the nucleus to form the nuclear current.

Coherent contributions arise when the nucleon currents add constructively across the nucleus

10



(how this leads to the familiar N? scaling in NC processes is shown in Chapter 4), while

sub-dominant nuclear responses can enter as interferences with specific Lorentz structures.

Quark operators
ql'q

Form factors / hadronization

b

Nucleon currents
J' = gy VF 4+ gaAF + gy WH + gp PH

Impulse approximation / sum over nucleons

~

{ Nuclear currents }

12 _ G- TH
Jnucleus - Zk e ‘]k

Figure 2.2: Schematic of the construction of nuclear currents from quark-level operators.
Quark currents are projected onto nucleons using hadronic form factors, and nucleon currents
are summed over the nucleus.

At low momentum transfer, the leading contributions come from the vector gy and axial
ga currents, while weak magnetism (gy ), induced pseudoscalar (gp), and higher-order recoil
corrections enter at subleading order. These suppressed terms can be systematically included
to quantify theoretical uncertainties, consistent with the ¢/M expansion.

Corrections to the impulse approximation can be expressed as many-body currents which
arise from meson-exchange or correlations between nucleons, that modify the total nuclear
current beyond a simple sum of single-nucleon contributions [11]. These corrections affect
both NC and CC interactions, particularly in spin-dependent and axial-vector channels [5],
and can be parametrized as effective quenching of nuclear form factors. In this thesis these
effects are still sub-dominant to experimental precision — though future studies of the low
energy weak interaction can include these higher order corrections.

Low-energy experiments that test the weak interaction require a language to capture
the effects of hadronic and nuclear physics. The familiar recipe summarized here connects

the single-nucleon hadronic form factors to the experimental observables, such as total

11



amplitudes and Lorentz structure of interactions. This is the feature of the EFT picture
most relevant to this work: by parameterizing the Standard Model in this basis calculations
are tractable and deviations can be easily modeled, allowing precision neutrino experiments

to probe physics, both old and new.
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Chapter 3

2vpB3: A Case Study in Effective
Theories of the Weak Interaction

In this work, double beta decay serves as a theoretical example of how EFT techniques provide
a unified language connecting low- and high-energy physics by systematically encoding the
effects of high-energy dynamics into the parameters of the low-energy theory. This same
framework underlies the main results of this thesis in neutrino scattering, presented in later
chapters, providing a prescription for how precise measurements of low-energy observables
can be used to infer the presence of new interactions arising from physics at higher energy
scales. This chapter therefore serves as a concrete test case for the methodology used
throughout this thesis.

Beta decay has played a central role in the development of theory of the weak interaction.
It is the canonical charged-current weak process. Historically, beta decay experiments led
to the positing of the small neutral particle now known as the neutrino [12]. Today, it still
serves as one of the most powerful probes of the Standard Model [13]. Two neutrino double
beta decay (2v3[3) is a related process where a nucleus decays through the conversion of
two neutrons to two protons. It is a second-order transition in the weak perturbation and,
as a result, it is one of the rarest processes on earth.

The process of 2v33 was first proposed by Maria Goeppert Mayer in 1935 [14], and
went undiscovered for decades due to its long half-lives [15]. Because of this rarity, the
experimental precisions of the differential rates of 2v35 has lagged behind the precision
of single beta decay experiments [16]. However, with the growing global program in the
search for neutrinoless double beta decay (0v/3(), experimental capabilities in the precise
measurements of 2v33 are steadily improving. In particular, the low backgrounds present in

these experiments, combined with the distinct kinematics of the process make it a potentially

13



complementary experimental approach to studying the weak CC interaction. Already, this
has led to an increased interest in using this process as a probe of the Standard Model [17,
18].

The ability to use this rare process as a probe of physics beyond the Standard Model
follows the recipe laid out in Chapter 2: within the context of an effective theory precise
predictions can be made that parametrize the uncertainty encoded in the non-perturbative
nuclear physics while simultaneously parameterizing any potential new physics. This strategy
requires that the theoretical uncertainties be well understood, so as not to confuse the new
physics for the intricacies of the microscopic physics of the nucleus.

This chapter! summarizes some of the formalism involved in precision calculations of
the 2v34 differential rate observable in the laboratory. It goes over some of the standard
approximations that have sufficed up to now in experiments and summarizes some novel
contributions in the next-to-leading order (NLO). In this framework this chapter covers how
exotic physics might enter into this picture and how precise calculations are necessary to

untangle the two.

3.1 Double Beta Decay

Double beta decay is a nuclear transition where two neutrons are converted into two protons,
through the emission of two neutrinos and two beta particles. For the purposes of this work
a simplifying assumption is made to consider only ground state to ground state transitions
with zero total angular momentum. This is the dominant mode observed experimentally
through which metastable isotopes can transition through double beta decay. This process

is described by:

07 (E;) = 07 (Ef) + € (Be1) + € (Be2) + Ve(Eu1) + Ve(Ey2) (3.1)

! This includes a few contributions to a publication that appeared in JHEP Volume 2025, article number 82,
(2025).
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where FE.1, Feo, Ey1, Ey o are the energies of the final state leptons, respectively, and E; and
E; are the energies of initial and final state nuclei.

The dominant contributions to the decay rate are well-studied in the literature [8, 19-21].
The differential decay rate can be written in terms of the leptonic phase space factor and

nuclear transition amplitude |Cy, |,

dp1 dp2 dki dka
(2m)3 (2m)3 (2m)3 (27)3

!/
dWa, =21 > " |Cop|* 6(Eer + Eea + Eoy + Eva + Ep — Ey) (3:2)

%,J spin
The differential rate depends on a sum over the participating neutrino flavors, which in the
Standard Model includes the three light species. The kinematic terms, p1, p2, ki, and ko
are the three momenta of the two electrons and two neutrinos, respectively. The remaining
sum over spins accounts for all possible helicity configurations of the final-state particles,

ensuring the rate reflects the total, unpolarized decay probability.

3.1.1 Transition Amplitude

The transition amplitude can be expressed as a contraction of the nuclear currents with the

usual leptonic currents,

2
Co =1 (GFﬁ"> UaUeg 3, [ iy (017743} (071 (910" {1 = PAGAG)
< [1— Pler,es)] €pa,ss (Y)W (1 = 15)N 1, 0 (V) €y sy ()7 (L = 15)N, oy (X)‘ (3:3)

Eel + Eul +En - Ez

Here, G is the Fermi constant, 6. is the Cabibbo angle, and U,; are matrix elements
that encode the strength of flavor changing weak interactions.

The leptonic wavefunctions ,(x) and N  (x) represent the outgoing electron and
neutrino spinors evaluated at the positions of the nucleonic currents inside the nucleus.

In the plane-wave approximation, they take the form of Dirac spinors multiplied by their
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spacetime phase factors,

ep,s(X) = ap,seip'xv Mcks(x) = Uik seik'x' (3.4)

sy

The integrals over x and y sum over the possible spatial locations of the two weak
interaction vertices inside the nucleus, which are nonzero only where nucleons participate in
the decay.

The operators P(eq, e2) and P(N;, Nj) antisymmetrize the amplitude under exchange of
identical leptons. Finally, the sum over intermediate nuclear states n runs over all virtual
states connecting the initial and final even-even nuclei, and the energy denominator reflects
these virtual states.

This expression illustrates the factorization into a purely nuclear part and a purely
leptonic part. The nuclear matrix elements depend on the nuclear structure, while the
leptonic currents determine the kinematic of the emitted electrons and neutrinos.

After anti-symmetrization, the transition amplitude can be expressed as four separate
contractions which run over the sums of intermediate states. This contraction depends on
the single-nucleon current, which can be read off the non-relativistic expansion discussed in
Equation 2.2.2. In particular, in analogy to vertex corrections in Quantum Electro Dynamics,
the leading order terms are related to the symmetries of the interaction — giving the familiar
vector and axial currents — whereas the NLO are linear in ¢/m,, (where m,, is the mass of

decaying neutrons). Considering only leading order terms for now, this current reduces to:
JH(x) = (Jy, Ja) - (3.5)

Contributions for intermediate transitions decompose into the time-like vector (Fermi)
transitions and the space-like axial (Gamow—Teller) transitions. After contracting with

the leptonic currents, the expression can be decomposed into the time-like and space-like
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components into terms such as:
YLy g gt = OIS0 0y — LY LA T

where the index 1 refers to an anti-symmetrized term under the exchange of identical leptons.
Up to isospin symmetry breaking, the doubly Fermi transitions are negligible and the nuclear
current reduces to the purely space-like, doubly Gamow—Teller transition.

The nuclear currents depends on intermediate sums of nuclear matrix element (NME)
which are often collected in the literature into two terms: M and M. Simplifying leptonic

kinematic terms are introduced:
ex = (Fa2 — F11)/2, e, = (B2 — E21)/2 (3.6)

in terms of E;; = E.; + E,;. Using these, the nuclear current terms can be re-expressed as:

m 1
ME. = ¢ ot Gty .t #rrlot
R R R

1
E, — 3(E;+ Ef) + ek

0% 3 1) - (1 zanﬂoﬂ), 1)
k l

where m. is the electron mass and g4 is the nucleon axial-vector form factor. M L can be
obtained by exchanging ex — €y,
Written in this way it can be shown that the amplitude reduces to the purely spacelike

contractions so that
Coy ~ ME.Li Lb, — ME Lt L (3 8)
2v Grti1422 Grti124215 .

where the leptonic currents have been re-expressed as tensors. After performing the traces

that arise from the unpolarized decay, and integrating over the lepton phase space the
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amplitude Cy, can be shown to be:
94 K L KL
Cop = S ((MF)? 4+ (M5)? 4+ (M ME)) . (3.9)
To now this has followed the standard derivation of the decay amplitude in the literature,

retaining only the terms that arise in the leading order of the non-relativistic reduction of

the nuclear currents.

3.1.2 Nuclear Structure and Closure Approximation

From here, the prediction of experimental observables depends on the terms MY which
depend on large numbers of NME in the sum over intermediate states, making detailed
calculations daunting. In the literature simplifying assumptions for computing double beta
decay rates rely on tricks to limit the number of inputs from nuclear theory. Being able to
control the nuclear theory uncertainties is key in hoping to make precise predictions.

The sum over virtual intermediate nuclear states is usually simplified by invoking the

closure approximation:

[n)(n] In) (n|
;E—@_@_&‘H ZE F.— B, — (B (3.10)

where F; is the energy of the initial nucleus, F,, denotes intermediate-state energies, and
(E,) is an average excitation energy chosen to allow for a powerful simplification of factoring
the denominator out of the intermediate sum in rate normalized spectra. Indeed, since
typical excitation energies are O(10) MeV, and the lepton energies are O(1) MeV this is
taken to be a reasonable assumption.

In Reference [21] this method is extended by considering a Taylor expansion in kinematic
ratios of the denominator as follows. The two terms that appear in the symmetrized

expressions for Mc{*{T and M(L;T contain energy denominators shifted by Leg ;. Writing the
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excitation energy of an intermediate state relative to the average of the ground states as

A, =E, - 3(E;+ Ey), (3.11)

the pair of denominators in the symmetrized combination can be combined algebraically. For

a single intermediate-state contribution proportional to M, one encounters the combination

1 1 24 2
= =" - (3.12)
A, —¢ Ap+e A2—-€e A, 1—(e/A)?
where € denotes either ex or €7, as appropriate.
Expanding the final factor as a geometric series in (e/A,)? (valid when |e| < |A4,|) gives

an even-power expansion,

Anl— + An l Z ( ) (3.13)

Multiplying by the common prefactors (including the electron mass m,. and the nuclear

structure factor M,,) and summing over intermediate states yields the expansion

m o) 2m
M =me Y Z(jf;f)z = > ()", G

an

where the nuclear-energy-weighted coefficients are defined as

M,

—2m—1 m
MEZ™Y = 2m,(2m,)? Z—AMH, (3.15)

so that the power counting is written in the form used in the literature. The M,, are
the nuclear matrix elements given by (07| ", &7, [1,7) - (1| >, 517;710T), and all nuclear
dependence is contained in the coefficients Mész b,

For the purposes of this work, the goal is to emphasize a case study in the factorization

of nuclear uncertainties in the search of physics beyond the Standard Model. In this case it

suffices to illustrate this point using only the leading order terms in the leptonic expansion
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— that is, the standard closure approximation.

Written in this way the transition amplitude reduces to

This result is a powerful simplifying assumption as the nuclear uncertainties have factored
completely. For isotopes which undergo 2v3( the lepton-energy combinations |ek 1| are
bounded by Q/2 ~ O(MeV), whereas typical intermediate-state excitation energies A,
are O(10-20 MeV). As a result, the expansion parameter |e/A,| is small, and the series
converges rapidly; numerically the leading correction is at the few-percent level in most

cases [21, 22].

3.1.3 Differential Rates and Uncertainties

Substituting the series (3.14) for both M and M* into the squared amplitude Cy, and
performing the required phase-space integrations produces an expansion of the observable
rate in even powers of the lepton-energy combinations e . At leading order one recovers
the usual closure result proportional to [Mé}l)]2, while the 2" and higher-order corrections
are suppressed by powers of (e/(A))2.

This leading order total rate can be expressed as

In2 —1))\ 2
Pl g (MéTl)> G2, (3.17)

where the leading term G%V contains the phase-space integral over the electron and neutrino
kinematics, and constants of the theory.

Expressed as a differential rate with respect to the most relevant experimental observable,
the total electron energy e, this can be written as

ar- 4 (-1)? dG(QJV
de A (MGT ) de (3.18)

20



Importantly, the rate normalized differential expression

1dl

S(e) = Tae’ (3.19)
at the leading order in the leptonic energy expansion has factored out all uncertainties in
the NME. To here this has been a summary of existing calculations in the literature for
the observable electron energy in 2v35 [8, 20, 21]. The main results of the EFT framework
have been to systematically parametrize and control the introduction of nuclear physics
uncertainties in a low-energy weak test. To this end, it possible to start considering how new
physics beyond the Standard Model might manifest in the low-energy regime and perturb
this picture. However, as experimental precision increases it is important to consider as well

the expected Standard Model terms beyond the simplifying assumptions made so far.

3.2 NLO Corrections in Nuclear Current

In the non-relativistic reduction of the nuclear currents there is a NLO correction from
induced weak magnetism (WM). In general, this term is a small correction, linear with g/m,.
Described here is the contribution from WM. This can be interpreted as a small perturbation

in the nuclear current, linear in recoil order, with a vector current term proportional to gps
i
Jh = gyvt —2g4S* + [‘(]Me"”aﬂva&gqy] 7 (3.20)
my

where gy = 1+ k1 = 4.7 is the magnetic coupling, v¥* = (1,6) and SH = (O, %6’) are the
nucleon velocity and spin. As a clarifying point, the four-vectors used here v* and S* serve
as book-keeping terms that encode the space-like and time-like components of the nuclear

currents.
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The resulting amplitude can now be expressed as:

4
Coy = g;{ [(MgT)2 + (MEp)* + MgTMéT]

2
x [1 M (Q +2m, — (Ee1 + Ee2)

2F.1Ee — m2>]
3mnga

EelEe2
} +... (3.21)

Here Q@ = F11 4+ E22 — 2m, and the dots denote higher-order terms.

The corresponding decay rate can be calculated using the fully explicit phase space

integrals:
G V 4 Ei—Ef—me Ez‘—Ef—Ecl Ei—Ef—Eel—EEQ
r - (GrVu) / dE. / dE.o / dE,
87T7mg Me Me 0
X Ee1pe1 Eeapea B2 B2y X F(Ee1, Zf) x F(Eea, Zy) % Cay (3.22)

where the substitution is used E,, = (E; — E r—E11 — E.5). Also, here, the phase space
integrals depend on commonly used corrections F' which are parametrized by the lepton
energy and the final nuclear charge Zy. These corrections, called Fermi functions (or
sometimes Coulomb corrections) encode the electronic screening effects on the available
phase space of the outgoing electrons.

This prescription, and further corrections including those from [21], are considered in [22].
Here only the corrections from WM are highlighted as a tractable example of increasingly
precise corrections in the Standard Model formulation and how these corrections can alter
the observable kinematics through modified phase space integrands. In this way it is possible
to calculate the rate normalized differential spectra of interest with negligible introduction
of nuclear matrix uncertainties.

Using this result — which is a novel calculation of the differential rate of 2v338 — it is
possible to now think of the stated goal of systematically parametrizing physics beyond the
Standard Model.
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3.3 Double Beta Decay beyond the Standard Model

An important way to parametrize new physics beyond the Standard Model is to consider
effective operators that are non-standard, that is outside of the quark level V' — A theory,
and that distort the charged-current interactions. Several options are possible [13, 23], but
it is interesting to focus here on tensor interactions of left-handed neutrinos to illustrate a
specific point.

In the conventions of Ref. [13], this interaction is given by the Lagrangian

4G
Lpsv = _TJVud{ETéRUIWVL ﬂRUuudL}- (3.23)

The operator in Eq. (3.23) has a mapping to the Standard Model Effective Field
Theory (SMEFT) [24]. In particular, ep corresponds to semileptonic four-fermion operators
in SMEFT. This interaction can be constrained in low-energy [ decays [13]. er can also be

constrained at the LHC [13]. Following Reference [25], the 90% CL on this parameter are:
~12-107% < er < 1.1-1072, (3.24)

Following a similar procedure outlined above in the contraction of nuclear and leptonic

currents, the leading order corrections to the transition amplitude are given by:

» Me(Fe1 + E
oM = gf{aii [(ME)? + (MEp)? + MEp M) (Eim?)}
e (&

where the isovector tensor charge used is [26]
g1 = 0.989(34) . (3.25)

It is perhaps not surprising that the result in Equation 3.3 resembles the structure of
Equation 3.21 as the Lorentz structure of the induced WM resembles the tensor current

Lorentz structure. The amplitude of the distortion from WM is fixed by the lepton energies
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Figure 3.1: The induced distortions in the standard differential rate induced by the the
BSM tensor current (TC) for ez = —0.0014 and weak magnetism (WM) for "*Ge. The
shaded bands indicate choices of different nuclear matrix elements. Depending on the sign
of ep the direction of this distortion reverses. Figure reproduced from [22].

and size of the nucleus, while the amplitude of the distortion from the hypothetical tensor
current depends on the coupling of the new physics to the Standard Model particles.

In Reference [22] this comparison was investigated explicitly and can be seen in Figure 3.1.
What is emphasized in this result is that in the search for new physics which induces a
low-energy effective tensor-current, there are scenarios where the new physics can mimic the
spectral distortions from the subtle corrections of the expected nuclear currents.

In this way, weak magnetism is a natural “background” correction at the 1073 level, to
this category of search for exotic physics. This makes precision calculations of laboratory

weak processes as important as precision experiments.
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Figure 3.2: Schematic illustration of the effective field theory hierarchy linking new high-
energy interactions to measurable low-energy observables. Each layer integrates out heavy
degrees of freedom, producing a set of effective operators that govern nuclear and leptonic
processes such as double beta decay and CEvNS.

3.4 Lessons for Other Weak Tests

In general, a main focus of this thesis is how increasingly precise laboratory tests of low-
energy weak interactions can be used to search for physics beyond the Standard Model. The
theoretical framework of EF'T makes this a particularly tractable computational problem as
new physics can be parametrized into effective operators in straightforward calculations. In
the most promising tests, the inputs of the non-perturbative nuclear physics are factored
into self-contained pieces with controllable uncertainties. Figure 3.2 illustrates schematically
how information flows between energy scales in this framework, which the new physics at
high energies manifests as corrections to the low-energy observables.

