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ABSTRACT

This work is to probe the potential of constraining various parameters of physics be-
yond Standard Model (BSM) using the coherent scattering of neutrinos from reactors,
accelerators, and sun. In this work, a discovery potential of ultra-low energy threshold
detector and a possibility of probing non-standard neutrino interaction in future direct
dark matter detection experiments are presented. We also show the complementarity
between different types of coherent neutrino scattering experiments, the current con-
straints and future sensitivity of coherent elastic neutrino-nucleus scattering in kinetic
mixing ¢? form factor scenarios. We also analyze the COHERENT data release with
energy and timing information using likelihood analysis in Bayesian framework. We
find that neutrino scattering experiments gives notable results in the scenarios listed.

And we also find dark matter signals might be hidden inside the released data.
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1. INTRODUCTION

The Standard Model (SM) of particle physics expects a neutral current interaction
between neutrino and quarks/leptons mediated by a gauge boson Z. Rich pheromones
of this interaction provide not only a better understanding of SM but also beyond
Standard Model (BSM) such as non-standard interactions (NSI) of neutrinos, neutrino
oscillations. In addition to understanding neutrino interactions, experiments measuring
neutral current interactions of neutrinos can also be a powerful probe of new particles
such as dark matter (DM) [1] particles and axion-like particles (ALP) [2].

The neutral current interaction can be detected as the elastic scattering of neutrinos
from a nucleus or an electron. At low recoil energy when the wave length of momentum
transfer is comparable to nucleus size, the neutrino scattering from nucleus is enhanced
by coherent effect [3]. Many experiments were built to measure such coherent elastic
neutrino-nucleus scattering (CEvNS) events. For example, COHERENT experiment
[4] uses stopped pions created by proton hitting on target to produce neutrino source,
and detects CEvNS events with a Csl detector. The COHERENT group detected
CEvNS signals for the first time in 2017 [5]. In addition to using an accelerator neutrino
source, reactor neutrino source such as in MINER project has also been developed to
measure CEvNS using a megawatt (MW) reactor as neutrino source at Texas A&M
University [6]. Both of these experiments use ultra-low threshold detectors. In this
work, we show that such experiments provide a powerful tool of probing light and heavy
mediators of NSI of neutrinos in terms of vector, axial-vector, scalar and pseudo-scalar
couplings [7]. We show that results from different types of detectors used in CEvNS
experiments complements with each other and give better constraints on NSI parameter
spaces [8].

The CEvNS experiments may also help to understand the explanations of B anoma-

lies where there is a strong evidence of deviation from SM in the angular distribution



of B — K*u*u~. We show that CEvNS experiments can examine the two possible
explanation including kinetic mixing with extra U(1) gauge [9] and ¢? form factor [10].

Neutrino interactions also play important roles in dark matter direct-detection ex-
periments. These experiments designed for spin-independent WIMP-nucleus scatter
cross-section will be challenged by the neutrino background from the Sun, supernovae,
and atmosphere [11]. Thus, it is essential to understand what is the impact on the
neutrino floor from non-standard interactions. With multi-ton dark matter direct-
detection experiments such as XENONnT [12] will not only search for the signals from
dark matter, but also serves as ideal detector for the neutrinos from the sun. In this
work, we show that NSI parameter space can be probed by dark matter direct-detection
experiments by considering both propagation and detection of the solar neutrinos [13].

After the first report of the detection of CEvNS signals, COHERENT group re-
leased the measured experiment data [14]. The data include not only the energy
spectrum but also timing spectrum. We find that the timing data provide statistical
information on the neutrino flavor distributions that is not attainable from the nuclear
recoil energies alone. And by including the timing data we show the data favors BSM
interpretation of the data over SM at a significance < 20 level [15]. Further more, we
find there is an excess of 26 events corresponding to 2.40 resides in prompt region of
the data after cutting out the neutrino events with an energy cut. This excess cannot
be explained by NSI of neutrinos. In fact, we find such timing distribution can be
easily explained by the dark matters decay from dark photons. We therefore propose
a novel strategy to search for dark matter with timing spectra at CEvNS experiments
[1].

In this work, we discuss above aspects of neutrino elastic scattering experiments in

detail.



2. NON-STANDARD INTERACTIONS AND ITS PARAMETER SPACE*

Many extensions of the SM has additional massive particles from hidden sectors.
For example, grand unified theories, models for baryogenesis, and dark sector models all
include massive mediators from hidden sector. Experiments designed for CErNS and
neutrino-electron scattering can provide an important probe of such massive mediators
from hidden sector.