This chapter, and indeed the rest of the work in Reference [22], emphasize the importance
of increasingly precise theoretical calculations to this end. The distortions from the new
physics can appear through a variety of signatures in the low-energy regime, determined by

the Lorentz structure of the effective operators. In cases where this new physics is subtle,

25



it is important to understand the corrections that can arise alongside these distortions
from the detailed handling of the parametrized nuclear physics. This is the success of
the EFT framework — the ability to simultaneously parametrize both new physics and
difficult-to-calculate, non-perturbative effects in the same formalism.

The rest this thesis focuses on an experimental program that uses neutrino scattering
as a uniquely promising probe of the Standard Model. While the main thrust outlines the
experimental methods and successes of neutrino scattering in constraining the Standard
Model, this case study lays the blueprint for applications of experimental data in searches

for new physics in the language of EFT.
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Chapter 4
Coherent Elastic Neutrino Nucleus
Scattering

In 1974 experimental evidence which indicated the existence of neutral currents in neutrino
interactions was mounting [27]. That same year, a particular neutral current process involving
neutrino interactions was proposed in a short, elegant paper that was inspired by an analogy
to electron scattering [28].

The process was simple to describe and related the amplitudes of coherent forward
scattering of low energy neutrinos off of a nucleus to key model parameters of the weak
neutral current. This process, now referred to as CEvNS, remains one of the most powerful
probes of the physics of the weak interaction.

For over forty years, access to this probe of fundamental physics was restricted by the
technological barrier preventing the observation of the low-energy neutrino-induced nuclear
recoils. The original author refers to the suggestion itself as an act of hubris, pointing out
three major experimental concerns: the rates of interaction, the ability to detect the small
signals, and the large backgrounds which could swamp the neutrino signals.

This intriguing process in the neutrino sector went largely unnoticed for decades, save a
few curious individuals [29, 30]. All the while, the finer details of the weak interaction and
neutrino phenomenology were continuously developed. Then, in 2017, the first experimental
confirmation of the theorized process fulfilled its long-standing promise of being a uniquely
sensitive probe of fundamental physics. But what makes CEvNS such a good probe? The
common answer is that it has precise predictions in the Standard Model. This chapter
outlines the formalism of the theory, what it means for this process to be well-predicted,

and some technical challenges to realizing these predictions in the laboratory.
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4.1 Theoretical Formalism

CEvNS is an elastic scattering process between a neutrino and a nucleus mediated by a
Z° boson. The interaction takes place for neutrino energies < 50MeV. At these energies,
the formalism of effective theories is a useful way to parametrize both the Standard Model
interactions and any potential deviations from the Standard Model.

The overall theoretical uncertainty in the prediction is small. Indeed, the hadronic
and nuclear structure form factors enter at the per cent level. As a result, experimental
measurements serve as a broadband search for new physics which can modify the interaction
in numerous ways.

In the literature there are many precise calculations of the CEvNS cross-section [5, 10, 31].
Here, some of the key features of the calculations are summarized with particular attention

to some of the standard simplifying assumptions and the level of precision achievable.

4.1.1 Calculation

In the relevant terrestrial neutrino scattering experiments, calculations are performed in
the laboratory frame where the nucleus is at rest. Following the notation in [10], the
incoming neutrino is described by the initial four-momentum k = (E;, k_;) The nucleus
is described by the initial four-momentum p = (My, 6), where m 4 is the rest mass of the
nucleus. The scattered neutrino has four-momentum k' = (Ey, k_}) and the recoiling nucleus
has four-momentum p’ = (M4 +T,p4), where T is the recoil energy of the nucleus. Allowing
P = |l<:_} — 15;]2 to be the square of the three-momentum transfer, it is possible to express
the recoil energy T' = q?/2M 4. Schematically, this is represented in Figure 4.1.1.

Differential rates for particular observables can be extracted from the following form [10]

1 m;mg d3Ef My dSﬁA

dSo =
|17i — 17,4’ E; Ef (271')3 Ma+T (27‘()3

(27m)* Z IM26W (ks +pa — kg — 1), (4.1)
fi

where the summation runs over the initial and final spin states, and the squared amplitude
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Figure 4.1: Diagram of the tree-level CEvNS interaction in the effective theory in the
laboratory frame. An incoming neutrino scatters off of a nucleus at rest. The recoiling
nucleus acquires energy T = ¢2/2M 4, where ¢ is the three-momentum transfer and My is
the rest mass of the nucleus.

can be expressed as the full contraction of the lepton and nuclear tensors

E 2 uv . .
fi

Following the prescriptions outlined in Chapter 2, it is possible to relate the nuclear

tensor WH to a series of successive projections. The nuclear current is written as the

projection over the hadronic current,

T = (N (pp)In(y* (1 = v5))nN (i) (4.3)
= N (FH@V + Gh{(*)v") N, (4.4)

where 7 is a nucleon state, either a proton or a neutron, and Fy/(¢?) and G4(q?) are the vector
and axial-vector nuclear structure form factors respectively. The four-vector v# = (0, )
represents the Lorentz structure of the spin-dependent axial-current to leading order in recoil
expansion.

Considering only the leading order terms in the non-relativistc reduction of the nuclear
currents, it is possible to express the full differential rate. While in principle it is possible to

consider the differential rate with respect to the recoil angle, CEVNS experiments to-date
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are only sesnitive to the differential rate with respect to the total recoil energy 7''. This is

written as
do  GEM ) ) T\? s o\ MT
T = or (Gv +Ga)" + (Gy —Ga)* (1 - E) (Gy — G2) ) (4.5)
Gy = g0 ZF0(a*) + gy NF (¢°) (4.6)
Ga=gh(Zy —Z)G(¢*) + g% (Ny — N_) G (¢?). (4.7)

In the literature, a few more common simplifying assumptions are made. First, the
separate proton and neutron dependent structure factors are also taken to be equal. The
nuclear structure form factors for the vector and axial vector components are also taken to

be equal. This allows for the definition of the weak nuclear charge Qyw to be

Qw =g, Z + gy N, (4.8)

so that the vector current and axial-vector current terms can be re-written as

Gy = QwF(¢*) (4.9)

Ga=[gh(Zy —Z)+ g4 (Ny — N F(¢*). (4.10)

It is possible to see that the axial-axial term is sub-dominant and, beyond the vector-vector
terms, only the interference term contributes to leading-order. It is possible then to re-write
the differential rate into a spin-independent (SI) component and a spin-dependent (SD)

component as

= ( ) QI+

B Grma L mal T
2E2 E,

meas 4 2

! There are interesting efforts to develop experiments that are sensitive to the recoil angle [32].
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where the SI vector component is proportional to Q%,V and the SD interference term
is proportional only to the combined spin of the nucleus. If considering a nucleus whose
ground state is a 0T spin state, or for heavy nuclei where the QIQ/V term dominates, it is

possible to finally recover the familiar expression

do G%mA mAT T 2 2412
o= (1 ) QlF P (4.12)

4.1.2 CEvNS as a Probe

Due to the simple form that CEvNS takes in Eq. 4.1.1, it is possible to probe a broad
range of physics through measurements of the differential rate across nuclear targets. Two
examples here are illustrated to highlight the ability of this process to probe both Standard

Model physics and physics beyond the Standard Model.

Nuclear Structure Form Factors

The nuclear structure form factors which appear in Eq. 4.1.1 encode the distribution of
nucleons inside of the nucleus. In practice they are the Fourier transform of the neutron
distribution given by:

F(¢?) = ;/e_iq'r p(r) d*r, (4.13)

where r is the position of nucleons (in this case neutrons), p is the spatial distribution, and
@ is the normalizing charge of the total distribution.

Under assumptions of spherical symmetry there are common parametrization of the
neutron distributions [33, 34]. More recently there have been more explicit calculations of
the microscopic interactions of the nucleus to model the neutron distributions [35].

As the differential rates depend on these form factors, precise measurements of CEvNS

can reveal important information about the nuclear structure of target nuclei.
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Non-Standard Interactions

The theoretical framework of EFT allows CEvNS to be a powerful probe of physics beyond
the Standard Model. A popular example is to consider a new, neutral current whose mediator
is a new heavy boson [36, 37]. In these models, it is possible to distort the standard vector

couplings through the form:

LY = —2v2Gr Y way'vs Y el (Fud), (4.14)

o, B=e,u,7 f=u,d
where € parametrizes the strength of the deviation from the standard coupling. If this non-
standard neutral-current is related to an undiscovered particle of mass my much greater than
the electroweak scale, and coupling gx then the distortion parameter ¢ is related to the ratio
mx/gx. This way, the effective four fermion interaction parametrizes searches for physics
which can be, in general, beyond the reach of the largest colliders. Precision measurements
of the differential rate can be sensitive to these subtle deviations and complement more

direct attempts at producing this mediator in the laboratory.

4.1.3 Corrections

Throughout this summary of the CEvNS derivation, many simplifications were made.
The central question of this work is to compare experimental measurements in the weak
interaction to predictions in this framework. To this end, it is necessary to understand the

error introduced in the prediction from some of the major simplifications.

Radiative Corrections

Up to now, only the tree-level amplitude was considered in the differential rate. There are
calculations in the literature of the impacts of electromagnetic radiative corrections to the
differential rate [38].

Qualitatively, one of the most important phenomena this correction introduces neutrino

flavor dependence in the differential rate. This is because the one-loop diagrams that enter
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the calculation at the next to leading order depend on the fermion masses, and thus are
different for the species of neutrinos.
In the framework of EFT, Reference [31] uses a similar four-fermion interaction picture,

where they consider exclusively a 0™ nucleus, to arrive at a corrected differential cross-section

E, 2F?

doy,, G%My LT MaT
dT 4

) [@rv @)+ 2 + a0 @] ws)
where Fyy(¢?) is the weak nuclear form factor and F.p,(q¢?) is the electromagnetic nuclear
form factor. The corrections 6¢ and QP encode the dynamics of the flavor dependent and
hadronic electromagnetic radiative corrections.
Part of the flavor-dependent term §”¢ can be interpreted as the neutrino charge radius,
which is related to the first moment of the modified weak nuclear form factor, and, overall,

the corrections are of the order O(1%) [31].

Recoil Order Corrections

Similar to the work outlined in the charged-current interaction, the nuclear currents can be
decomposed in a non-relativistic expansion that include induced Lorentz structures beyond
the typical V' — A interactions. In the most general expression, the nuclear current will
contain: induced weak-magnetism induced pseudo scalar, higher order axial, and higher
order vector corrections. At next-to-leading order the most relevant correction is weak

magnetism at the O(0.1%) level. Higher order terms come in at a smaller level.

Hadronic Current Corrections

In the construction of the hadronic currents, only the lightest quark degrees of freedom were
considered. Strange quark contributions are next-leading-order corrections in the hadronic

form factors. These corrections can be written as [38]

g1 = g4(0) + 6. (4.16)



In general, this effect is of the order of ©(0.1%). This can be accounted for entirely by a
shift in the hadronic form factors.

Other corrections to the hadronic currents can be considered. The general recipe for
constructing hadronic currents given in Chapter 2 involved projections over sums of valence
quarks. It is possible to consider higher-order corrections from strange quark contribution
which perturb the hadronic form factors [39]. These corrections depend on the size of the

nucleus and can be at most of order O(1%) for lighter nuclei.

4.1.4 Challenge 1: Interaction Rates

As Freedman points out in his original paper, as a weak neutral current process the total
interaction rates are small. To illustrate this point, it is useful to consider a few concrete
examples. For typical neutrino energies and a few common target nuclei argon (Ar), cesium
(Cs), and germanium (Ge) it is possible to calculate the differential rates in recoil energy.
The specific neutrino energies used in this example range from 1 to 50 MeV and follow a
common distribution from a 7 decay at rest source described in further detail in Chapter 5.
Here, the Klein-Nystrand nuclear form factor model is assumed [34] for the calculation.

Figure 4.2 shows graphically the differential recoil rates for each target. Integrating
the total differential rates for each target gives the following total rates: < ga, > ~
1.3x107% em?, < 0ge > ~5.2x 1073 cm? >, < 0csr > ~ 16.1 x 1073 cm?. As a general
comparison, the typical interaction rates for the comparatively common neutron scattering
is 1072* cm? [40].

This feature of low rates of interaction is not unique to CEvNS among peer-neutrino
interactions. Indeed, it is a defining feature of the weak nuclear force and is responsible
for the long half-lives of weak-decaying matter. Compared to other low-energy neutrino
interactions, CEvVNS benefits from an enhancement in the rate, from the weak nuclear charge
QIQ/V o N2. This feature is evident in the strong amplification in rate in heavier nuclei, where

the coherence is most prominent.
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Figure 4.2: An example of differential rates of CEvNS on three target nuclei. The black
line shows the recoils on Ge, red line shows the recoils on Ar, and blue line shows the recoils
on Cs. The kinematic endpoint of the recoil spectra depends on the mass of the nucleus.
Figure reproduced from [41].

4.1.5 Challenge 2: Recoil Energy Thresholds

The second major obstacle Freedman points out is the difficulty in detecting the feeble
signals when they do occur. In Figure 4.2 it is possible to see that to even be able to observe
these signals it is necessary to detect nuclear recoil energies on the scale of O(keV).

From equation 4.1.1 it is possible to see that the maximum recoil energy is given by
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2E1/ + ma ( )

Tmax =

As a result, the heavier nuclei which benefit from the rate enhancement as penalized in
recoil energy.

To characterize the challenge of observing recoil energies on this scale it is necessary to
consider, briefly, detection mechanisms. In the broad field of radiation detection there are
different strategies to reconstruct energy deposited in the form of small nuclear recoils. It is
worth emphasizing that in CEvNS the quantum state of the nucleus is unperturbed and the
only mechanism for observing the nuclear recoil energy are the secondary forms of radiation
and their subsequent impacts on a material. Popular mechanisms include scintillation [42,
43], heat [44, 45], and ionization [46, 47], though more exotic detection mechanisms which
rely on phase transitions or material defects also exist [48].

For nuclear recoils in an excellent scintillating material, such as room-temperature sodium
doped cesium iodide (CsI[Nal), the detectable light yield from a typical nuclear recoil in a

CEvNS experiment is on the order of O(10 photo-electrons).

4.1.6 Challenge 3: Backgrounds

The final experimental challenge that Freedman considers is the presence of background
radiation that can mimic and swamp the desired signal of neutrino-induced nuclear recoils.
The particular background that Freedman considers is the possibility of neutron-induced
nuclear recoils dominating in an experimental setting.

As seen above, neutron scattering rates are comparatively abundant. The observed
recoils between neutrons and and neutrinos are difficult to distinguish. Without additional
kinematic information, such as the ability to reconstruct the recoil angles as well as energy,
it is in fact impossible. Neutrons can also be present in large quantities in the experimental

settings aimed at measuring CEvNS.
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4.2 Summary

Following the theoretical formalism outlined in Chapter 2 the details of the calculation of
differential rates of the CEvNS interaction have been summarized. Where possible, particular
attention was given to simplifying assumptions in the literature and the magnitude of the
careful corrections that have been studied at length. In general, the sources of theoretical
uncertainties in the prediction come from the inputs of non-perturbative QCD and the
microscopic physics of intra-nucleon and intra-nucleus interactions. These are summarized
into form factors which can introduce as much as O(1%) uncertainty in the prediction.

This level of precision, along with the broad class of mechanisms that can contribute to
or distort the predicted differential rates makes CEvNS an excellent probe for new physics.
Different applications of this interaction were highlighted, such as the search for exotic
interactions and the study of nuclear structure.

The experimental challenges in observing this interaction were outlined. To benefit
from the rich physics program enabled by CEvNS measurements, these challenges must be

overcome.

37



Chapter 5
The COHERENT Collaboration at

the Spallation Neutron Source

In 2017, a little more than forty years after its original proposal, CEvNS recieved its first
experimental verification by the COHERENT collaboration. In the eight years since this
discovery there have been a half-dozen successive measurements around the world on different
targets and using different sources of neutrinos. As a historical matter, it is worth asking:
what can explain this forty-year drought, which finally broke to give way to the present
wealth of measurements? Much of the credit belongs to the decades-long, careful and
methodical development of radiation detection techniques in the related field of dark-matter
direct detection.

The second leg of the answer to this historical question is related to the problem of
identifying an advantageous source of neutrinos. The discovery of CEvNS by the COHERENT
collaboration was enabled by the fruitful exploitation of a uniquely good neutrino production
facility, the Spallation Neutron Source (SNS). This chapter summarizes the key features of
the neutrino production at the SNS and the success to date of the COHERENT collaboration

in using this source to study neutrino scattering.

5.1 The Spallation Neutron Source

The SNS, located at Oak Ridge National Lab (ORNL), is a Basic Energy Science (BES)
user facility aimed at producing an intense, pulsed source of neutrons to enable materials
research and technology development. The facility has been in operation since 2006.

The SNS consists of three main components to achieve the desired neutron production: a
linear accelerator, a proton accumulator ring, and a target station. In the linear accelerator

component, HT ions are accelerated to 1.3 GeV. Inside the accumulator ring, protons are
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bunched into pulses with a characteristic width of approximately ~ 400 ns. Once bunched,
the proton pulses reach the target station at a repetition rate of 60 Hz. At these energies
and at this rate, the SNS is able to deliver an average power of 1.8 megawatt (MW).

It is important to highlight here that the energies and power quoted here represent the
current capabilities of the facility. The work presented in this thesis straddles both sides of
a major SNS upgrade, referred to as the Proton Power Upgrade [49]. Prior to this upgrade
protons were delivered with 1.0 GeV energy and power around 1.3 MW. There are plans to
continue increasing the beam power during operation to 2.0 MW in the years to come.

Inside the target station protons strike a liquid mercury target. At these proton energies,
collisions with a mercury nucleus can result in several different interaction processes. The
dominant process is called “spallation”, and refers to a sequence of events that take place
inside of a nucleus resulting in the emission of many neutrons. Spallation is a process
mediated by the strong nuclear force, which, in contrast to weak interactions, happens
nearly instantaneously. As a result, the timing distribution of the creation of neutrons is
characterized entirely by the timing distribution of the protons striking the target — that is,
the width of the proton bunch. An average of the measured current from proton bunches is
shown in Figure 5.1, highlighting this timing structure.

At the SNS, the neutrons created in the target are moderated down in energy by
heavy water shielding. This broadens both the energy and timing distributions of neutrons
produced, which are then guided towards user experiments in beam-lines and experiment

halls. Unfortunately, the neutrons are still diffusely present in the facility during operations.

5.2 7w Decay at Rest

In addition to neutron spallation, protons striking the mercury can produce pions inside
the target. At these energies, the majority of the charged pions produced in the mercury
lose their energy to ionization before coming to rest inside the target. While the negatively
charged pions overwhelmingly capture on mercury nuclei, the positively charged pions will

decay at rest according to the decay scheme:
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Figure 5.1: A recent example of the average current measured from protons on target at
the SNS. The characteristic width of the beam pulses is approximately 400 ns. This narrow
pulse is one of the central features that makes the SNS an ideal facility for neutrino science.

™ —ut 4y,
(5.1)
M+—>6+—|—Ve—|-l7u.

The process of hadronization which creates the pion, and the subsequent ionization that
bring the pion to a rest before decaying, are all fast compared to time-scales relevant at the
SNS. While the half-life of the pion is 26 ns, there is a continuous production of pions during
the several hundred nanoseconds of bunched proton current. This timing structure produces
an isotropic prompt source of muon neutrinos. Due to the kinematics of the two-body decay
the muon neutrinos are mono-energetic with energy 29.9 MeV.

The muons produced from the pion decay also come to a stop in the mercury before
decaying at rest into a positron, electron neutrino, and muon anti-neutrino. Muon decay
has a characteristic half-life of 2.2 us, and as a result, the neutrinos produced from the
muon decay are delayed. The resultant neutrino energy distributions are governed by the
kinematics of the three-body decay. The range of neutrino energies is then from 0 to 52.85
MeV, or half the rest mass of the muon.

The decays described here are well approximated by the analytic functions:
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There are several sub-dominant contaminants to this otherwise highly pure source of
m—DAR neutrinos. Inside of the target, not all negatively charged pions are captured on
mercury. Less than 1% will also decay at rest, creating a charge inverted decay chain. Less
than 1% of the positively charged pions will also decay in flight before coming to rest. The
kinematics smeared by the energy of the pion, neutrinos produced from this decay can have
energies as high as several hundred MeV.

The collaboration has modeled the neutrino flux production at the SNS extensively [50]
to account for these contaminants and also to estimate the normalization of the neutrino
flux. While the decay processes that produce the neutrinos are very well understood, the
hadronization processes from intra-nuclear cascades depend on (once again) non-perturbative
inputs from the strong force. Modeling the pion production is done through the use of
phenomenological nuclear cascade models which have large uncertainty on their normalization.
As a result, while the energy and timing distributions of neutrinos at the SNS is well predicted,
the total normalization is known only to within ten percent.

Figure 5.2 shows the result of the neutrino flux modeling at the SNS. The energy
spectra extends to relatively large energies, though the dominant contributions from m-DAR
have an average neutrino energy of around 30 MeV. The timing distribution is shown after
convolution with the measured current of the protons on target, to account for the extended
pion production. It is possible to see the flavor decomposition clearly in time, where it is
often considered as a prompt and delayed component.

There are several features of this neutrino source that specifically enabled the discovery of

CEvNS. Most prominently, the timing structure of the neutrino arrival allows for a remarkable
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Figure 5.2: Dominant components of the neutrino flux probability distribution function
from a Geant 4 simulation performed by Rebecca Rapp [51]. The projection in time (left) is
the instantaneous neutrino production before any convolutions with the proton trace.

reduction in backgrounds. Neutrinos are only produced in coincidence with proton current on
target. By considering only 10 us windows around each of the 60 proton bunches that arrive
in one second, there is an effective reduction in the steady-state environmental backgrounds
by a factor of 1,667. Meanwhile, over 90% of the total neutrino flux is retained in this

window, as can be seen in Figure 5.2.

5.3 Neutrino Alley

To date, all of the detectors deployed by the COHERENT collaboration have their home
in a sub-basement service corridor dubbed Neutrino Alley. Neutrino Alley is a narrow
corridor located approximately 20-30 m away from the mercury target. Figure 5.3 shows a
cross-sectional engineering drawing of the facility and the location of Neutrino Alley relative
to the SNS target.

In between the Neutrino Alley and the target are several meters of concrete and gravel
backfill that provide orders of magnitude of reduction of beam-related neutrons.

The neutrino flux at a typical location in Neutrino Alley, a baseline of 20 m, can be

estimated from existing modeling of the neutrino flux [50]. Over the course of a typical year
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Figure 5.3: (Left) Engineering drawing of the target. (Right) Cross-sectional view of the
SNS target station that houses the mercury target. Highlighted in cyan is the concrete
monolith, and in purple is a sliced view of Neutrino Alley. In between the two is gravel
backfill. This Figure is reproduced from [51]

of operation at the SNS (after the PPU this now means 1.3 GeV and 1.8 MW, though this
will continue to increase), there is a total flux of approximately 3 x 10'° v/cm?.
Considering Neutrino Alley’s proximity to an abundant neutrino source, the sharp timing
structure of the beam, and the surprisingly low level of beam-related neutron backgrounds,
it is a privileged niche for the study of CEvNS. There is a modest engineering price to pay
for these advantages. Every detector deployed to Neutrino Alley must fit within narrow
physical constraints to allow for open access in the facility. Use of cryogenically cooled
detectors is also constrained by the small spaces available. The detectors deployed to this
location have changed many times of the collaborations decade of operation. Figure 5.4

shows the current schematic of detectors operating.

5.4 Backgrounds

Despite the background reduction from the timing of structure of the beam, environmental
steady-state backgrounds must still be considered. In particular, cosmogenic sources can

still create important levels of backgrounds. Overburden, typically expressed in units of
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Figure 5.4: Schematic showing the currently (and soon-to-be) operating neutrino detectors
in the COHERENT collaboration. Not all detectors are searches for CEvNS. Several
detectors deployed are part of the growing effort to measure inelastic scattering processes.
The Ge-Mini detector system, the subject of this work, is shown in the center of the Alley.

meters water-equivalent (m.w.e.), can vary throughout the facility. All the locations in the
facility are shallow, around 10 m.w.e.. Other standard uncorrelated backgrounds include
gamma rays from natural levels of environmental radio-isotopes.

While these uncorrelated, steady-state backgrounds are greatly reduced by the timing
structure of the beam, it is still necessary to carefully consider the correlated, or beam-
related, backgrounds. The most prominent beam-related backgrounds come from the fast
neutrons produced in spallation. These neutrons, often referred to as beam-related neutrons
to distinguish from neutrons produced from cosmic backgrounds, are produced in coincidence
with the prompt neutrino component. In sufficient quantity, this neutron background can
spoil any attempt to look for neutrino signals.

Inside the SNS, construction material can provide natural shielding of neutrons, while
corridors and line of site access to the target area can create natural funnels for diffuse

neutron propagation. While some work has been done to model the propagation of neutrons
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Figure 5.5: The flux of neutrons was measured at several locations in the SNS that are
relevant to existing and potential neutrino measurements. The shaded regions correspond to
the approximate areas of concrete/gravel backfill and correspond to the greatest neutron
shielding. The locations of existing CEVINS measurements are highlighted with vertical
bands. This figure is reproduced from [51].

in the facility, the greatest success has been found with extensive measurement campaigns
that map the variable neutron density throughout the facility. Figure 5.5, reproduced from
a the doctoral work of a COHERENT collaborator [51], shows some of this efforts to map
out the neutron flux in a particular corridor inside the facility. The areas with the lowest

neutron flux in turn have the lowest backgrounds.

5.5 Existing Measurements

The COHERENT collaboration has made several measurements of low-energy neutrino
scattering, which include both the first measurements of CEvNS on different targets, but
also include several inelastic neutrino scattering processes. These existing measurements are

briefly summarized.
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Figure 5.6: The full on-beam CsI[Na] dataset is shown as a residual against the best fits of
the CEvNS signal (decomposed by flavor) and neutron backgrounds. Figure is reproduced
from [42].

5.5.1 CEvNS
CsI

In 2017 the COHERENT collaboration announced the first observation of CEvNS using a
14.6 kg CsI[Na] detector [41]. The CsI[Na] detector was deployed to an optimal location in
Neutrino Alley, at a short baseline of 19.3 m and boasting the lowest neutron backgrounds
that the collaboration could find. This first result gave a 6.70 rejection of the no-CEvINS
hypothesis, with a best fit of 134 + 22 signal events.

In 2021 the collaboration followed-up this result with an improved measurement [42].
Combined, these results were a 11.60 rejection of the no-CEvNS hypothesis. The results of
the full measurement, displayed as the number of counts as function of the arrival time of
the neutrinos is shown in Figure 5.6.

This discovery ushered in an era CEvVNS measurements at the SNS.
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Ar

In 2021 the COHERENT collaboration announced a measurement of CEvNS on argon using
a detector-system called CENNS-10, which housed 24 kg of atmospheric argon [43]. This
scintillation based detector was located in a less advantageous location, 27 m away from the
target and flooded with larger neutron backgrounds. The smaller nucleus compared to Csl,
also means a significant reduction in the rate of CEvNS. Despite this the detector system
was able to observe 159 4 43 neutrino events which contended with 553 4 34 beam-related
neutron events and 3,131 4+ 23 steady-state background counts. This result was a 3.90
rejection of the no-CEvNS hypothesis.

This result marked an important step for the collaboration in probing different targets.

Ge

In 2023 the collaboration announced a measurement of CEvNS on germanium using an
array of High Purity Ge (HPGe) detectors [46]. This work, and its follow-up measurement,

form the experimental basis of this thesis.

5.6 Experimental Sources of Uncertainty

To conclude this chapter it is important to review these existing measurements at the SNS
and consider the level of precision achieved by each result. In particular, what is emphasized
here is uncertainty on measurements of the total, flux-averaged cross-sections. Figure 5.7
highlights the experimental error budget in the latest COHERENT CEvNS measurement on
germanium. This first result on germanium, as will be discussed in the text, was statistically
limited. The ability to use these measurements of CEvNS to explore the physics of the weak
interaction depends, broadly speaking, on the precision of the measurements.
Experimental uncertainties are broken into statistical uncertainties and systematic
uncertainties. Both contribute to the overall sensitivity of these measurements, and to their

potential application to the many physics goals outlined in chapter 4. The total uncertainty
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Figure 5.7: Graphical representation of the error budget for the first germanium result
by COHERENT. The statistical uncertainties is shown in blue, and dominant. Systematic
uncertainties are shown in green and are mostly comprised of the flux normalization uncer-
tainty. Physics beyond the Standard Model is graphically represented as a graded bar in
yellow, representing the reduction of available parameter space in new models constrained
by increasingly precise measurements - or, alternatively, waiting to be discovered at some
unknown precision.

of CsI[Na] detector system on the CEvNS cross-section of 14%. The argon detector system
achieved an uncertainty of 30% and the first germanium result had an uncertainty of 35%.
All of these are, of course, far larger than the ultimate promise of the percent level uncertainty
in the theoretical predictions. It is important to understand the current gap in experimental
precision and theoretical precision and how this work aims to address this gap.

Statistical uncertainty is a clear limitation of current CEvNS experiments. The statistical
uncertainty of measurements depends on the counting statistics of both the signal and the
background. Experiments need to balance both exposure and background-level to maximize
the ability to make precise measurements. This work in particular shows how improvements

in both exposure and background-level can have dramatic impacts on the sensitivity of a
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CEvVNS experiment to physics models of interest.

Within the category of systematic uncertainties, there are several sources that can
contribute. The largest source of systematic uncertainty in the germanium result is the
uncertainty on the total neutrino production at the SNS, at 10%. This uncertainty is shared
by all experiments deployed to the SNS, and must be addressed in future measurements.

The collaboration strategy to mitigate this uncertainty is to use an alternative neutrino
detection mechanism to simultaneously constrain the neutrino flux uncertainty [52]. A
heavy-water-based CC neutrino detector is deployed to measure the similarly well-predicted
charged current cross-section on deuterium. The goal is to use this auxiliary measurement
at the SNS to reduce the uncertainty on the flux down to three percent.

There are several sub-dominant sources of experimental uncertainty that also contribute
the precision of the cross-section measurement. These sources of uncertainty are often
detector-specific and reflect the current technological limitations of each measurement. For
the germanium detectors this includes the uncertainty in total active mass of the detector,
that is, how many nuclear targets are available in the scattering experiment. This uncertainty
is only controlled at the percent level.

In summary, the experimental precision in CEvNS is currently trailing the theoretical
precision. Indeed, CEvNS predictions are comfortably in the NLO, which can give single
percent level theoretical uncertainty or better. Meanwhile, the best experimental measure-
ments are still in the double digit percent uncertainty. This thesis demonstrates a promising

path to narrow this gap and achieve an experimental precision worthy of careful calculations.
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Chapter 6
The Ge-Mini Detector System

The Ge-Mini system was developed to advance precision measurements of CEvNS using High
Purity Ge (HPGe) detector technology. Germanium detectors have long been a workhorse in
the rare-event searches of particle physics. With these detectors it is possible to achieve low
intrinsic backgrounds and sub-keV energy thresholds — all within a monolithic kilogram scale
package. These advantages make germanium detectors an attractive vehicle for precision
studies of the weak interaction.

The particular type of HPGe used in this work is a point-contact germanium detector.
In the late 1980s scientists at Lawrence Berkeley National Lab (LBNL) were searching for
ways to lower the energy thresholds of germanium detectors to detect feeble nuclear recoils
from the “missing” dark matter of the universe [53]. The goal was simple: use small point
contact electrodes to reduce electronic noise obscuring low energy signals. Decades later
in the mid 2000s another scientific collaboration, COGENT, would develop an improved
version of this technology (taking advantage of developments in low noise electronics) to
look for nuclear recoils from both neutrinos and dark matter [54]. Finally, in 2023 the
COHERENT collaboration succeeded in using a matured version of this same simple idea to
observe neutrino-induced nuclear recoils on germanium.

This chapter summarizes the detectors used in this system, the design of the supporting

apparatus, and its commissioning as an experiment.

6.1 Inverse Coaxial Point Contact Detector

The Ge-Mini detector system employs eight Inverse Coaxial Point-Contact (ICPC) detectors.
These are p-type point-contact detectors with a particular geometry that allows for a kilogram

scale crystals while still retaining the low-noise characteristics of the first point-contact
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Figure 6.1: Schematic of a HPGe WELL™ detector made by Mirion Technologies. The
ICPC detector is a type of WELL detector. The detector is housed in a low-background
copper cryostat. Figure reproduced from [56].

detectors. By using a cylindrical bore-hole through the center face of the top of the crystal,
it is possible to achieve strong electric fields throughout the geometry and successfully
deplete the bulk of the crystal at operating voltages of a few kilovolts. A schematic of one
of these crystals is shown in Figure 6.1. The ICPC is the same technology used in the Large
Enriched Germanium Experiment for Neutrinoless 53 Decay (LEGEND). Key features of

the technology and its characteristics are summarized in [55].

6.1.1 Operating Principle

HPGe detectors are semiconductors. Two electrodes define the semiconductor: a p+ type
point contact electrode on the center face of the bottom surface and an n+ contact formed
by a thin, diffused layer of lithium on the outer surface of the crystal. Operated at cryogenic
temperatures the crystal is an effective insulator. Under the application of significant voltage,
typically two to four thousand volts for large detectors, free charge carriers are depleted. In
the p-type detectors used in this experiment, electrons are guided along electric field lines to
the n+ contact and the positively charged ions, or holes, are guided towards the p+ contact.

The inverse coaxial geometry, along with the large crystal size, creates long drift paths
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to the point-contact. It can take up to several microseconds for charge carriers to traverse
these long drift paths.

In the pursuit of reconstructing small signals from nuclear recoils, what must be detected
are the quanta produced by energy deposits. For scintillating materials these quanta are
the photons produced in scintillation, whereas for semiconductors the electron-hole pairs
produced are the quanta. An advantage of semiconductor technology is that the ionization
energy is small and so the number of quanta produced is large. Where a scintillating detector
may count only a few photo-electrons (charge avalanches kicked off by a single photon) for
a 1 keV nuclear recoil [57], a HPGe detector will drift around 50 electron-hole pairs [58].
What’s more, the ionization yield is highly linear and as a result there is a reliable calibration
from charge measured to energy deposited in the crystal.

However, the technical challenge of measuring individual charge carriers creates a need
for charge-amplifying circuits, which are commonly used in the read-out of energy signals
from HPGe detectors. In general, these charge-amplifying circuits do not permit exact
measurements of charge yield. At the lowest energies, the resolution of a detector is dominated

by electronic noise from the charge readout circuit.

6.1.2 Signal Readout

Reading out the drifted electric charge without incurring significant electronic-noise is a key
feature of low threshold germanium detectors. The Ge-Mini detectors use charge sensitive
pre-amplifers located close to the point contact to minimize stray capacitance. In this
pre-amplifer, the point-contact is connected to a field-effect transistor (FET) whose drain is
fed back to a small capacitor C'y. When ionization radiation deposits charge Q) inside the
crystal, this charge drifts to the point-contact. When it reaches near the point-contact it
induces a current that accumulates on the capacitor, producing a voltage V proportional
to the charge. This is a standard in charge sensitive pre-amplification that allows for the
integration of charge to be measured as voltage. This type of charge integration is slow,

though not as slow as the drift-times themselves within the crystal.
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A feature specific to the types of pre-amplifers used in the Ge-Mini detector system
is the lack of continuous resistive feedback. Instead, the Ge-Mini detectors use transistor
reset pre-amplifers (TRP), which continuously integrate the capacitor Cy until periodically
discharging it. This discharge incurs a small dead-time as the pre-amplifer resets, but, in
exchange, the overall electronic noise of the circuit is reduced by the elimination of additional
capacitance from a feedback circuit [59] [60].

As has been emphasized, electronic noise is of the utmost importance, and determines
the ultimate energy threshold. The equivalent noise charge (ENC) of the signal readout can

be decomposed into [60]:
e Series noise, which is proportional to the total input capacitance.
o Parallel noise, which can arise from leakage currents.
o 1/f noise, which contributes at low frequencies.

The revolutionary success of point-contact germanium detectors is that the small p+
contact introduces minimal series noise by keeping the capacitance down to the pF level.
For these detectors, it is typical to achieve an ENC full-width half-maximum (FWHM) of
50 electrons at zero energy, enabling thresholds of 500 eV or better.

Finally, the signals from the preamplifier are digitized and recorded so that they can be

processed in off-line analysis.

6.1.3 Ge-Mini Detectors

The Ge-Mini detector system uses eight ICPC detectors, each with a mass of approximately
2 kilograms. The detectors, manufactured by Mirion Technologies Inc. [61], were supplied
with specifications for mass, expected operating voltage, and electronic noise. All detectors
were delivered with an expected energy resolution at zero energy of 150 eV FWHM or better.
The details are summarized for each detector in Table 6.1.

Variations in specification are all typical of the specialized manufacturing process. The

term active mass is an important parameter to consider. Each detector has a small so-called
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Table 6.1: Manufacturer specifications for the mass of the Ge-Mini ICPC detectors.
Manufacturer values for resolution changed with operating conditions and required in-situ
characterization.

Detector Total Mass (kg) Pulser Resolution (eV)

Ge21 2.215 99
Ge22 2.191 96
Ge23 2.215 76
Ge24 2.222 95
Ge25 2.215 99
Ge26 2.209 140
Ge27 2.214 124
Ge28 2.220 84

dead layer on the lithium-diffused n+ contact where charge collection is incomplete. Inside
the remaining active mass, charge from ionization is fully collected at the point-contact. In
a CEvNS experiment this active mass defines the total number of nuclear targets than can

be considered in the calculation of scattering rates.

6.2 Detector System Design

An engineering drawing of the detector apparatus is shown in Figure 6.2. The detector
system is composed of an inner core that houses the eight ICPC detectors and the cryogenics
necessary for operation. Surrounding this inner core are layers of passive and active shielding

designed to mitigate backgrounds. These various components are briefly summarized.

6.2.1 Cryogenic Operation

The ICPC detectors are contained in individual low-background cryostats. The crystals are
electrically isolated but thermally connected via a copper cold-finger to a common 180 liter
liquid nitrogen Dewar that is topped-off daily during operation.

For the sensitive, low-noise detectors the liquid nitrogen (LN2) fills are turbulent periods

marked by sharp increases in noise. In the decomposition of noise components, this is

54



Muon veto PMTS ——] Lead (Pb)
High-density
polyethylene
(HDPE)

Plastic scintillator
panels

Copper box
Copper cryostat
Steel
Preamplifier

Liquid nitrogen
dewar

Structural frame

contact _

Figure 6.2: A schematic of the Ge-Mini detector system (right) with key components
labeled. The ICPC detectors are cryogenically cooled in a shared liquid nitrogen Dewar.
Lead, plastic, and copper as used as passive shielding of environmental backgrounds. An
active muon veto surrounds the system. An inset of the detector cryostats is also shown
(left), highlighting the inverse coaxial geometry and small point contact readout.

contribution, often called microphonic noise, is parallel. During operations, the level of
liquid nitrogen in the Dewar is recorded and used to identify daily refills during analyses.
Safely operating a cryogenic experiment at the SNS requires careful monitoring, and

oxygen sensors surround the experiment.