The potential hidden interactions between neutrino and other fermions can be
treated as NSI of neutrinos. Since the CEvNS process is well predicted in SM [3],
any measured deviation from it can provide a test of NSI of neutrinos. Besides CEvNS
experiments, low threshold neutrino-electron elastic scattering experiments are also
important in identifying NSI of neutrinos. Specifically, CEvNS experiments will put
limits on the interactions between neutrino and quarks, while neutrino-electron elas-
tic scattering experiments will put limits on the interactions between neutrino and
electrons.

In this chapter we first summarize the non-standard interaction in terms four types
of massive mediator: vector, axial-vector, scalar, and pseudo-scalar; then discuss the
discovery limits of these interactions from CEvNS experiments and neutrino-electron
elastic scattering experiments; finally we point out there is a complementarity between

accelerator and reactor CEvNS experiments.

*Parts of this section are reprinted with permission from:

J. B. Dent, B. Dutta, S. Liao, J. L. Newstead, L. E. Strigari, and J. W. Walker, “Probing light
mediators at ultralow threshold energies with coherent elastic neutrino-nucleus scattering,” Phys.
Rev. D96 no. 9, (2017) 095007, arXiv:1612.06350 [hep-ph]. (© 2017 American Physical Society

J. B. Dent, B. Dutta, S. Liao, J. L. Newstead, L. E. Strigari, and J. W. Walker, “Accelerator and
reator complementarity in coherent neutrino-nucleus scattering,” Phys. Rev. D97 no. 3, (2018)
035009, arXiv:1711.03521 [hep-ph]. Published by the American Physical Society under the terms
of the Creative Commons Attribution 4.0 International license
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.035009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.035009
https://arxiv.org/abs/1711.03521
https://creativecommons.org/licenses/by/4.0/

2.1 Theory and formalism
2.1.1 Flavor-universal non-standard interactions

To show the powerfulness of an ultralow threshold energy detector as neutrino scat-
tering experiment, we consider four simple neutral current mediator that transforms
as vector, axial-vector, scalar, and pseudo-scalar under Lorentz group. For simplicity,
with light mediator we only consider flavor-universal non-standard interactions. The

general Lagrangians are:

Ly = Z,(guzvin"ve + 9ozl + gq.22G7"q) (2.1)
Lav = Z(guzvi"ve — 9 500" — g, 207"7°q) (2.2)
Ls = ¢(9uotV + gogsll + 9q.649) (2.3)
Lps = Oguorv —i(g,500°C + 9,307°0)) (24)

The Standard Model interactions between neutrino and other fermions includes W=
and Z bosons as mediator. Because the energy scale at neutrino scattering experiments
are orders of magnitude lower compare to W* and Z bosons masses, the SM interaction

can be written as a four fermion effective interaction:
Ly = 2V2G (T I + T4 7,) (2.5)

The first term J™.J ., only applies to neutrino-electron interaction in elastic scattering
experiments because it can be re-written into neutral current form via Fierz transfor-
mation.

With the above Lagrangians, we first write the differential cross section for a neu-

trino scattering off a target of mass m under vector and axial vector interaction since



they interfere with SM:

do  Gim

do mER)
dER N 2 ’

E2

v

(90 + 92 + (90— g)? (1— E—) @) (2.6)

where g, and g, includes contribution from both SM and BSM. The Z boson exchange
from SM contributes T3 — 2Qem, sin? Oy and Ty to g, and g, respectively, where Ty
is the diagonal generator of SU(2), Qem is the electromagnetic charge, and Oy is
the weak mixing angle. In the case of neutrino-electron elastic scattering, there is an
additional contribution +1 for g, and g, from t-channel exchange of W* boson. The

corresponding g, and g, for neutrino-electron scattering are:

1

g = 512 sin® O, + gu.2/90.2/ | (2V2G (MY, + ¢°)) (2.7)
1

G = 5+ 9290/ (2V2Gr(MG + ) (2.8)

where ¢> = 2mFEp is the square of four-momentum transferred.

In the case of CEvNS, we need to first find the corresponding g, and g, for nucleons.
Because the scattering is coherent, the couplings are the sum of the contribution from
all quarks in the nucleons because the scattering is coherent. We define the effective

coupling to proton or neutron as:

B = 5250 0+ 39,2002/ 2VIC (Y + ) 29)
B = 54 30,20,2/(VICE(mY, + ) (2.10)
G = 5+ 39,290/ VG (Y + ) (211)
G = g 430,00,/ (VIGHMY, + 7)) (212)

Thus the vector and axial-vector charge of neutrino-nucleus interaction can be written



as

Qv = g7+ gy N (2.13)

Qo = 94(Sp) + 9u(Sn) (2.14)

Putting all together, we can write the differential cross section for neutrino-nucleus

scattering as:

do . G%mN [(1 _ mNET,

B 22

2 2 myE, 2 4(JIn + 1)
iEx - ) Q.F*(E,) + (1 + ) Q;

.21
2E? 3Jn } (2.15)

where F?(E,) is Helm form factor [16]. We do not include a spin form factor as they
do not vary much over the region of interest [17].