6.2.2 Shielding

There are several layers of shielding that surround the detector cryostats, which serve to
reduce the impact of environmental backgrounds. Working from the inside out, nearest
the detector cryostats is an inner layer of high density poly ethylene (HPDE), which serves
as neutron shielding. Surrounding this inner HPDE is a two-inch high-purity copper box.
Copper is an effective shield of gamma rays while maintaining radio-purity to reduce

backgrounds inside the shielding package. Surrounding the copper box is another four inch
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Figure 6.3: Photograph of the Ge-Mini detector system during assembly. The ICPC are
housed in copper cryostats, which are surrounded by layers of HPDE, copper, and lead. The
visible side panels of the muon-veto surround the shielding package.

layer of HPDE shielding. The large amount of plastic inside the shield is crucial to mitigate
neutron backgrounds which mimic the desired neutrino-induced recoils. Finally, surrounding
this layer of neutron shielding is a lead castle that is four inches thick. The lead is an
effective shield for environmental gammas inside the accelerator facility. An image of the

the detector cryostats with an incomplete shielding assembly is shown in Figure 6.3.

6.2.3 Muon Veto

Surrounding the passive shielding package of the Ge-Mini detector system is a final layer of
active shielding in the form of two-inch plastic scintillator that serve as a veto of cosmic ray
induced backgrounds. The plastic scintillator is segmented into large side panels which are
instrumented with two photomultiplier tubes (PMTs), and one large top panel instrumented
with six PMTs.

Active muon vetoing is a crucial part of achieving the necessary levels of backgrounds.

The large amounts of lead and copper near the detectors are a source of muon-induced
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neutron production. Some fraction of the neutrons produced inside the shielding make their
way into the germanium detectors. While the neutron shielding inside the shielding package
plays an important role in mitigating neutrons, identifying events in the germanium that
are in coincidence with signals in the plastic scintillator significantly reduces backgrounds

overall in the experiment, while incurring minimal dead-time in operation.

6.3 Commissioning and Campaign 1

Commissioning of the Ge-Mini detector system began in the spring of 2022. The author, along
with fellow graduate students James Browning ( North Carolina State University (NCSU))
and Emma van Nieuwenhuizen (Duke), assembled the shielding package, developed the
cryogenic operations, installed the detectors, and began the first cool down by the winter of
the same year 6.4 .

The first data taking campaign, dubbed Campaign 1, did not produce data suitable for
use in a CEvNS search. Instead this data-taking period, which ran for a few months in the

early parts of 2023, served to develop the data acquisition, storage, and processing pipeline.

6.3.1 Slow Controls

The experimental operation required several components of monitoring and apparatus
control. The HPGe detectors were positively biased using MPOD [62] high voltage supply.
The PMTs were operated using similar, negative bias high voltage supply. Low noise high
voltage supplies are important for the performance of the experiment.

The liquid nitrogen level of the common detector Dewar was monitored and recorded,

along with a redundancy of four thermocouples placed at fixed heights inside of the Dewar.

6.3.2 Data Acquisition

The data-collection scheme for the relevant of energy and timing signals was established
during the Campaign 1 data-taking period. This served as the basis of the two subsequent

data-taking periods described in this work.
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Figure 6.4: A photograph of the Ge-Mini detector system, sitting inside of Neutrino Alley,
on the day of the first cool down, on November 28, 2022. The system was in a state of
partial assembly. The copper box, which surrounds the detector cryostats, is fully assembled.
Visible inside the partially assembled shielding are the four-inch layers of plastic and lead
shielding, as well as the active muon veto system.

The goal of the data acquisition is to reconstruct the energy in the HPGe detectors in
coincidence with protons hitting the mercury target at the SNS. While other rare-event
searches in neutrino physics or dark matter must continuously record signals from their
detectors in hopes of observing a signal, CEvNS searches at the SNS benefit from only
looking for neutrino signals in narrow windows around the regular proton collisions.

The strategy used to achieve this goal is digitization of the raw, continuous voltage
from the HPGe detectors in coincidence with the beam. The energy signals from the HPGe
detectors are digitized in a SIS3316 digtizer which are manufactured by Struck Innovative

Systeme [63]. These digitizers use 16-bit analog to digital converter (ADC) to sample signals
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Figure 6.5: Digitized waveform for a HPGe detector. Due to the lack of resistive feedback
in the preamplifier, the waveform has a characteristic slope proportional to the leakage
current of the detector. The step-like component of the waveform has amplitude proportional
to the total charge @ collected from a radiation event. Electronic noise is present throughout
the waveform and introduces finite resolution.

at 125 MHz. This produces waveforms that record a history of the voltage at a given time.
An example of a digitized waveform is shown in Figure 6.5.

The SNS accelerator operators use a variety of electrical signals to monitor the perfor-
mance of the beam used. Two of these signals are broadcasted to Neutrino Alley and are
crucial to the operation of the experiments as they are used to synchronize data-taking to the
presence of neutrinos. One signal is called event-39 (evt-39). This signal is broadcasted at
60 Hz from the accelerator facility and is tied to a magnetic kick that sends proton bunches
to the target. The other signal is called event-61 (evt-61). This signal is a binary logic signal
that indicates the presence of protons for a given magnetic kick. Combined, these signals
indicate exactly when to look for neutrinos and if one can safely expect them to be there.

Operationally, the evt-39 signal is used to trigger the recording of HPGe waveforms
externally, while the evt-61 signal is digitized separately internally. Here, external triggering
refers to recording a waveform of what was happening in an energy signal based on an

external logic signal, in this case the timing signal from the SNS, regardless of the energy of
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the signal. It is contrasted to internal triggering, which is the recording of energy signals
based on an internal logic, typically based on an energy threshold that is met. It is an
incredible advantage to be able to trigger a low-energy neutrino experiment externally on a
signal that indicates the potential presence of neutrinos.

The arrival time of neutrinos is well measured relative to the timing structure of these SNS
signal cables.

There are several supporting signals that are also recorded. Each detector has an
associated logic signal which indicates when pre-amplifier resets occur. These signals are
recorded through an internal trigger using the same SIS3316 digitizer. The ability to associate
in time, and ultimately reject, events in the HPGe detector with this logic signal is an
important step in the preparation of relevant data. Energy signals from the muon-veto
system must also be recorded through internal triggers, to perform a similar association and
rejection.

In summary, in the Ge-Mini detector system there are up to eight total HPGe detector
energy signals. Each energy signal has an associated TRP-reset logic signal. There are
fourteen supporting muon-veto channels, which carry the photomultiplier tube (PMT) energy
signals. These are recorded across two Struck SIS3316 [64] digitizers with a synchronized
clock.

The digitizers are operated using the computer software Rdigdaq, developed by Jason
Newby and James Matta supported by the radiation imaging group at ORNL. This software
controls the setting of relevant registers in the operation of the digitizers as well as managing
the file-writing system that must keep up with as much as 50 MB/s of raw data during

full-operation.

6.3.3 Data Processing

Data collected during regular operations was stored on the ORNL physics division computing
cluster. The author and fellow graduate student James Browning developed an data

processing software, JPROC, to perform the analyses of this experiment. JPROC is based
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on the Julia computer programming language and uses common algorithms in radiation
detection digital signal processing to reconstruct key features of HPGe events in the waveforms

collected.
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Chapter 7
Campaign 2: First Light!

From June 18, 2023 to August 15, 2023 the Ge-Mini detector system collected its first physics
data. A total neutrino fluence of 1.22 x 10! v/cm? was recorded. On November 16 of that
same year, the COHERENT collaboration unblinded the results of the first measurement
of CEvNS on germanium at the SNS. In total, 20.6_+g.'§ neutrinos were detected. Due to
the low backgrounds present in the search, a 3.9¢ significant rejection of the no-CEvINS
hypothesis was achieved.

As a historical aside, there have been several notable examples of discoveries in neutrino
physics made with countably few neutrinos. The discovery of the tau neutrino was possible
with exactly four events [65]. The Homestake experiment which drove a central question in
neutrino physics, did so reporting around only a dozen events per year [66]. In this light, the
first observation of CEvNS on germanium, possible with only 20 events, is in respectable
company.

The goal of this work is not just observation, but ultimately precision — the work
established in this data-taking campaign laid the groundwork for subsequent measurements.
This chapter summarizes the key features of the analysis that made this observation possible.
It covers the treatment of HPGe waveforms, features of the data analysis, and the statistical

result.

7.1 Detector Characterization

The eight COHERENT HPGe detectors are referred to throughout the text by the abbre-
viation Ge- followed by the last two digits of their manufacturer serial number. The eight
detectors range from Ge-21 to Ge-28 sequentially. During this data-taking period five of the

eight total detectors were used. An experimental challenge that has dogged this effort is

! Published in Phys. Rev. Lett. 134, 231801 (2025)
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excessive leakage currents due to vacuum failures of the individual detector cryostats. The
three detectors not used in this analysis were inoperable during this time.

The five detectors used were Ge-21, Ge-23, Ge-25, Ge-26, and Ge-28. They were
characterized in-situ leading up to the measurement. The evaluations consisted of measures
of electronic noise, energy dependent energy resolution and drift-time characterization.

Table 7.1: Summary of HPGe detectors used during Campaign 2. Active mass is estimated
from manufacturer specifications. Electronic noise is given as the full-width half-maximum
of a gaussian noise peak at the start of the campaign.

Detector Active Mass (kg) Pulser FWHM (eV) Fano Factor

Ge-21 2.13 + 0.04 116(1) 6.8(3)
Ge-23 2.13 + 0.04 114(1) 7.1(4)
Ge-25 2.13 + 0.04 145(1) 6.4(3)
Ge-26 2.13 + 0.04 152(1) 6.8(3)
Ge-28 2.14 + 0.04 135(1) 6.4(3)

As the leakage currents of the detectors evolved over the course of the data-taking
campaign the electronic noise degraded slightly. This effect was seen to have a negligible
impact on the thresholds of the detectors, which was far above the noise.

Energy dependent energy resolution of HPGe detectors is often modeled, at sufficiently

low energies, by the equation

0(E) = \/0%pe + 2.96F E, (7.1)

where 2.96 eV is the band-gap of high purity germanium, and F', the Fano factor, is a
measure of statistical dispersion the production of charge carriers. From Equation 7.1 it is
possible to see that for small energy FE, the resolution is dominated by the electronic noise
resolution oypice. The energy resolution was characterized using calibration sources prior to
the start of the data-taking campaign. The results of the characterization are summarized

in Table 7.1.
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Figure 7.1: (Right) calculations of drift-times of a COHERENT ICPC HPGe, Ge-28. (Left)
The resultant calculated distributions of drift-times from a uniform sampling of the crystal.
The particular shape of the drift-time distributions depends on the particular geometry of
the crystal and are on the order microseconds.

Detector drift-times were evaluated using a numerical drift-time calculation software
called SigGen [67], which takes as input the geometry and and material composition of HPGe
detectors. The calculations are matched to in-situ characterization measurements to account
for practical variations in electric field strengths. As a consistency check, two different
characterization measurements were used. One was a dedicated drift-time measurement using
coincident gammas in the thorium decay chain, while the other was an in-situ measurement
using coincidences in the germanium with tagged cosmic rays in the active muon-veto. The
results were found to be consistent. Figure 7.1 shows an example of a drift-time SigGen

calculation, and a representative drift-time distribution after the data-driven correction.

7.2 Data Collection

The Campaign 2 dataset was collected between June 18 and August 15 of 2023. During
regular operations, the SNS delivers a pulsed 60 Hz proton beam, which creates a fixed

number of neutrinos per Protons On Target (POT). For the Campaign 2 dataset an exposure
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of 1.96 x 10%2 POT were recorded. For the beam conditions during this data collection

period, an expected total of 0.288 £ 0.029 decay-at-rest neutrinos are produced per proton.

7.2.1 Triggering Scheme

While the neutrino production at the SNS follows a 60 Hz timing structure, the Ge-Mini
data acquisition system was configured to trigger the recording of HPGe detector waveforms
externally at 120 Hz. This produced, for each detector, one waveform coincident with every
beam pulse, and a second waveform out of phase with the beam, 3 ms later. These sets of
measurements, referred to as on-beam and off-beam throughout the text, enable a continuous
measurement of the steady-state background. In the simplest counting experiment, the
off-beam triggers can be subtracted from the on-beam triggers and the remaining excess can
be attributed to beam-correlated physics, and ultimately neutrinos. A schematic illustrating
the triggering scheme is shown in Figure 7.2

&= \

Off-beam triggers
On-beam triggers

Beam pulses (60 Hz)

Time

~ 16.7 ms (1/60 s)
Figure 7.2: Timing diagram of the 120 Hz triggering scheme. SNS beam pulses arrive at
60 Hz (orange). For each pulse an on-beam trigger (green) is recorded in coincidence, and

an off-beam trigger (blue) is recorded 3 ms later to sample steady-state backgrounds. 3 ms
is much larger than the time scale of any potential beam-correlated backgrounds.

7.2.2 Exposure Summary

There were several technical challenges that caused interruptions in data collection. Humidity

issues, related to the environmental constraints of operating in Neutrino Alley, led to a
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mid-run pause to rehabilitate detector electronics. Individual live-times were variable. The
total exposure calculated was dependent on the cumulative integration of each detector
combined.

The resulting cumulative exposure is 2.09 x 10?2 POT - kg. The calculation of exposure
depends on the average beam-power as a function of time, reported by the SNS, and the
fractional live-time after all analysis cuts (described further in Section 7.4). Figure 7.3 shows

the cumulative exposure as a function of time over the data-taking period for each detector.
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Figure 7.3: Cumulative beam exposure recorded over the duration of Campaign 2 as a
function of date. Different detectors are individually shown as live-time for each detector
was different.

7.2.3 Calibration Runs

Regular energy calibrations were performed to track gain stability and measure backgrounds
with higher statistics. It is important to emphasize that while the external triggering scheme
has two major advantages — it is a zero threshold trigger and comes with a three order of

magnitude background reduction — it has the disadvantage of providing a lower statistical
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measure of the steady-state backgrounds. Because of this, the calibration runs are useful
complementary datasets.

A summary of calibration runs is provided in Table 7.2.

Table 7.2: Summary of weekly calibration runs during Campaign-2 data-taking.

Date Duration (h) Detectors List

June 20 7.7 Ge-21, Ge-23, Ge-25

June 27 23.1 Ge-21, Ge-23, Ge-25, Ge-28
July 03 32.4 Ge-21, Ge-23, Ge-25, Ge-28
July 11 16.1 Ge-23, Ge-25, Ge-28

July 25 14.5 Ge-21, Ge-23, Ge-25, Ge-26, Ge-28

7.2.4 Data Selection

Independent of the activity inside of the HPGe detectors, a data collected through the
external triggering scheme, referenced in Figure 7.2, was only considered during periods
of stable beam operation. By recording the SNS reported beam power and energy, it was
possible to identify stable periods of operation.

Beam energy was found to be stable at 1.05 GeV, however beam stability cuts resulted
in approximately 5% loss in exposure. Figure 7.4 shows the beam power of the course of the

data-taking period and the 0.5 MW cut value used to identify stable operations.

7.2.5 Blinded Analysis

To avoid potential biases in the development of the waveform analysis and subsequent cuts,
a blinding procedure was developed to separate on-beam and off-beam triggers. Throughout
the development of the analysis, the on-beam triggers were temporarily removed from the
data processing pipeline. Exclusively the off-beam triggers were considered throughout the
development of the waveform analysis routines. Only after collaboration review were the

on-beam triggers unblinded.
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Figure 7.4: Average measured beam power versus time during Campaign 2, illustrating
the time structure and stability of the beam delivery.

7.3 HPGe Waveform Analysis

When the data acquisition was triggered, whether externally through SNS timing signals or
internally during calibration runs, waveforms were produced through digitizer sampling of
preamplifier output at 125 MS/s. When triggered, the SIS3316 digitzers are configurable to
report a buffered pre-trigger history, as well as the post-trigger record. For this measurement
the germanium detector channels were configured to produce total record lengths of 22,000
samples, corresponding to 176 ps. Of the 22,000 samples, 15,000 were pre-trigger history.
Reconstructing the pre-amplifier output with near optimal performance depends on accurate
measures of baseline charge.

A representative waveform from detector Ge-21 is shown in Fig. 7.5, highlighting the pre-
trigger region and the signal arrival region. In particular, the data acquisition configuration
ensures that when the SNS beam is on target, the neutrino signal events occur in the signal

arrival region highlighted.
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Figure 7.5: Example waveform showing the pre-trigger baseline and the signal-arrival region.
The vast majority of the waveforms recorded, like this one, contain no detectable charge
from ionization. For on-beam triggers, the expected neutrino arrival signal is highlighted.
Charge arrival in the waveform is dependent on the drift-times of each detector.

Considering the externally triggered data used in the CEvNS search, charge collection
caused by steady-state background radiation events can and do occur at any point throughout
the recorded waveforms. In this analysis, events are only considered if they do not contain
spurious events in the pre-tigger region. Due to the low-background nature of this experiment,
this incurs negligible dead-time.

To perform the CEvNS search, it is necessary to reconstruct the key features of the several
hundred million recorded waveforms. Of particular interest, for each triggered event, is the
question: was a recorded charge collection above a particular energy threshold? And if so,
when did it occur, relative to the protons striking the mercury target? For the overwhelming
majority of recorded events there will be no charge collection of any interest — this is the
power of only looking for events in coincidence with the beam — but to demonstrate this
without bias it is necessary to algorithmically handle every waveform nonetheless.

The algorithmic treatment of waveforms, often referred to as digital signal processing
(DSP), is well-studied in the case of low noise germanium detectors [60]. In particular,
the problem of minimizing the error of the measurement of a charge @) in the presence of

noise has well-defined optimal solutions in the literature. This work follows these standard
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solutions closely. This section outlines the treatment of waveforms focusing on the energy

estimation of events, and the pulse-onset estimation of those same events.

7.3.1 Pre-processing

The pre-amplifiers used in this experiment do not have resistive feedback, and so, signal
pulses from charge collection sit on a linearly increasing rise from the leakage currents of the
detector. In this analysis, waveform baselines are subtracted by performing linear regressions
to the first 13,000 samples, and subtracting this line from the entire waveform. Long baseline
estimation regions are particularly important in the presence of low-frequency noise that

can degrade the energy estimation.

7.3.2 Energy Estimation

The goal of the energy estimation is to reconstruct the total charge (), which is proportional
to the energy released in the form of ionization within the diode. In the presence of both
signal and pre-amplifier noise, there is a well-established theory for the least-squares (optimal)
measurement of (). Under white-spectral noise and finite baseline estimation time, the
optimal linear filter is a finite cusp-shaped weighting function [59]. For a diode with a known
calibration to electron-recoils this is reported in units of energy as the ENC.

In practice, the digital implementation of these ideas takes the form of a linear time-
invariant (LTT) filter applied to the sampled preamplifier waveform. The trapezoidal filter is
a convenient approximation to the optimal cusp: it is defined by the discrete convolution of
the waveform with a finite-length kernel such that rises linearly, remains flat, and falls linearly
back to zero. This filter is nearly optimal in terms of noise performance, yet straightforward
to implement and commonly used in radiation detection. The maximum of the output of
the convolution is the estimated energy.

The configurable parameters of the trapezoidal filters are the rise time and flat time of
the kernel. In particular the rise time, which is an effective integration window, has a large

impact on the performance of the ENC resolution. An example of the convolution kernel
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Figure 7.6: An example kernel of the energy-estimating trapezoidal filter shown in the time
domain. Rise times, visible as the periods where the kernel is equal to +1, are optimized for
each detector.

and the resultant output is shown in Figure 7.6.

Since the performance of the trapezoidal filter depends on the choice of filter parameters
and the particular noise conditions of each detector, a data-driven artificial waveform
simulation is used to find optimal parameters. In particular the following procedure is used

to find detector dependent parameters:

1. Analytic waveform templates are generated based on a sigmoid function that approxi-

mates the expected charge collection profile of a typical signal event.

1
)= e

where a parametrizes the rise-time.

2. Measured noise-only waveforms are harvested from the in-situ externally triggered
data, and are added to the analytic waveform templates, producing realistic simulated

signals of known amplitudes.

3. A range of trapezoidal filter rise times are applied to the sample of simulated waveforms.
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Figure 7.7: An example of a rise time optimization performed on Ge-21 after the data-
taking period.

For a given rise time, the application of the trapezoidal filter produces a gaussian
distribution around the expected amplitude. The rise time producing the lowest FWHM

for the resulting distribution is the optimal rise time.

An example of energy resolution optimization for a detector is shown in Figure 7.7.

As the leakage currents evolved throughout the dataset, filter parameters were re-
evaluated daily. There was no impact of any minor variation on the analysis. Table 7.3
summarizes the filter parameters used, and the ENC resolution expressed as the FWHM in

keV of each detector on the last day of data-taking.

7.3.3 Timing Extraction

A feature that is specific to CEvVNS searches using neutrinos produced in an accelerator

facility is the need to determine not just the energy of an event, but the time at which it
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Table 7.3: Optimal trapezoidal filter parameters and corresponding electronic noise equiva-
lent (ENC) resolution on the final day of data-taking.

Detector Rise Time (us) Flat Time (us)

Ge-21 8.5 0.67
Ge-23 4.0 0.67
Ge-25 4.5 0.67
Ge-26 6.0 0.67
Ge-28 8.0 0.67

occurred. The powerful background rejection possible at the SNS depends on the ability to
correlate events precisely to the timing of protons hitting the mercury.

In HPGe detectors the time between a recoil that causes ionizing radiation and the
charge collection near the point-contact depends on the drift-times in the detector, on the
time-scale of microseconds.

The characteristic rise commonly observed in waveforms, like that shown in Fig 7.8, is
related to the arrival of charge near the point-contact (and the resultant accumulation of
charge on the preamplification capictor). The rising edge of the waveform signal does not
indicate the creation of the ionized charge - and yet, it is the creation time that is specifically
needed to be associated to neutrino production.

In fact, from the shape of low energy HPGe waveforms alone it is impossible to determine
the exact time of that the ionizing radiation. Instead, the strategy used in this experiment is
to identify the onset of the pulse as it is seen in the electronics readout. The specific feature
in the waveform that is estimated, referred to as t59 in the analysis, is the time at which the
recorded waveform has reached half of the estimated energy.

This t59, which is not the creation time of the ionized charge, is the only thing that can
be reconstructed and is the key timing feature of every waveform considered. In the search
for neutrinos recoiling off of germanium nuclei, and producing ionization, the drift-time
distributions, described in Section 7.1, must be used to predict when signal-related pulse
onsets can occur.

The timing reconstruction in Campaign 2 followed a custom procedure adapted from
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a related algorithm used in the literature [68]. The goal was to determine characteristic
timing points (10, t50, top) for small-amplitude pulses in the presence of electronic noise.
An asymmetric trapezoidal filter was first applied to each waveform. This fast rising
filter provided a balance of suppressing high-frequency noise and preserving the rising edge
of the original waveform. Starting from the maximum of the filtered waveform, the algorithm
moved backward in samples to locate the first sample falling below 50% of the reconstructed
energy: (ts50,1). Then the iteration continued backwards in samples to find the 10% crossing:
(t10). From t10 it then moved forward in samples to find a second 50% crossing (t50.2). The

final t5¢ was defined as the mean of these two estimates,

ts0 = & (tso1 + t50,2) - (7.2)

In the case where the filtered waveform did not exceed 50% of the reconstructed energy, tso
was set to t501.

While sufficiently effective for an observation of CEvNS, this algorithm required several
ad-hoc checks and relied on the energy reconstruction to guide the timing search. Ultimately,
the performance of this algorithm was the limiting factor in the determination of an energy
threshold in the analysis. Subsequent analyses replaced it with an improved technique
approach that offered better performance precision more statistically well-defined timing
estimator. This is discussed in Chapter 8.

This implementation was not detector dependent. In particular every detector used the

same kernel for the asymmetric filter
+1, 0<n <5,

hin] =<0, 5<n<18,

-1, 18 <n <268,

\

A figure highlighting the convolution outputs of respective trapezoidal filters used in
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Figure 7.8: HPGe waveform in black with reconstructed energy of 1.5 keV. This is the
lowest energy waveform considered in the analysis. Shown in orange is the output of the
energy-optimized trapezoidal filter. The maximum of the filter is highlighted as the energy
reconstructed for this event. In green is the asymmetric trapezoidal filter used for timing
reconstruction. The identified t5g is highlighted. Figure is adapted from [46].

both the energy estimator and onset finding are shown in Figure 7.8 for a waveform at the

energy threshold considered in this analysis: 1.5 keV.

7.3.4 Reconstruction Uncertainty and Thresholds

The accuracy of both the energy and timing estimators is limited by electronic noise. The
data—driven waveform simulation described in Section 7.3.2 was used to evaluate the bias
and resolution of the feature-reconstruction as a function of true signal energy.

For each detector, a large sample of artificial waveforms were generated (~ 20,000),
each with a known energy and timing. The simulated waveforms were processed with the
same optimized energy algorithm and custom timing algorithm used in the analysis. The
reconstructed values were compared to the known inputs. This procedure yielded the mean

distributions of residual reconstruction — effective measures of both bias and variance — as a
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function of true energy.

The results confirmed an excellent energy reconstruction, comparable to the underlying
noise limit present in the pre-amplifier electronics. Across all detectors the energy estimator
remains essentially unbiased, with fixed performance in each detector, down to approximately
300 eV.

In contrast, the timing estimator showed a rapidly broadening distribution of recon-
structed t59 below 1.5 keV. The distribution also showed significant biases below this energy
threshold. This behavior is consistent across detectors and reflects the fundamental limitation
of the asymmetric trapezoidal timing algorithm in the low-signal regime.

Representative results for time estimator reconstruction study are shown in Figures 7.9.
This illustrates the degradation below 1.5 keV, and the narrow identification above pulse

onsets above this threshold.

7.4 Data Quality and Cuts

Out of the hundreds of millions of waveforms recorded, the vast majority contain no
measurable charge collection. To re-emphasize a key feature of measurements at the SNS:
the remarkably low-background nature of this experiment is enabled by only looking for
physics events in a narrow coincidence with the beam.

For the events that are reconstructed above the 1.5 keV threshold, the majority do not
originate from a real ionization in the diode. Instead, many events are reconstructed in the
energy region-of-interest by the indiscriminate trapezoidal filters used, despite not being, in
a sense, real physics events. These may be vibrational noise induced by a turbulent LN2 fill,
or a regular pre-amplifier reset event that tricks the energy estimation algorithm.

Luckily, the waveforms associated to these spurious events are topologically distinct from
the so-called physics events that constitute the CEvNS search (be they signal or background
events). Therefore, the analysis depends on a series of cuts to filter events down to this
physics-only set. It is important that this procedure of pruning events originating from

spurious noise does not inadvertently throw out any physics events. In the technical language,
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Figure 7.9: Timing reconstruction residuals and resolution (¢59) as a function of true energy
for Ge-21, illustrating the rapid growth of timing uncertainty near the analysis threshold.
Original figure courtesy of James Browning.

the data-cleaning cuts used in this analysis were ensured to be nearly 100% efficient in
retaining signal. In general the cuts chosen were either based on uncorrelated auxillary
timing information, or very conservative and targeted towards obvious pathological features.
Due to the low-background nature of this experiment it was possible to manually inspect
every true radiation event in the entire dataset to ensure the 100% signal acceptance.
Finally, once trimmed to a physics-only dataset, the application of the active muon-veto
further reduced the backgrounds to the final level used in the statistical analysis. This section
outlines the simple and effective data cleaning cuts used, the dead-times they incurred, and

a description of the active muon-veto.
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7.4.1 Timing Based Cuts

Several cuts were based on removing pathological events using coincidences with timing infor-
mation from axillary signals. Since these are independent of pulse-shape, and uncorrelated

to the beam, they cannot have any impact on signal-acceptance.

Pre-amplifer Reset

The pre-amplifier used in the front-end electronics of the HPGe detectors used do not contain
a feedback resistive element. As a result the charge accumulated from either radiation events
or from leakage currents does not dissipate continuously. Instead, when a specific charge
(voltage) is reached, the a discharge (reset) is triggered. The dead-time associated with the
restoration of the pre-amplifier was measured to be less than 200 us.

An example of a pre-amplifer reset and subsequent baseline restore is shown in Figure 7.10.
The relative frequencies of these resets depends on the leakage current of each detector. The
front-end electronics of the HPGe detectors used have a configurable transistor-transistor
logic (TTL) signal associated with the pre-amplifier reset. These signals were digitized
internally, independent of the SNS timing signals, to track and reject these pre-amplifier

resets, as well as the 200 us window after each reset.

LN2 Fills

The Dewar that houses all HPGe detectors was refilled daily with LN2. These fills lasted
approximately forty five minutes and during this time detectors were sensitive to vibrations
from the boil-off and liquid flow. The number of non-physics events reconstructed in the
energy region of interest during these fills was large. An example of such a waveform is
shown in Figure 7.11.

As a result, all events occurring during a LN2 fill were thrown out. Depending on the
detector sensitivity to the vibrations induced, additional time was added after fills to the

rejected time periods. A table summarizing the time after each fill is shown in Table 7.4.
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Figure 7.10: Example pre-amplifier reset event. The integrating capacitor is discharged
(with an accopanying drop in baseline voltage of several volts). The pre-amplifier resets to
normal operating conditions over 200us
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Figure 7.11: An example of an event recorded during a liquid nitrogen Dewar fill. Events
recorded during these periods show large baseline fluctuations that bias energy reconstruction
and are not correlated to physics events in the crystals.
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Table 7.4: Amount of time the LN2 refill exclusion window is extended after fills have
concluded for each detector.

Detector | Additional Time (m)
Ge-21 0
Ge-23 10
Ge-25 30
Ge-26
Ge-28

Noisy Period Removal

Apart from the the expected LN2 fill periods, there were additional small periods of time of
recorded microphonic noise with no known correlation. There were also isolated periods of

abnormally high TRP reset rates recorded.

7.4.2 Waveform Based Cuts

Another broad category of data quality cuts is related to the specific topology of waveforms.
There were identifiable categories of pathological waveforms are not related to charge
collection in the diode, but that are reconstructed by the energy-estimating algorithm in
the energy region of interest. While they were degenerate with signal-like events in energy
dimension, simple, additional parameters were found to lift this degeneracy and remove

these events without affecting the signal-like events.

Saturated Events

There were several types of events which either positively or negatively saturated the
configured dynamic range of the analog to digital converter on the SIS3316 digitizer. Often
these had their origins in pre-amplifier resets that did not have an accompanying TTL signal.

Any recorded waveform that saturated the dynamic range of the digitizer was rejected.
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Trapezoidal Filter Minimum (Cross-Talk)

One large type of pathological event was due to cross-talk inside of the digitizer between the
reset T'TL signals from one detector and the energy channel in another detector. During
the analysis of this data-set, the fact that this was cross-talk was not known. The category
of events was mistakenly assumed to be some type of transient noise unrelated to other
detectors. Later analyses (discussed further in Chapter 8), improved the understanding of
this behavior. Instead during this analysis a waveform based strategy was used to identify
the key features of the inductive cross-talk, and reject waveforms in this manner.

An example of this cross-talk is shown in Figure 7.12. The strategy that was taken to
reject these waveforms was to cut on the minimum of the energy-estimating convolution.
This cut, referred to in the analysis as the trapezoidal filter minimum, ensured that after
baseline subtraction no waveform had a negative-going pulse which was present in these
cross-talk events.

The particular values chosen in this cut are summarized in Table 7.5, and were validated
with manual inspection of every waveform in the data-set to ensure that no physics-like

events were removed during the blinded analysis.

Table 7.5: Optimized cut values for the minimum of the trapezoidal filter convolution
output to reject cross-talk events..

Detector | Trap Minimum
Ge-21 -6
Ge-23 -8
Ge-25 -10
Ge-26 -7
Ge-28 -6

7.4.3 Muon Veto

Finally, apart from the removal of pathological waveforms from the dataset, there are physics-

like events that are recorded in coincidence with tagged events in the active muon-veto
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Figure 7.12: An example of a detector undergoing a pre-amplifier reset (top) and the
induced cross-talk (bottom). The width of the bi-polar cross-talk is related to the width of
the TTL signal sent by the resetting detector.

around the HPGe detectors. These events have their origin in ionizing radiation from cosmic
rays directly, from secondary particles from electromagnetic showers, or from muon-produced
neutrons produced inside the shielding material itself.

In the case of muon-produced neutrons, the time between the muon passage through the
material and the neutron recoil in the germanium can be on the order of microseconds due
to neutron scattering within the shielding material. Dedicated simulations were performed
using the computer software MCNP [69], to determine appropriate coincidence windows for
the analysis veto applied later in software. It was determined that 10 us was sufficiently
large to contain effectively all coincidences.

To simplify the application of the veto, and to provide an easily calculable dead-time, a
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fixed veto window was used for every waveform in the analysis. That is, for every single
HPGe waveform recorded, if there was any triggered event in the muon-veto system between
waveform samples 11,200 and 20,200, it was rejected. This was the case regardless of the
presence of any detectable charge collected. This window ( 73 us long) was significantly
larger than the coincidence window determined by simulation. It incurred a slightly excessive

dead-time penalty.

7.4.4 Dead-Time

In summary, a series of cuts were applied to arrive at a low background of pure physics
events, without introducing non-trivial efficiency for the signal-like population. All cuts
used were either based on uncorrelated timing signals — such as the active muon-veto or
pre-amplifier reset logic signals — or were based on disqualifying waveform topologies that
were uncorrelated to the presence of ionizing radiation.

These cuts had a non-negligible impact on the recorded live-time, or exposure. The
percent of events rejected was calculated directly and folded into all final exposure calculation.
This is summarized in Table 7.6

Table 7.6: Percentage of triggers remaining after each successive quality cut. The final
column shows the cumulative effect of all cuts.

Detector Bad evt61 Cut TRP Reset Muon-Veto Trap-Min + Beam Ops All Cuts

Ge21 96.83 96.13 88.30 88.24 86.02
Ge23 97.24 94.35 87.04 86.98 79.40
Ge25 97.24 95.40 88.02 85.53 76.76
Ge26 92.02 89.74 81.97 81.11 79.61
Ge28 97.32 96.71 89.20 89.08 86.76
Average 96.59 94.96 87.44 86.70 81.76
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7.5 Backgrounds

The statistical analysis is an estimate of the number of CEvNS events observed in coincidence
with protons bombarding the target at the SNS. This signal arrives in the presence of
background, and so these backgrounds must be simultaneously estimated. The two major
backgrounds that must be considered in this analysis are steady-state backgrounds and

beam-related backgrounds.

7.5.1 Steady-State Backgrounds

The steady-state backgrounds can be well measured in the absence of protons on target. In
this analysis there are two measurements of the steady-state background. The first comes
from the one-to-one, externally triggered dataset, that accompanies every on-beam trigger.
These triggers, referred to as the off-beam dataset, are analyzed in the blinded analysis to
develop all cuts described in Section 7.4. The externally triggered background dataset, after
all cuts, is shown in Figure 7.13.

The other important measure of the steady-state backgrounds are the weekly calibration
runs. These provide high-statistics measures of the shape of the background distribution.
There is an important distinction between the two. The externally triggered dataset is
collected with zero threshold in energy at the digitizer level. An energy threshold of 1.5 keV
is applied in the analysis. The internally triggered calibration data is collected with energy
thresholds at the digitizer level. This threshold introduces — for the calibration data only —

an unknown trigger efficiency.

7.5.2 Beam-Related Backgrounds

Beam Related Neutrons (BRNs) originate from the SNS target and propagate through the
facility to reach Neutrino Alley. Because they are produced in time coincidence with the
beam pulse and can deposit nuclear-recoil energies within the CEvNS region of interest, they

represent a potential irreducible background.
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Figure 7.13: Campaign 2 externally triggered background spectra integrated over the
full data-taking period. A series of histograms are shown after successive cut application.
Data cleaning in the form of the pre-amplifier reset rejection (TRP Cut) and the cross-talk
cut (Trap Min Cut) are shown. The final background dataset shown in blue is used in the
statistical analysis as the sample of the steady-state background. Original figure courtesy of
James Browning.

To quantify their potential impact, a dedicated MCNP simulation was performed using
the Ge-Mini Campaign 2 shielding configuration. Two source hypotheses were considered:
neutrons generated at the concrete wall adjacent to the detectors, and neutrons entering
from the downstream hallway. The input neutron spectra were motivated by prior neutron
flux measurements performed by the collaboration. In particular, using an Eljen [70] liquid
scintillator cell in the Ge-Mini location.

The two source configurations predict similar low-energy recoil spectra. When scaled to
the Campaign 2 exposure, the total expected Beam Related Neutron (BRN) contribution
was found to be

Nprn = 0.67 £ 0.34.

The quoted uncertainty includes the ~20% measured flux normalization error.
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7.5.3 Background Model

The statistical analysis requires a the background probability density function (PDF). For
this analysis it is is derived entirely from the internally triggered calibration data collected.
This choice provides a high-statistics sample that is representative of the steady-state
distribution.

A potential concern is the reduction of trigger efficiency in self-triggering mode at low
energy. Dedicated comparisons to the externally triggered (off-beam) data revealed that
such efficiency losses affected two detectors above the 1.5 keV threshold: Ge-25 and Ge-26.
Consequently, the final background PDF is constructed using only the calibration data from
Ge-21, Ge-23, and Ge-28, which showed no measurable efficiency loss.

Figure 7.14 displays the agreement, within statistics, between the externally triggered
data (black) and the rescaled internally triggered data (green). Also showed is the expected
CEvNS signal (blue), discussed in further detail in Section 7.6.

The region around prominent peaks are excluded from the analysis. This is due to the
apparent disagreement in the internally triggered data used to generate the PDF and the
externally triggered off-beam spectrum. There is different radiogenic activity present in each
detector. The use of only some of the detectors for the PDF, but all of the detectors in
the statistical analysis led to a poor modeling of the peaks. This ultimately has negligible
impact on the sensitivity of the measurement, evidenced by the small signal present in this

excluded energy range.

7.6 Signal Prediction

7.6.1 Overview

The objective of this section is to describe the prediction of the observable CEvNS signal in
reconstructed energy and time. This prediction provides the two-dimensional PDF used in
the statistical analysis. It requires combining the CEvNS differential cross-section, the SN'S

neutrino flux, and detector effects.
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Figure 7.14: A comparison of the internally triggered calibration data background is shown
as data points. The externally triggered background dataset is shown as a yellow histogram.
Agreement within statistic is observed. The CEvNS prediction over this exposure is overlaid.
Figure is adapted from [46]

7.6.2 Flux Averaged Rates

In general, the two-dimensional differential rate is written as an integral over neutrino

energies relevant in the SNS neutrino flux, described in Chapter 5, as the following:

2R B do
LR N /E " 6B B T) dB, (7.3)

where Nig are the number of nuclear targets, in this case the number of germanium
atoms in the active mass, ¢ is the distribution function of neutrino energies propagated to
the germanium targets with units v/cm?, and do/dT is the differential rate described in
Chapter 4.

As has been emphasized throughout this work, the differential rate is predicted with

small theoretical uncertainty. The largest source of theoretical uncertainty lies in the
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choice of nuclear structure form factor. The COHERENT collaboration uses as a base
prediction the Klein-Nystrand model described in Section 4.1.2 with diffractive neutron
radius R, = 1.2 AY3, where A is the atomic mass of the target isotope.

Importantly, while the differential rates do not depend on neutrino flavor at tree-level,
electromagnetic radiative corrections introduce flavor dependent differences in the form of
neutrino charge radii. For this reason it is of physical interest to consider the differential
rates for each flavor exactly. However, for the sake of simplicity the text neutrino flavor

indices are suppressed in this text.