The scalar and pseudo-scalar NSI does not interfere with SM. Therefore, the dif-
ferential cross section is SM plus additional contribution from scalar or pseudo-scalar

couplings. The corresponding differential cross sections are:

do o 1 g,i(ég]%’qg
dERr — 4wEZ (2mER + m2)?

Erm? (2.16)

for scalar interactions, and:

2 2
do 1 9,954 5
- S 2.17
ABp ~ STE2 2mBr+m2)? © (2.17)

for pseudo-scalar interactions.
In the case of neutrino-nucleus scattering, we first define the effective Lagrangian

for nucleons:
Lopp= N9 90.000IN) = b4, (Z fﬁ%)/\ﬁ\/ (2.18)
q q q

where f;v is the nucleon form factor for scalar couplings with values from [18; 19].
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Since the scattering is coherent, we get the differential cross section:

do 1 Q>
dEr  4mE2 (2mER +m2)

~Erm3, (2.19)

where Qs = 9,,694.6 <Z N fé\/ %) is the effective coupling for neutrino-nucleus scatter-
ing. As for pseudo-scalar interactions, the neutrino-nucleus cross section is negligible,
because the cross section is proportional to E%.

To further simplify the expression, in this chapter, we define Qs = f,, A, Q) = b, A,

and Q! = ap (S), with Q' and @/, equal to @, and @, minus SM contribution.
2.1.2  Flavor-dependent heavy vector mediators

In the context of neutrino oscillation, the most commonly investigated form of NSI
is in terms of effective vector couplings with heavy mediators. The neutrino oscillation
experiments already has various constraints on the parameter spaces of this type of NSI
[20-22]. However, there are limits on the probes of NSI with oscillation experiments.
Because oscillation experiments 1) are only sensitive to differences in flavor diagonal
NSI components via differentially accred phase; 2) are unable to distinguish between up
and down quarks; 3) suffer from degeneracies with LMA-Dark solution where different
parameter spaces give exactly same oscillation phenomenous. The CEvNS experiments
are complement to the oscillation experiments, as will be shown later in this section.

With heavy vector mediator, the NSI can be parametrized as:

Lysr = —V2Gp Z %L’V”Vﬁeiiﬁf%f (2:20)
a,B.f

where «, 8 = e, u, 7 indicate the neutrino flavor, f the fermion type. The differential

cross section is:

do  GLQ% myERr Er\’ 2
iEn~ on my 1—( 7 )—i—(l—a) F(q%) (2.21)




The “charge” @), now includes flavor-changing couplings:

Q> = [Z(g)+ 2t +€l) + N(g + ey +2¢4)]°

u u 2
+ ) [Z(2ets 4 €ly) + N(etg + 2¢,)] (2.22)
a#p
The neutrino oscillation experiments measure diagonal term of the effective NSI

parameters defined as:

€ap = Yi(a)el, (2.23)

f=u,d,e
where Yy(z) is the average of the f/e density ratio of the matter in which neutrino

propagate.
2.2 Statistics analysis framework

We employ two statistic method in this chapter: profile likelihood test statistic
(frequentist’s method) for identifying the discovery limit for the flavor universal NSI
couplings; and multi-parameter Bayesian framework for the flavor-dependent heavy
vector NSI couplings. The profile likelihood test statistic is widely used in the analysis
of NSI parameters, however, it lacks the power of evaluating multiple parameters at
once and capture the correlation between the parameters. As a result, when we analyze

the flavor-dependent heavy mediator NSI, we switch to Bayesian framework.
2.2.1 Profile likelihood analysis

In this statistic frame work, we define the profile likelihood test statistic:

0
b — —2log 20 (2.24)
0

L(j1,9)
where p is the signal strength, ﬁ, and 6 represents the nuisance parameters. Hatted
parameters, 6 and fi, denote the values which maximize the likelihood (note that the

~

parameters (f) which maximize the likelihood for a given p may not be the same as the



component v flux (em™2s7!)
TAMU reactor (at 2m) | 3.75(1 £ 0.02) x 10"
SNS (at 20m)
v, (prompt) 1.05(1 £ 0.1) x 107
ve (delayed) 1.05(1 £ 0.1) x 107
7, (delayed) 1.05(1 £ 0.1) x 107
Solar
pp 5.98(1 4 0.006) x 101°
Be 5.00(1 = 0.07) x 10°
5B 5.58(1 = 0.14) x 10°
pep 1.44(1 £ 0.012) x 10°

Table 2.1: Neutrino flux sources and their respective uncertainties in the flux normal-
izations. Reprinted with permission from [8].