7.6.3 Quenching Factor

The observable energy in a germanium detector is the electron-equivalent energy Tee, which
corresponds to the amount of ionization charge produced by a nuclear recoil of true energy T
sometimes in the literature this is also expressed as Ty, to denote the nuclear recoil energy.
Because a fraction of the total recoil energy is lost to dissipation mechanisms that are not

ionization, Tt is smaller than 7. The ratio

Q(T) = T? (7.4)

is often referred to in the literature as the quenching factor.

This ionization yield from nuclear recoils has been extensively studied [71]. There is a
phenomenological model of the ionization yield that follows the Lindhard model described
as:

Ak = 5,

where k is a dimensionless parameter determined from experiment and g(e) is the Lindhard
ionization function of the dimensionless energy €, which depends on recoil energy T'. In this
analysis, the model parameters taken from the CONUS collaboration measurement [58], so
that k = 0.157 £ 0.004.

The energy threshold in this analysis is a threshold in ionization energy measured, not the
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Figure 7.15: Measured germanium quenching factor as a function of nuclear recoil energy.
The curve shows the Lindhard model with best-fit parameter k. Original figure and data
appears in [58]. The vertical red line marks 7.5keV, the recoil energy threshold of this
analysis. The modified figure is from Janina Hakenmuller.

nuclear recoil energy. Under this transformation, and with this model parameter, the nuclear
recoil energy threshold is in fact 7.5 keV. Figure 7.15 shows a collection of measurements
of the quenching factor in HPGe detectors with the equivalent energy threshold for this
analysis highlighted. In this energy range the quenching factor data agrees very well with
the empirical model used and the uncertainty it introduces on the CEvNS measurement is
small.

In addition to the mean quenching factor, Lindhard’s model predicts an energy-dependent
spread in the electron-equivalent yield for a fixed nuclear-recoil energy. This “quenching
smearing factor” (QSF) represents the stochastic partition of recoil energy between ionization

and other channels of energy dissipation. In this analysis, the magnitude of this broadening
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is below the dominant detector resolution [72].
To obtain the observable spectrum in T, the nuclear-recoil differential rate of Eq. (7.3)

is transformed according to

d’R o0 d*R
dTo.dt /0 T o g Re(Tee [ T), (7.5)

where Rg(Tee | T') is the quenching response function. For an ideal deterministic mapping —

that is, no QSF — this reduces to

R 1 d°R
dTe.dt — Q(T)dT dt

T=T(Tee)

With this transformation it is possible to arrive at an energy range relevant for this
analysis. While the recoil energy range considered was from 7.5 keV,,,, to the kinematic
endpoint of the recoil spectrum, the new electron-equivalent energy range is [1.5, 20] keV,,,
where the subscripts “nr” and “ee” refer to the nuclear recoil energy and electron equivalent

energy respectively.

7.6.4 Detector Smearing and Efficiencies

The idealized two-dimensional recoil rate of Eq. (7.5) must be further transformed with the
finite detector resolution, timing uncertainties, and selection efficiencies.

Energy Resolution

The reconstructed electron—equivalent energy T is subject to finite detector resolution, with
energy-dependent energy resolution modeled by a gaussian distribution function, dependent
on the specifics of each detector. In particular, the resolution of a function of energies is

characterized using internally triggered calibration data, with width og(T%.).
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Onset (t50) Smearing

The reconstructed pulse-onset also carries a timing uncertainty from the tsg finding algorithm.
For this anlaysis it was decided to approximate this as a fixed a gaussian distribution with
fixed width of oy =~ 100 ns. While this is not correct, it simplified the numerical work of
producing the PDFs and had a small effect in the shape of the final distributions, too small

to be noticed in this first measurement. Later analyses have corrected this.

Detector-Dependent Drift-Times

The detector dependent drift-times must also be folded into the signal prediction. That is,
the charge carriers from neutrino-induced nuclear recoils must drift from the interaction site
in the crystal to the readout point-contact. This introduces a probabilistic delay of true
interaction times. The drift-time distributions, as described in Section 7.1, are drift-time
calculations matched to characterization data. These empirical drift-time probability density

functions Pgyif (t) are convolved with the onset smearing to produce the final timing model.

Efficiency Functions

Two simple, efficiency windows are applied in energy and time:

o Energy efficiency: a step function equal to 1 for 1.5 <T,. <8.5 keV and 11 <Tee <
20 keV, and 0 elsewhere.

e Timing efficiency: a step function equal to 1 for —4 <t <36 us, where t is measured

relative to the external proton-on-target timing signal.

As an aside, the fact that the signal acceptance is 100% in the energy and time region of
interest is due to a few things. First, the external triggering scheme ensures that the data is
recorded with no losses due to a trigger efficiency, as can be the case in some CEvNS analyses
with a self-triggering scheme [41]. Second, the low-background nature of the experiment
ensures that the vast majority of waveforms recorded have no events in them. As a result

the likelihood of timing efficiencies due to pile-up, related to the Poisson statistics of the
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steady-state background, are vanishingly small. Finally, all cuts applied in the analysis were

ensured to have full signal acceptance.

7.6.5 Signal PDF

The signal PDF produced by the successive convolutions of the ideal recoil spectrum with the
smearing functions described, along with the multiplication of the trivial efficiency windows,
yields a final, two-dimensional PDF used in the statistical analysis.

In this analysis, the unity-normalized PDF has no free parameters that distort the
shape. Future analyses may consider to parameterize the shape of the signal PDF through
alternative physics models or to parametrize the nuclear structure form factor. Here, however,

the only free parameter considered is the total number of counts observed.

7.7 Expected Counts

The total expected counts depends on the signal prediction that has been described here,
including all of the smearing and thresholding effects, as well as the overall dimensionful
normalization of the differential rate equations used. In particular it depends on the total
number of neutrinos that pass through the total number of sensitive germanium nuclei.

This integrated live-time is 10.22 GWhkg, and the resultant Standard Model expectation
is 35.1 in the signal region of interest.

A discussion of systematic uncertainty on the Standard Model prediction is necessary
and summarized in Table 7.7. The dominant source of systematic uncertainty — that is, an

uncertainty in the prediction — comes from the neutrino flux uncertainty of 10 percent.

7.8 Statistical Analysis

Following the Particle Data Group convention [73], the likelihood for N,, observed events,
when the total number of events itself depends on the parameters of interest, is written as

an extended likelihood:
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Table 7.7: Summary of relative uncertainties on CEvNS signal rate. The uncertainties
considered here are on the amplitude of the signal prediction and all shape distorting effects
are considered sub-dominant and ignored in this analysis.

Parameter Relative Uncertainty

Total neutrino flux (pion production) 10%

Distance to target (19.1+0.1) m 0.5%

Quenching factor (k = 0.157 & 0.004) <1%

Quenching smearing (0.024 4+ 0.002) negligible

Form factor (Klein, Helm) ~1%

Active mass (96.3+2.0)% 2%

Energy resolution negligible

Energy scale calibration 1-2%

L) = Bt vy) Non e~ (o) ﬁ vsPu(Ei To) + BB, Th)

Nop! Vs + Up

=1

Poi bability for total t
1SS0 probabrity for total Counts . tribution from individual events

Similarly, the extended likelihood for observing Nyg is described by:

() e

Noﬁ' — off
L(vy) = (i) re [ wP(E:,T),
i=1

Nog!
where:

e FE;, T, are the energy and timing of the i-th event,
o Py(E,T) and P,(E,T) are normalized signal and background PDFs,

e v and vy are the expected number of signal and background events in the ROI.

The total likelihood is simply the product of the two likelihoods:
Lran = Lon X Lo (7.6)

This is what is meant by fitting the off-beam and on-beam data simultaneously. In

doing so the amplitude of the steady-state background is constrained by an additional
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measurement, absent of the presence of signal. In practice this, the maximization of the
likelihood is impractical, and instead the negative logarithm of the likelihood is minimized.
In this work this is done through the software package iminuit [74].

The likelihood fit yields

Ncguns = 20.675% signal-like events.

To emphasize, the beam-related neutron background expectation was Nprn = 0.67 4= 0.34,
and was not included in the background PDF.
The no-CEvNS hypothesis was rejected at 3.90, confirmed via toy Monte Carlo studies.
A complementary counting analysis over an optimized region of interest. In particular
the energy window was [1.5, 8.5] keV and the timing window was [0, 8] us. This gave a
consistent result of Né%iﬁf}lg & = 21.0 & 7.8 signal-like events.

Figure 7.16 shows the background-subtracted energy and timing distributions for the

on-beam data.

7.9 Discussion

Accounting for both statistical and systematic uncertainties, the measured signal agrees
with the Standard Model prediction within 1.95¢. This is seen in the profiled log-likelihood
of the observed signal in Figure 7.17.

Having performed a detailed analysis and an exhaustive list of cross-checks, this discrep-
ancy is likely attributable to a statistical under-fluctuation in the signal in a relatively small
dataset. Nonetheless, the measurement shows great promise. The low-background nature of
the experiment means that with only 20 counts it is possible to clearly separate signal from
background.

There were several places with significant room for improvement in the analysis, but
clearly from this result, the ultimate conclusion was simply that more data were necessary.

Chapter 8 covers the novel contributions of this work stemming from a new, improved
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Figure 7.16: Off-beam and on-beam data after subtracting the best-fit amplitude of the
steady-state background PDF. Projections of the two-dimensional distribution are shown in
energy and time. A statistically significant excess was observed. Figure adapted from [46].
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Figure 7.17: The profiled log-likelihood of the amplitude of the signal distribution. The
best-fit number of signal counts is 1.9 ¢ below the Standard Model expectation. Figure

adapted from [46].
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measurement performed with an larger dataset.
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Chapter 8
Campaign 3: Towards Precision

The dataset that informed the observation described in Chapter 7 was collected in a race
against a long beam shutdown at the SNS. Going into the fall of 2023, the SNS entered
into a one year outage to prepare the accelerator complex for the planned Proton Power
Upgrade (PPU). Having just finished the first result on germanium, it was not possible to
immediately collect more data.

This was a convenient time to reconfigure and improve the experiment. Campaign 2
revealed persistent leakage current in detectors, and the experimental set-up needed a few
operational adjustments to remain compliant with the environmental constraints in Neutrino
Alley. So throughout 2024, an effort was made to rehabilitate detectors at Duke and work
on the shielding enclosure.

Detectors were shuttled back and forth from Oak Ridge to Durham so that cryostat
vacuums could be serviced at Duke. Several detectors had persistent vacuum issues, related
to the large, low-background cryostats used in this experiment. In the end, not all detectors
were successfully rehabilitated at Duke by the time the SNS had completed its upgrade —
though enough to begin collecting neutrino data once again.

In the fall of 2024, the experiment was recommissioned, and starting in February of 2025,
Campaign 3 began in earnest. Data-taking continued for three and a half months into the
end of May, which resulted in the most sensitive measurement of CEvNS to-date.

This chapter follows a similar structure to Chapter 7, as the key features of the CEvNS
measurement are largely the same. Details of this measurement that are unchanged are
briefly summarized, while more emphasis is placed on the significant improvements that
were made.

In particular, there were two major goals in the effort of improving the analysis:

e To lower the analysis threshold from 1.5 keV to 0.5 keV.
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e To lower the backgrounds by applying pulse shape discrimination to remove non-

neutrino related surface events.

These improvements were achieved. In combination with the significantly larger exposure,

this ushered in an era percent level precision measurements of CEvNS.

8.1 Data Collected

The Campaign 3 dataset was collected between February 15 and May 27 of 2025. Following
the PPU the SNS average power delivered started at 1.7 MW, and ramped to 1.8 MW on
April 16. The PPU also introduced a new operating regime with a proton energy of 1.3 GeV.

For the Campaign 3 dataset an exposure of 4.68 x 1022 POT were recorded. This was

over twice the total number of POT recorded in Campaign 2.

8.1.1 Triggering Scheme

The key features of the triggering scheme were unchanged from Campaign 2. Figure 7.2
illustrates the arrival of on-beam and off-beam triggers that are used to search for neutrinos
and sample the steady-state backgrounds present.

Waveforms are recorded at 120 Hz, externally triggered on timing signals from the SNS
which indicate the presence of neutrinos.

A minor adaptation was made in the relative phase of the waveforms, with respect to
the timing signals of the SNS, to increase the amount of pre-trigger baseline recorded, and
to improve the resolution of the electronic noise. This is illustrated graphically in Figure 8.1.
Where, previously, the expected neutrino arrival was at sample number 13,701 out of 22,000
samples, now the expected neutrino arrival was at sample number 14,975. As a result the

total baseline estimating window went from 105.6 ps to 112 us.

8.1.2 Exposure Summary

The combination of the detector rehabilitation and the work on the shielding during the

outage resulted in much more stable operation and data-collection. All detectors used in
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Figure 8.1: An example waveform from the externally triggered off-beam dataset. This
event illustrates the main regions of the waveform, as they are used in the analysis, the
pre-trigger baseline estimation window, the signal arrival region, and regions not analyzed to
avoid edge effects and inefficiencies in reconstruction. The main adaptation from Campaign 2
is a relative phase shift to increase the pre-trigger window. For on-beam triggers, the expected
start of neutrino arrival is highlighted.

this analysis were operating for the same amount of time.
A total exposure of 28.83 GWhkg was recorded before all data selection and analysis
cuts. Similar to the Campaign 2 analysis a series of cuts reduce this down to a final exposure

of 23.65 GWhkg.

8.1.3 Calibration Studies

There were, again, regular internally triggered calibration studies performed. These confirmed

a high degree of gain stability, and were an important measure of the steady-state background.

8.1.4 Data Selection

With the increased exposure, beam stability acceptance was more strict in this analysis than
in the Campaign 2 analysis. Beam periods were only considered in the analysis if the SNS

reported average beam power was 80% of the target power at that time. This is illustrated
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Figure 8.2: Average recorded beam power delivered during Campaign 3 as a function of
time. The beam power was mostly stable, allowing for quality data recording. A ramp in

power occurred on April 16, 2025 from 1.7 MW to 1.8 MW.

in Figure 8.2. Finally, periods of rapid change, defined as a change larger than 0.3 MW in

roughly one minute, were removed.

Similarly, the beam energy was found to be highly stable at 1.3 GeV. Beam stability cuts

incurred a 5% dead-time — similar to Campaign 2.

8.1.5 Blinded Analysis

Finally, the analysis was blinded in a similar manner to Campaign 2. All analysis routines

were developed exclusively on the off-beam and calibration datasets. This was particularly

important with the introduction of new analysis routines.
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8.2 HPGe Waveform Analysis

Aside from the relative phase of the neutrino arrival in the waveform, the key features of
the waveform digitization are unchanged from Campaign 2. Waveforms have total record
lengths of 22,000 samples, corresponding to 176 s.

The two major differences in the waveform analysis are an improvement in the onset (t59
finding algorithm, and the development of a background reduction technique using pulse

shape discrimination (PSD).

8.2.1 Pre-processing

In this analysis, the baseline fitting window is the first 14,000 samples. No other aspect of

the baseline subtraction routine has changed.

8.2.2 Energy Estimation

The essential features of the energy estimation are also unchanged from Campaign 2. The
leakage currents were greatly improved by the detector rehabilitation, and proved more stable
throughout the data-taking period; therefore, a single filter optimization was performed,
based on noise measured during the middle of the data-taking period.

The results, and trapezoidal filter parameters are summarized in Table 8.1. All the
rise-times used in the trapezoidal filters applied are significantly longer than in Campaign 2 —
and closer to the manufacturer specification. The longer optimal rise-times are characteristic

of a decrease in parallel noise from reduced leakage currents.

8.2.3 Timing Extraction

The bespoke t59 finding algorithm used in Campaign 2 was the limiting factor in the
determination of the 1.5 keV threshold. To lower the threshold to 0.5 keV it was necessary
to reconsider this approach.

After testing several digital signal processing techniques, the analysis adopted an efficient
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Table 8.1: The optimal rise times used to reconstruct the energy of HPGe signals in each
detector is reported alongside the resulting ENC. The optimal rise times are characteristically
longer in Campaign 3 compared to Campaign 2 due to the improved leakage currents reducing
the contributions of parallel noise.

Detector Rise Time (us) Pulser FWHM (eV)

Ge21 9.0 98(1)
Ge25 10.0 174(1)
Ge26 8.0 130(1)
Ge28 12.0 101(1)

and statistically well-defined method: the matched filter. Matched filters are a powerful
linear filter for finding the onset of an expected signal in the presence of noise [75].
Matched filters are, like trapezoidal filters, Linear Time Invariant (LTT) systems. But,
instead of shaping the signal for energy estimation, they correlate the waveform with a
predefined signal template to maximize a statistic that identifies the most probable time of
signal onset.
To estimate the signal onset, or t59, a simple, bipolar signal template was chosen. The

discrete template s[n] is defined as:

~1, 0<n<125
sln] =<0, n=125 (8.1)

1, 126 <n < 251,

where each sample corresponds to the digitization sampling of 8 ns. Therefore, the negative
and positive regions span 1 us. It turns out this is equivalent to a (relatively fast) trapezoidal
filter with nearly no flat time. This is effectively identical to what is sometimes called a
“triangle” filter in some analog shapers.

By way of developing some intuition for this filter, the vanishingly small “flat”-time ensures
that the convolution is particular sensitive to the rising edge of the waveforms considered.

Longer flat-times were empirically found to introduce more error in the reconstruction of
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Figure 8.3: A HPGe waveform (blue) and matched filter output (green) are shown. The red
dashed line marks the filter maximum, while the green dashed line indicates the corresponding
ts50 estimate, defined as the maximum minus the kernel length. The matched filter yields an
optimal estimate of the signal onset in the presence of noise.

the t59 parameter.

The matched filter output is obtained by convolving this kernel with the baseline-
subtracted waveform. The onset parameter t5g is then defined as the index of the maximum
of this convolution, offset by the kernel’s rise time (125 samples in this implementation).
Figure 8.3 illustrates this procedure for a representative waveform, highlighting the matched-
filter response and the location of the reconstructed onset.

Similar to the analysis of Campaign 2, the timing extraction method chosen was evaluated.
The precision of the t5y measurement depends strongly on the signal-to-noise ratio present
in the waveform, and therefore on the deposited energy. To quantify the energy dependence
of this resolution, artificial “toy” waveforms are generated by combining an analytic signal

model with noise traces harvested from externally triggered events that contain no physical
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Figure 8.4: Representative distributions of the error in reconstruction of pulse onset as
compared to the onset of the noiseless analytic waveform model for one detector (Ge-25).
Distributions across detectors are all well approximated by gaussian distributions and
comparable resolution. The onset finding resolution converges to the resolution of digitizer
sampling.

pulses. To characterize the onset finding performance as a function of energy, toy waveforms
are produced across a range of energies from [0.5keV, 20keV]. Each toy waveform has
associated with it a true, noiseless-t59, to which the reconstructed ts53 can be compared.
This was evaluated on a sample of approximately 10,000 waveforms at each toy waveform
amplitude. Example distributions at a few energies are shown in Figure 8.4, where the
energies span the full range of the region of interest.

The distributions of reconstructed t5¢ are observed to be symmetric and approximately
normally distributed around the expected value. Figure 8.5 shows, for another detector, the
distributions of t5y onset reconstruction versus energy for a series of toy pulse amplitudes.

The relative error in the reconstruction of pulses is significantly improved from Cam-

paign 2, and pulses are well reconstructed down to 0.5 keV.

8.2.4 Pulse Shape Discrimination

For the CEvNS events of interest in this analysis, only interactions that occur inside the

bulk of the HPGe crystal constitute a viable signal. Energy deposited near the outside
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Figure 8.5: Energy vs onset reconstruction error for the analytic toy waveform study
described above.

surface produce surface events which cannot be fully reconstructed. The degraded events
can be reconstructed in the CEvNS energy region of interest, mimicking signal-like events.
Discriminating between these two populations can reduce the steady-state background
significantly.

The detectors used in this work are p-type point-contact (PPC) diodes. The n+ contact
is formed by diffusing a thin layer of lithium that collects on the outer surfaces of the crystal.
Inside this ~ 1 mm thick lithium layer, the electric field used to drift charges is weaker
compared to the crystal bulk. When ionizing radiation occurs on or near the surface, the
charge carriers diffuse slowly out of the weak-field surface before reaching the bulk and then
making their way to the point-contact. This causes two main pathologies for these surface

events:

1. Charge loss: Not all charge will make it out of this weak field region. It is possible to
measure a transition profile on the surface that corresponds to the fractional charge
collection. Regions with sufficiently weak fields can contribute no charge collection at

all, due to effects like recombination. For this particular analysis the exact transition
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Figure 8.6: Two waveforms with different characteristic rise-times are shown to emphasize
the difference between fast, signal-like pulses (orange) and slow, surfac events (blue).

profile is not relevant, beyond an estimate of the total active mass.

2. Slow rise time: After the slow diffusion out of the weak field regions on the surface,
charge-carriers make their way to the point-contact. The resultant shape of the

waveforms collected exhibits a long profiled rise-time.

By comparison, the events that occur in the bulk benefit from full charge collection and,
after the typical drift-times in the bulk, prompt arrival of charge. Representative waveforms
from bulk events (fast pulses) and surface events (slow pulses) are shown in Figure 8.6. The
goal of the PSD in the analysis is to effectively differentiate between the slow pulses and
fast pulses. Of equal importance is the need to be able to evaluate the signal acceptance to
identify potential losses in signal.

The primary shape-based distinction between fast pulses and slow pulses is in the signal

rise time. To exploit this difference, this analysis uses a PSD parameter based on the ratio
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of two shaping filter outputs: a so-called T /E parameter. This ratio is constructed using

two filters with distinct shaping times:

e The T filter is a fast, symmetric, triangular shaping filter. It is the same filter used
in the onset-finding algorithm, and effectively serves as a matched filter for the rising
edge of a fast signal. The peak of the T filter response can be interpreted as an energy
estimator optimized for prompt charge collection. In this implementation, the filter
rise time is 1 us, corresponding to the response expected from a waveform with charge

collection completed within that interval.

e The E filter is the trapezoidal filter optimized for energy resolution. It integrates the
total collected charge over a longer shaping time, typically greater than 8 us. Long
shaping times are characteristic of energy-optimized filters because, in the presence
of electronic noise, the uncertainty in the amplitude estimate decreases as 1/ VN,
where N is the number of samples over which the signal is integrated. This results
in improved resolution for signal-like events with prompt charge collection. As a
by-product, the long shaping time also ensures that even delayed or slow-drifting
charge from surface-like events is fully integrated, allowing the E filter to serve as a

stable denominator for the T/E ratio.

The ratio T/E captures the relative promptness of the signal rise. For fast pulses, both
filters yield comparable amplitudes, resulting in a T/E ratio close to unity. For slow pulses,
the fast filter underestimates the energy due to incomplete charge arrival within its shaping
window, leading to T/E values significantly less than one. This behavior is illustrated in
Figure 8.7, where the filter responses to fast and slow pulses are shown.

To define PSD selection criteria and estimate the signal acceptance, it is necessary to
characterize the expected distribution of the T/E parameter for a population of signal-like
events.

In this context, signal-like events are defined as waveforms with the characteristics of

interactions occurring within the detector bulk. The population of CEvNS events that must
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Figure 8.7: An example slow pulse (left) and fast pulse (right), each displayed with the
resulting T and E filters and their respective maximums. For the slow pulse, the T filter
rises and falls significantly before the real amplitude of the charge collected, estimated by
the E filter. For the signal-like, fast pulse the T and E filter give comparable estimates of
the amplitude of charge collected. The ratio between these two identifies surface events.

survive any PSD is relatively small and blinded from the development of the parameter. As
such, an alternative source of bulk-like events is required to characterize the T /E distribution.

For this purpose, intrinsic radioactivity of the HPGe itself was used to characterize the
T/E distribution. Decays from isotopes such as "'Ge and %Zn produce well-understood,
uniformly distributed energy depositions within the detector bulk. These events exhibit
waveform shapes consistent with prompt charge collection and thus serve as a reliable proxy
for signal-like events.

The characterization procedure proceeded as follows:

1. A population of intrinsic background events known to originate within the detector
bulk were selected. This is illustrated in Figure 8.8, which shows, for detector Ge-28,
a histogram of the internally triggered calibration data energy distribution alongside
the two dimensional view of energy versus the PSD parameter T/E. A tight band
around the intrinsic 10.36 keV X-ray peak in the energy spectrum selects a very pure
population of signal-like events. The waveforms from these events are recorded as a

population of signal-like events.
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Figure 8.8: Example of T/E distributions using internally triggered calibration data for
Ge-28. The band near T/E of 1.0 is illustrative of signal-like, fast pulses originating in the
bulk of the crystal.

2. An analytic equation was used to model the signal-like waveform shapes, parameterized
by rise time. This equation is given by:

t—to
T

S(x) = tanh(

)s (8.2)

where t; is the signal onset and 7 parametrizes the rise. This equation is a simple
re-parametrization of the sigmoid function used in Chapter 7, to match its use in the
literature [76]. Using this model, the identified bulk event waveforms were fit to extract
rise time distributions for each detector. An example of one of these fits is shown
in Figure 8.9. These distributions, shown in Figure 8.10, sample the crystal volume
uniformly and thus are expected to accurately model the distribution of rise-times of

CEvNS events generated in the bulk.

3. For each detector, the rise-time distribution were sampled to create representative,
signal-like toy waveforms. These templates were combined with real noise from
externally triggered waveforms to compute the T/E parameter for each waveform
across a range of pulse heights. An example of a distribution of the PSD parameter

T/E for toy waveforms at a particular amplitude, weighted by the rise-time distribution
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Figure 8.9: Example fit of a fast pulse extracted from the "'Ge x-ray to the analytic model
described above.
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Figure 8.10: Bulk event rise-time distributions as measured using uniformly distributed
intrinsic radiation events.
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Figure 8.11: Distribution of T/E for samples of toy waveforms generated with signal-like
rise times. Distributions are sampled across a series of rise-times and then weighted by the
rise-time distributions measured. 99.7% credibility intervals define signal acceptance window
as a function of energy.

is shown in Figure 8.11.

4. At a series of energies and for every detector, the T/E distributions are integrated
to generate 99.7% credible intervals. These define the most probable regions where
CEvVNS events can lie in energy vs T/E. These curves, shown in Figure 8.12, define

the acceptance regions for the PSD in the analysis.

This procedure yields energy-dependent T/E distributions representative of signal-like
events for each detector. These distributions form the basis for constructing signal acceptance
bands, shown in Figure 8.12, which define the PSD selection applied in the analysis.

For each energy evaluated in this procedure, the lower boundaries of the 99.7% T /E
acceptance region is determined through a brute force integration method. In particular,

events falling below the signal-acceptance region are slow-pulse candidates and can be safely
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Figure 8.12: Application of 99.7% signal-accepting PSD parameter on internally triggered
calibration data for Ge21.

rejected.
At the lowest energies, the ability to separate fast and slow pulses degrade and the
populations merge together. The combination of the onset finding algorithm and the

application of the PSD as defined in this section inform the 0.5 keV analysis threshold.

8.3 Data Quality and Preparation

Following the general outline of data-cleaning established in Campaign 2, a series of cuts
must be considered to arrive at the final datasets used in the statistical analysis. Importantly,
the resultant dead-time of all cuts must be determined. For this analysis, it must also be

determined that all cuts applied have negligible impacts on signal acceptance. As a rule
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of thumb, the backgrounds in this experiment are sufficiently low that there is no need for
aggressive cuts that risk reducing the signal. As such all cuts are designed and ensured to
retain all CEvVNS events.

This section summarizes the cuts used in this analysis, and their impacts on the live-time.

Where possible, the cuts that are unchanged from Campaign 2 are briefly summarized.

8.3.1 Timing Based Cuts

Pre-amplifier Reset

Pre-amplifier resets and their subsequent baseline restores are still present in the data. The
internally triggered logic signals indicating the presence of a reset are used to defined 200 us
windows where data is ignored.

In general, detector rehabilitation of cryostat vacuums reduced the leakage currents in

detectors so that the incurred dead-time from the regular resets reduced from Campaign 2.

LN2 Fill

LN2 Dewar refills occurred at regular daily intervals, as in Campaign 2. Events recorded
during LN2 refills were cut from the analysis due to vibration induced noise. Similar to
Campaign 2, the dead-time incurred by this removal is approximately 5%. There were slight
differences in the individual detector dead-times as some detectors required longer exclusion

windows after fills.

Additional Noisy Periods

On top of the expected fill periods, several other distinct periods were identified in the
blinded analysis that indicated a high degree of microphonics-related noise not correlated to
any fill. These events were clearly correlated in time and far above the expected backgrounds
from typical rates. These time periods were identified in the data and are displayed in table
8.2. These periods were removed from the analysis and had small impacts on the overall

live-time.
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Table 8.2: Additional periods of microphonics-related noise identified during the blinded
analysis. These intervals, not associated with cryogen fills and containing large, correlated
background rates, were excluded.

Micro-phonics noise

Date Start(unix)  Dur. (s)
February 23 1740328256 735
April 3 1743688800 3600
April 3 1745174658 5400
April 20 11745146368 30000
April 21 1745240489 30000

April 26-27 1745691120 65880

Cross-Talk

One of the major improvements in this analysis from Campaign 2 was the identification
of the source of the “transient” noise after the data-taking period. Once revealed to be
cross-talk between the energy channels of the HPGe detectors and the logic signals from a
different detector’s pre-amplifier signaling a reset, the coincidence window was extended to
all detectors. In a 200 ps window around any detector reset, all channels from all detectors

were ignored.

8.3.2 Waveform Based Cuts

Saturated Events

Similar to Campaign 2, some events recorded could not be reconstructed accurately due to
a saturation of the configured dynamic range of the digitizer. There were both positive and
negative saturation, and were often related to a pre-amplifier resets that did not have an

accompanying TTL signal. In any case these events were removed from the dataset.

Stray Microphonics

Apart from the dedicated time-based cuts, one detector (Ge-25) was particularly sensitive

to a long-tailing and persistent population of microphonic events. A conservative waveform
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based cut was developed to further reduce this population.

The parameter definition was related to linear regressions of different components of
the pre-trigger baseline. A short baseline window was defined as a linear regression of the
first 5,000 samples and the standard baseline used the first 14,000 samples. The difference
between the slopes of the short and standard window were used to identify pathological,

noisy waveforms that exhibited bad baselines. The particular parameter definition was:

‘msml
)

my

where mg and m; are the short and long baseline slopes, respectively. Events were rejected
if they had a slope parameter value less than 0.01 and larger than 0.25. These values were
picked to be conservative and were ensured through handscanning of all background events
to not remove signal-like events.

As a result, it does not aggressively reduce all microphonics events in Ge-25, but assists

in reducing the background further.

Negative Pulses

A subset of waveforms in this analysis exhibited anomalous negative-going pulses, the origin
of which remains undetermined. These events, shown in Figure 8.13, distort the baseline
and bias the energy reconstruction if left unremoved. Since they are un-physical artifacts
rather than genuine energy deposits, they can be safely rejected without impacting the signal
acceptance.

The trapezoidal filter minimum parameter, described in Chapter 7, was used again to
identify and remove such events. Specifically, events with a trapezoidal-filtered waveform

minimum exceeding the maximum were rejected using the parameter definition

max(Trap-Filtered Waveform)

min(Trap-Filtered Waveform)

with a cut value of 0.5 applied in the analysis.
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Figure 8.13: Example of a digitized waveform in an HPGe detector containing a so-called
“negative pulse.” These anomalous events lead to faulty baseline reconstruction and biased
energy estimates, and are therefore excluded from the analysis.

PSD

One of the major developments in this analysis was the application of PSD. The cut is

defined in more detail in Section 8.2.

8.3.3 Muon Veto

The essential features of the physics muon veto system are largely the same from Campaign 2.
In the analysis, efforts were made to improve the live-time of the experiment by optimizing
the veto conditions.

Specifically, energy thresholds were applied to the plastic scintillator signals inside the
muon-veto as a part of the veto logic. HPGe detector signals were only rejected if, beyond
the time coincidence conditions described in Campaign 2, the energy in scintillator was

above a channel-dependent threshold. This is graphically illustrated in Figure 8.14.

8.3.4 Dead-Time

The cuts used in this analysis are summarized in Table 8.3. In general, the key features

of this analysis are the lowered energy threshold and the improved background reduction

116



Muon Energy Spectrum MUVT9

i -—- Threshold = 2500 ADC
i
1
10°4 |}
(@]
[a)
<
S 1071
—
P
c
3
o
(@]
101 4
100 4
0 20000 40000 60000 80000 100000

Energy (ADC)

Figure 8.14: An example distribution of energy deposited one of the scintillator panels
that comprises the muon veto. The large, low energy population to the left of the dashed
red line is largely comprised of gamma rays and not likely to be correlated to a background
in the HPGe detectors. Imposing energy thresholds on the coincidence reduces dead-time.
Original figure courtesy of Emma van Nieuwenhuizen.
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techniques. It is worth mentioning that particular effort was made to improve the total
live-time of the experiment as well. From Campaign 2 to Campaign 3, approximately 5% of
the live-time was recovered.

Table 8.3: Summary of cuts in Campaign-3 and the resultant dead-time. Future data-taking
campaigns can address the cross-talk driven dead-time and lower the muon-veto dead-time
with more aggressive coincidence windows. The LN2 fill dead-time is driven by long, daily
fills. The length of Dewar refills is limited by operational safety constraints.

Cut Type Dead-Time relative to Campaign-2

LN2 Fill Timing ~ 5% similar, adapted window

Muon-Veto Timing ~ 8% similar

TRP Inhibit Timing ~ 1% includes cross talk
replaces trap min cut

Noisy Period/Microphonics Timing < 1% same

Missed Resets Waveform ~ 1% same

Negative Event Waveform < 1% new

Saturated Event Waveform < 1% same

Event Energy Waveform NA lower threshold

Event Time Waveform NA 44 mus instead of 40 mus

Event PSD Waveform NA new

8.4 Backgrounds

This section reviews the backgrounds present in the data collected, after all cuts. It is
necessary to consider both steady-state backgrounds and beam-related backgrounds, and
both require modeling.

The steady-state backgrounds are evaluated using off-beam data and calibration data.

8.4.1 Off-Beam Data After All Cuts

Before all cuts described in Section 8.3, there are approximately 380 million off-beam triggers

and 380 million on-beam triggers!. After all data cleaning cuts, LN fill period removals, and

1 As a reminder, because of the external triggering scheme all events are recorded with 100% trigger efficiency.
A threshold is applied in the analysis after the fact
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the muon-veto cut there are roughly 330 million triggers remaining corresponding to the
live-time of 88%.

From there, events are only considered with energies in the range [0.5 — 20] keV and
reconstructed pulse onsets between samples [14,500 — 20,000], which corresponds to the time
range [-4 — 40] ps centered around the externally triggered SNS timing signal indicating
protons on target. Due to cable delays for various timing signals, the companion on-beam
triggers expect neutrino arrival to begin at sample 14,980, or pulse onset of -160 ns.

Finally, PSD is applied to arrive at the total off-beam dataset. The events left in the
energy and time region of interest (ROI) after all cuts from the original total off-beam
triggers corresponds to a nearly one-to-one exposure with the companion on-beam dataset.
Figure 8.15 shows the energy spectra, integrated over the 44 ps analysis window, for all
detectors.

It must be emphasized that these histograms contain all the events considered in the
off-beam dataset collected over almost four months of beam data. The key feature consistent
across all detectors is the remarkably low backgrounds. The central challenge of the statistical
analysis is modeling the background accurately with so few counts. In this experiment there
is no detailed model or simulation of the backgrounds. The backgrounds are instead directly

measured, and simple models are used to capture the main features present.

Key Features of Background Spectrum

The background model can be motivated by a few heuristic features in the recorded data.
The energy and timing of the steady-state background are expected to be uncorrelated and
so they are discussed here separately.

Time

The first thing to consider is the distribution of steady state background events in
time. The expected reconstructed ts5q distributions are flat for each detector. In general the
steady state background events are expected to follow a Poisson distribution but the rate

of backgrounds in this experiment is so low that the distribution of events in a particular
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Figure 8.15: Full Campaign 3, externally triggered background energy spectra for HPGe
detectors. The integral of restricted energy range is reported to emphasize the low-energy
backgrounds outside of the range of the intrinsic X-rays. Ge-25 has a low energy excess
background stemming from particular sensitivity to microphonics events.

trigger window is flat.

The reconstructed events for each detector in time are shown in Figure 8.16. The
variation in total background index is observed, but all backgrounds in detectors are well
modeled by a flat distribution.

Energy

In the energy spectra there are three key features of the steady state backgrounds that
are modeled in this analysis. These features are typical of low energy, low background
germanium based experiments. They have been extensively described in, for example, a

thorough background modeling of another CEvNS experiment [77]. They are summarized,
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Figure 8.16: Full Campaign 3, externally triggered background pulse onsets for HPGe
detectors. The onset of steady-state backgrounds is well-modeled by a flat distribution for

all detectors.

broadly, as:

e Continuum: In the continuum between roughly 1 keV and 20 keV the distribution

is expected to rise slowly towards low energies due to a mixture of down scattered

gammas and muon induced neutron scatters. This slow, monotonic increase is well

modeled by an exponential decay with a small decay constant.

o Low energy rise: At the lowest energies, below 1 keV, there is a separate, faster rise of

background events seen in all detectors. These events are a mixture of surface radiation

events not filtered by the PSD and non-radiation events (such as stray microphonics)

which survive all data-cleaning cuts. Each detector sees a different amplitude in this

low energy rise, but all distributions are well modeled by an exponential decay.
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o Peaks: At known positions in the energy spectra, there are a series of intrinsic sources
of radiation which are seen as peaks in the energy distributions. Most prominent is the
"1Ge x-ray at 10.36 keV seen in all externally triggered spectra. The K and L shells of

all x-ray peaks are well modeled by gaussian distributions.

With this understanding, the backgrounds in energy are well described by the following

composite model:

B(E) = Nigwe v 4 NyjgpeMionE 4 N NI e=(Bma)/207 (8.3)
where:
e Njow and Np;gp, represent the amplitude of the exponential decays
e Aow and Apigp describe the shape of the exponential decays

. N;mk represents the amplitudes of the low energy x-rays that are present in the

background data
e u; and o; are the peak positions and resolutions for each x-ray

This function, B, is used to model the steady-state background data is part of the

composite signal model in the on-beam data.

8.4.2 High Statistics Internally Triggered Dataset

On its own, the low statistics in the off-beam dataset has limited power to constrain the
background model parameters. The higher-statistics calibration data are used along-side
the off-beam data to better constrain these parameters.

The full datasets of internally triggered calibration data are shown in Figure 8.17.
These datasets are were collected approximately once a week throughout full Campaign 3
data-taking period, and are assumed to be representative of the steady-state background

distributions seen in the off-beam dataset.
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Figure 8.17: Combined, internally triggered calibration data spectra for Ge detectors.
With the higher-statistics internally triggered data the K shells of "*Ge and %°Zn are both
visible. The region below 2 keV is excluded in the analysis of the internally triggered data
because of the trigger efficiency which is not present in the beam data. Also reported are
the integrals of the continua from 2 to 8 keV in each detector highlighting the variation in
the steady-state background.

However, the trigger efficiency for the internally triggered data at low energies is
unknown. It cannot be used to reliably describe the low energy features. This is represented
graphically as a gray band below 2 keV. The calibration data below 2 keV are not considered
for background modeling.

There are several different ways to make use of this dataset to help constrain the free
model parameters that describe the steady-state background in the statistical analysis. The
method that is chosen in this analysis is a simultaneous fit of both the off-beam data and
the calibration data sharing model parameters that are visible in both datasets. Table 8.4

highlights which model parameters are shared between the two datasets and which model
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parameters are fixed during this analysis. Model parameters are fixed if the exact values
are known from literature, such as the peak positions and branching ratios of K and L shell
X-rays. Model parameters are shared if they are present above 2 keV. Features below 2 keV,
such as the low energy rise, cannot be shared between the two datasets and are constrained
exclusively by the off-beam data.

Table 8.4: Model parameters and whether they are shared or fixed in the Campaign-3
statistical analysis.

Parameter Shared Fixed

Nigw X X
Alow
Nhigh
Ahigh
Gex N
TGex
NGeg o
lGer N
M Gey,
Gey o
657nx N

65ZDK m

LN N X X X N A S A A X
X N X X N N X N X X X X

657ny o

8.4.3 Simultaneous Fits to Background Data

The results of the steady-state background analysis are shown here to highlight the quality
of the model and parameter estimation relevant for the final statistical analysis.

Figures 8.18 through 8.21 show the results of the simultaneous fits to the background
model. The fits to the off-beam data are 2D dimensional fits with a constant background,
while the calibration data is a one-dimensional fit in energy only. The fits are in excellent
agreement with the Poisson statistics of the counts distributed in the spectra and the

simultaneous fits greatly improve the constraints on the parameter estimation. Further
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Figure 8.18: Simultaneous fit of calibration data and off-beam data for Ge2l.

details on the results of the statistical analysis are described in Section 8.6.

8.4.4 Beam Related Backgrounds

The beam-related neutron backgrounds were estimated for Campaign 2 with a dedicated
MCNP simulation. The estimated total counts across all detectors in Campaign 2 was
approximately 2% of the total Standard Model CEvNS expectation. For Campaign 3, with
the increased exposure, this background was expected to grow slightly. Constrained by this
simulation, in the energy region of interest for this analysis, 2.2+0.6 counts are expected.
This accounts for less than 2% of the number of CEvNS counts.

In summary, the total beam-related backgrounds are considered negligible for this analysis
were 2% is still significantly lower than the systematic or statistical uncertainties considered.
Future analyses will need to contend with this background — and its own uncertainty — in

the pursuit of a more precise CEVINS measurement.

8.4.5 Background Model

Having characterized the steady state backgrounds and put a limit on the beam related

backgrounds, the final 2D background model is summarized as:
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Figure 8.20: Simultaneous fit of calibration data and off-beam data for Ge26.
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Figure 8.21: Simultaneous fit of calibration data and off-beam data for Ge28.

B(E, t) = Nlowe_AlowE + Nhighe_AhighE + Z N;‘Cake_(E_#iV/Qo_iQ

(8.4)

This model is taken to be the probability distribution function in energy and time of all

backgrounds present in this analysis. It is used in the statistical analysis in the simultaneous

fits with the on-beam data.

8.5 Signal Expectation

8.5.1 Overview

The spirit of this section remains very similar to the signal expectation work of Campaign 2.

A few details are worth an explicit mention that have changed or improved:

e The shape of the proton-on-target traces from the SNS were re-evaluated after the PPU!

(PPU!) to ensure a faithful neutrino flux input.

e The new and improved onset finding algorithm introduces a new energy-dependent

smearing of pulse onset.

This is handled more rigorously in this analysis as an

energy-dependent smearing, rather than an approximate constant.
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Figure 8.22: Average beam trace over Campaign-3 after application of the beam stability
cut. A FWHM of ~350ns is estimated.

e The energy regions that were previously excluded from the statistical analysis are

retained in the signal PDF, due to better modeling of the backgrounds.

8.5.2 Improved Smearing
POT Trace

The average proton-on-target trace was re-evaluated over the course of the Campaign 3
dataset to serve as a faithful starting point in the generation of two-dimensional neutrino
fluxes. This two dimensional flux is integrated over to generate recoil spectra and so it is
important the time dimension is considered carefully.

The collaboration records a limited sample of traces of the SNS proton bunches. This
sample, limited to periods of stable beam operations, constitutes an accurate representation
of of the shape of proton bunches that generate the neutrinos for this measurement.

These POT were collated and averaged, weighted by beam-power, to produce a repre-
sentative proton arrival distribution. This proton distribution is seen in Figure 8.22. The
deviations from this average were taken to be small in comparison to the further smearing

of predicted recoils described subsequently.
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Figure 8.23: Differential recoil spectra, integrated over recoil energies with and without
convolution over POT trace.

The convolution with the two-dimensional recoil spectrum is illustrated in a one-
dimensional projection in time in Figure 8.23. As a point of clarification, the Campaign 2
analysis also used a POT convolved neutrino spectrum, but it was not specifically re-evaluated
during that analysis. Provided the pulses are well-behaved, the changes from SNS run to

SNS run are relatively small.

Energy and Time

The energy smearing procedure is largely the same from Campaign 2, though the specific
energy-dependent energy resolutions for each detector changed subsequent the detector
rehabilitation and recommissioning.

The energy-dependent onset finding algorithm has an improved resolution at all energies.
Compared to Campaign 2 recoil times were integrated over with an energy dependent
smearing function, as opposed to an approximately constant resolution.

The energy dependent resolutions, taken together with the drift time distributions,
encode a transformation of every point in a two dimensional recoil spectrum. An example of

such a transformation is shown in Figure 8.24. After integrating over both recoil energy and
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Figure 8.24: An example of smearing functions for a single point (7,t). The energy is
smeared by the energy resolution function and the neutrino scattering time is smeared by
the drift time and recoil energy dependent drift time.

interaction time, all detector effects have been included.

8.5.3 Signal PDF

The resultant two-dimensional recoil spectrum, after all detector effects, is expected to model
accurately the distributions of neutrino scatters observed in the data.

An example of projections in energy and time are seen in Figure 8.25 for one detector.
The recoil distributions are decomposed by flavor, though in the first-pass statistical analysis
only the combined recoil spectrum is considered. It is possible to see the different amplitudes
of each flavor, which has its origins in the different energies of the neutrino spectra, and fixed
relative weights are used to generate the final signal PDF. The relative amplitudes are the
integrated ratios of the integrated distributions and are 1 : 0.864 : 0.663 for v,:v.:1,. These
flavors of neutrinos — the dominant flavors produced at the SNS through the pion decay at
rest chain — are produced in equal quantities. The fact that they are not observed in equal
quantities is due to the kinematics of the decays resulting in different energy distributions.

The different energies for each flavor give rise to different differential rates.
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Figure 8.25: The final signal PDF used in the statistical analysis for expected signal in
observable energy and pulse onset as measured from the start of neutrino arrival.

8.5.4 Expected Counts

The total number of CEvNS events predicted depends on an exposure calculation related
to the live-time of the dataset, after all cuts. This live-time is detector dependent and was
considered for each detector separately.

Table 8.5 shows the final exposure before and after applying the beam power cut are
presented. This exposure calculation depends in part on the active mass of the HPGe
detectors. The same active masses as Campaign 2 are assumed.

The resultant Standard Model expected counts are summarized in Table 8.6.

8.6 Statistical Analysis

The statical analysis is largely the same as that of Campaign 2 with a few key differences:

o With enough exposure to expect a stand-alone measurement in each detector it was of
particular interest to perform individual detector measurements. Given the variable

steady-state backgrounds in each detector, separate fits maximized the sensitivity of
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Table 8.5: Total exposure before and after cuts in the unit of GWhkg. Exposure is similar
between all detectors and variations are mainly attributed to excluded windows due to LN2

fills.
detector all with beam stability ~with beam stability
+dead time
GWhkg GWhkg GWhkg

Ge21 7.208 6.862 5.905

Ge25 7.208 6.862 5.867

Ge26 7.189 6.843 5.929

Ge28 7.224 6.877 5.950

sum 28.829  27.444 23.650

Table 8.6: Standard model signal expectation for Campaign-3. Each detector alone
expected a number of signal counts comparable to the total expected counts of Campaign 2.

detector

CEvNS counts
[0.5,20.0]keV e

Ge21 31.03
Ge25 30.84
Ge26 31.15
Ge28 31.26
total 124.28
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the experiment.

o The internally triggered calibration data was simultaneously fit with the off-beam and

on-beam datasets.

As a result, each detector is considered as its own sub-experiment with three datasets given
by: {xial, xf) £ 2! 1. Each experiment is described by a joint likelihood Lioint = LealLoiLon
which is the product of the three likelihoods that describe calibration data, off-beam data,
and on-beam data.

For each sub-experiment it is possible to determine an individual maximum likelihood
estimate that gives a best-fit value of Nog,ns. There are several nuisance parameters

related to the amplitudes and shapes of components of the background model.

8.6.1 Results

The on-beam data above 0.5 keVee was unblinded on the 12th of September 2025. Best fits
carried out for each detector separately are shown in Figure 8.26 to Figure 8.29.

Every detector on its own shows a clear presence of signal in coincidence with the beam.
Profiled log likelihoods for the number of signal counts in each detector were performed.

The ratio in comparison to the Standard Model is evaluated as well.

8.7 Discussion

The statistical precision of the each detector’s result is evaluated through profiled log-
likelihoods of each observed number of counts. This is shown in Figure 8.30.

A simple way to combine the sensitivity of all the detectors is to take the ratio of the
observed counts to the expected number of counts and add the profiled likelihoods in this
dimension. This gives a total sensitivity of the experiment and a comparison to the Standard
Model as a percentage. This is shown in Figure 8.31.

Finally, it may be of particular interest to see the spectra combined for visual effect,

despite their individual underlying fits. This is done by summing the individually fit models
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Figure 8.26: Ge2l unblinded data and best fits to signal and background are shown.

and shown agains the combined observed counts in Figure 8.32.
All signal counts are tabulated in Table 8.7, including counts from a naive counting

experiment, the best fit, and the Standard Model expectation.
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Figure 8.27: Ge25 unblinded data and best fits to signal and background are shown.

Campaign 3 announces the most precise measurement of CEvNS to-date. The measure-

ment is in excellent agreement with the Standard Model.
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Figure 8.28: Ge26 unblinded data and best fits to signal and background are shown.
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Figure 8.29: Ge28 unblinded data and best fits to signal and background are shown.
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Figure 8.31: The PLL of each detector is expressed as a ratio of the observed number of
counts to the predicted number of counts. The shaded region around the Standard Model
prediction encompasses the 10% systematic uncertainty.
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Figure 8.32: Combined unblinded datasets across all four detectors in Campaign 3. The
best fits of each detector are added together to produce a combined background model and
combined signal model.

Table 8.7: Unblinding results: the counting analysis was carried out for the ROI optimized
for the best S/B, while the likelihood covers the full range. Uncertainties for the combined
fit results are estimated by combining the single results.

Detector counting likelihood SM CEvNS
[0.5,8.5]keV, [0.5,20]keV e [0.5,20]keV e
[0, 8]us [—4, 40]us full range

Ge21 27.0+5.9 (4.60) 31.95+6.54-5.83 (5.50) 31.0+£3.2

Ge25 32.0+8.0 (4.00) 31.88+4-6.81-6.06 (5.30) 30.843.2

Ge26 31.0£6.7 (4.70) 36.24+7.00-6.28 (5.80) 31.1£3.2

Ge28 15.0£5.7 (2.60) 23.78+45.62-4.92 (4.80) 31.3+£3.2

all 105.0£13.2 (7.90) 123.87+13.1-11.5 (~ 100) 124.3+12.8
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Chapter 9
Non-Standard Interactions

This thesis has, so-far, presented a dual picture within the framework of EFT. On the one
hand, theoretical developments in the prediction of low-energy weak interactions were shown
and this was connected to tests of new physics beyond the Standard Model. On the other
hand, an experimental result was presented, providing the world’s most precise measurement
of CEvNS to date. These two contributions were concerned primarily with the subject of
precision and how both sides of this study are necessary to enable discovery.

As an example of how these pieces can come together in practice, it is useful to consider
the example of non-standard interactions (NSIs) in weak neutral currents and what this
experimental result can tell us about new physics. The study of NSIs fits nicely in the
overall EFT framework of this thesis as they typify a key theme that has been emphasized:
the parametrization of both Standard Model physics and beyond Standard Model physics in
one language that allows low-energy experiments to probe structure at significantly higher
energies.

The example of NSIs as a use-case for a CEvINS measurement is particularly illustrative
as it captures a broad set of potential new physics into a parametrized deviation from
the standard expectation. Beyond this example there are many applications of the data
presented in this work, ranging from electromagnetic properties of the neutrino [78] to
studies of the properties of the germanium nucleus [79]. This chapter will focus on what

this data can say about NSIs, building on existing tests with COHERENT data [80].

9.1 Formalism

The study of NSIs is a broadband search for new physics. In particular, it is a low-energy

parametrization of new physics beyond the Standard Model that does not necessarily depend
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Figure 9.1: Two-dimensional, profiled allowed regions for (4", el/"") plane, with all other

parameters fixed to zero. 1, 2, and 3 o allowed contours are shown. Double bands are
characteristic of the degeneracy in parameters for NSIs.

on the specification of the nature of that physics. It was first considered in the literature
in the context of neutrino oscillation phenomena [81], and since then has been studied
extensively. Here, a primarily phenomenological perspective is taken to make use of the
tools of parametrization of a particular type of deviation from the Standard Model without
much emphasis placed on the source of that deviation. Indeed, if such deviations solidified
themselves with the coming programs of increasingly precise CEvVNS experiments more
dedicated hypothesis testing would then become a more pressing endeavor.

The effective four-fermion Lagrangian that parametrizes the NSIs modification of the

dominant vector component of the CEvNS differential rate is given by [82]:

NG = -2v2Gr Y (arv'va) Y. €ly (Fuof), (9.1)

a?ﬁ:e7l"t77— f:u7d

where G is the Fermi constant and Ei‘ﬁ/ parametrizes the strength of the non-standard
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deviation of the vector coupling. These coupling parameters depend on the neutrino flavor
as well as on the type of quark.

The usual weak charge Q%V is modified by the presence of the non-standard couplings
and now depends on the particular neutrino flavor, which is labeled here as Q2. This can be

expressed as

Q2 =[ (o + 258 + %) ZE (1) + (o + =8 +22%) NEw (1)
+ 30 | (2545 +el) ZFo (1) + (<4 +222%) NFN(|(ﬂ2)’2. 02
B#a

Here, Z and N denote the number of protons and neutrons in the nucleus. Each nucleon
has an associated weak charge described by the valence quark content. There are several
ways that the nucleon charges can be modified through diagonal and off-diagonal couplings.
Evident from Equation 9.1, the total number of parameters that can contribute to NSIs

is large, and even for limited subsets of parameters degeneracies exist. For simplicity, here,

only a few sets of diagonal parameters are considered.

9.2 Statistical Analysis

The statistical treatment followed in this analysis is largely similar to the statistical analysis
presented in the CEvVINS searches. The non-standard parameters € were constrained by
performing through a hybrid maximum-likelihood estimate with gaussian pull-terms to
capture the systematic uncertainties on the predicted number of events. The negative
log-likelihood (NLL) minimized in the fit is given by For a data set containing Nyps events

with recoil energies {E;}, the extended likelihood function is

2 O'j

Nobs . 2
L(e.6) = N0 [ A(E ti]<.0) x [[exp [—1 <%> ] | (9.3)

i=1 j

where A(F;, t; | €, 0) is the differential event rate evaluated at the measured energy and time

(E;, t;). Here, e denotes the NSI parameters of interest and @ represents nuisance parameters
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plane, with all other

describing detector response and normalization systematics. In particular the set of model
parameters € modifies the expected signal PDFs by modifying the ratios of neutrino flavors
present in the total recoil spectrum but does not distort the shape of the individual flavor
recoil spectra.

Systematic uncertainties in the prediction are captured in the parameter estimation
through a Gaussian constraint on a global normalization parameter. This is dominated by
neutrino flux, though includes smaller effects such as those from the active mass uncertainty

or nuclear form factor. This is written as nyorm given by

Npred(€7 0) = NO(E) (1 + nnorm)y Mhorm ™~ N(O, 01032), (94)

where Ny(g) is the central-value prediction and the 10.3% uncertainty reflects the total
systematic uncertainty on the prediction.
In practice, numerically, the negative log-likelihood is minimized with respect to the

model parameters and nuisance parameters.

143



9.3 Results

Performing a subset of searches for parameters which contribute to NSIs reveals agreement
with the Standard Model predictions at the 2 o level. Two-dimensional planes of parameters
were considered where constraints are the strongest: (¢4, 4,/") and (¢, e/""). The constraints
presented here strengthen the existing constraints on these parameters [82], and give slight
hints of a non-standard preference.

The future programs precision programs at the SNS will be able to probe further the

appearance of any subtle deviations from the Standard Model.
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Chapter 10
Conclusion

Throughout this work the framework of low-energy, effective theories has been used to
communicate predictions and measurements of weak interaction. The success of this frame-
work has been to generate tools for simple and precise predictions, which parametrize the
known and unknown physics relevant in the laboratory. The search for this unknown physics
depends on dedicated campaigns of measurements capable of pushing these predictions to
their limits. To date, in low-energy neutrino interaction, the precision of prediction are still
far-ahead of the companion experimental precision. This thesis highlights contributions that
reflects a dual effort to close the gap between the precision of theory and experiment in
study of low energy weak interaction.

Theoretical Contributions

The theoretical contributions described in this work focus on the rare, doubly-weak process
of 2v33 decay. The growing international platform for the search of Ovg83 has generated
increasingly precise measurements of the Standard Model process. As the precision of these
measurements improve it becomes increasingly necessary to maintain precise predictions so
has to parametrize possible new physics, and at the same time to not confuse it for higher
order corrections typically excluded from existing predictions.

The contributions to this effort, described in Chapter 3, summarize two specific examples
that illustrate the interplay between higher order corrections and potential new physics.

They are:

1. NLO corrections in 2v3 decay arising from induced currents from the non-relativistic

expansion of nuclear currents.

2. Exotic currents at the quark level from a hypothetical tensor Lorentz structure, and

how this new interaction can mimic Standard Model physics.
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As next-generation double beta decay experiments such as LEGEND continue to collect
more data it will be important to use careful predictive frameworks to use the 2v3j3
differential rates as a probe of the Standard Model.

Experimental Contributions

The experimental contributions in this work are centered around the HPGe detector-
system within the COHERENT collaboration. Two separate measurement campaigns are
reported, which include both the first measurement by the collaboration on a germanium
target, as well as the world’s most precise CEvNS measurement to-date. This measurement
has a broad range of applications in the search for physics beyond the Standard Model.
As the most precise measurement of CEvVNS to-date it is of interest to model builders in
their attempts to parametrize physics that may distort the distribution or rates of measured
events.

The COHERENT germanium detector system, Ge-Mini, shows great promise in continu-
ing to make increasingly precise measurements of the CEvNS differential rate. It will continue
taking data increasing its statistical precision, following the analysis routines outlined in
this work.

However, the statistical uncertainties associated with the measurement reported in this
thesis have already reached the point where they are smaller than the systematic uncertainties
on the prediction. This relatively large systematic uncertainty is due to the 10% uncertainty
in the neutrino flux production at the SNS. An important next step for the collaboration
will be the first results from the heavy-water detector system, which will serve to normalize
the neutrino flux at the SNS. The combination of these detector systems will allow for
future analyses to classify deviations from predictions as being related to new physics or to
underlying systematic uncertainties. As other neutrino detector systems come online at the
SNS, combined analyses can further increase the sensitivity of CEvVNS as a probe for new

physics.
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