~
~

parameters (f) that maximize for j1). We will use a binned likelihood function given

by:

Vi

-1 (1-nN;)2
IIe = (2.25)

L= H : nei!
i J

Here v; and n; are the expected (SM) and observed events in each bin, and the sec-
ond product is a Gaussian likelihood summed over the nuisance parameters, in this
case is the background and flux component normalizations N;. The numbers for flux
normalizations are summarized in Table 2.1. The SNS flux and uncertainty was taken
from [5]. The Solar components are derived from the high metallicity Solar model as
outlined in Ref. [23]. We calculate the expected number of events v; under various low
threshold detector setup summarized in Table 2.2.

In order to calculate the experiment limit based on the specifications shown above,
we use a binned likelihood function, Equation. 2.25 with log-spaced bins. The likelihood
is used to calculate the log-likelihood ratio and generate the test statistic ¢g, from which

we may estimate the expected median significance of an experiment via the Asimov

dataset [24].

L(u,0)
)

0
t, = —2log ~
L(, 0

(2.26)



Name Target | Exposure (kg.days) | Ey, (eV) | background (dru)

Ge germanium 10,000 100 100+£10

Ge II germanium 10,000 10 10 £1

Ge II(low BG) germanium 10,000 10 (1+.1)x1074
Si silicon 10,000 100 100+10

Si Il silicon 10,000 20 10 1

Csl | Caesium-lodide 10,000 5,000 (1£.05)x1073

Table 2.2: Detector specifications for light mediator analysis. Reprinted with permis-
sion from [8].

The corresponding confidence level is then Z = /,,, because we only have one degree

of freedom in this analysis.
2.2.2  Multi-parameter Bayesian analysis
We calculate the posterior probability distribution NSI parameter space 6 giving

data D and prior information I using Bayes’ theorem:

L(DI|0, 1) (0|I)

POID.1) = == 5

(2.27)

Here £(D|6,1) is the likelihood of a set of NSI parameters reproducing the observed

(or simulated) data:

£(olo, 1) = I [T p(Dil:(9)) (2.28)

with j runs over energy bins, and ¢ runs over the detectors used in a given experimental
configuration. The prior probability, 7(6|]), is taken to be uniform for the NSI param-
eters (i.e. there is no prior information), and taken to be Gaussian for the nuisance
parameters. The priors are summarized in Table 2.3. Finally, the Bayesian evidence,
e(DII), serves as a normalization factor.

We run this analysis under three different experiment configurations, summarized

in Table 2.4, to show the complementarity of these experiments.
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Parameter Prior range Scale

el (-1.5, 1.5) linear
SNS flux (4.29 +0.43) x 10° | Gaussian
Reactor flux (1.50 £ 0.03) x 10'? | Gaussian
SNS background (5+0.25) x 107 | Gaussian
Reactor background (1+0.1) Gaussian

Table 2.3: Baseline priors used for the NSI parameters and nuisance parameters in this
analysis. Fluxes are per cm?-s, and backgrounds are per kg-day-keV. Reprinted with

permission from [8].

Name Detector Source Exposure | Threshold

Current (COHERENT) Csl SNS (20m) 4466 kg.days | 4.25 keV
Future (reactor) Ge 1GW reactor (20m) | 10* kg.days 100 eV

Si 1GW reactor (20m) | 10* kg.days 100 eV

Future (accelerator) Nal SNS (20m) 1 tonne.year 2 keV
Ar SNS (20m) 1 tonne.year 30 keV

Table 2.4: Experimental configurations for experiment complementarity analysis.
Reprinted with permission from [8].

2.3 Results and analysis

We show the discovery limits for Germanium and Silicon in Figure 2.1 and 2.2
correspondingly. The pseudo-scalar coupling for nucleus scattering is missing be-
cause, as stated in previous section, the neutrino-nucleus cross section is negligible.
We first notice that all the limits plots share similar pattern in mediator mass ver-
sus coupling space. That is, for very light mediators, the discovery limits are inde-
pendent of mediator mass; for very heavy mediators, the coupling sensitivity is di-
mensioned with a log-log slope of 2. This is because the contribution from BSM is
always of the form coupling/(m? + ¢?). When m < ¢ (light mediator), BSM con-
tribution is coupling/q* independent of mediator mass; when When m > ¢ (heavy
mediator), BSM contribution is coupling/m?, which indicates a constant slope line in
The "knee" of these plots centers around

log-log space (log(couplings) = 2log(m)).
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My ~ \/2Ermx, marking the tuning point between light and heavy mediator.

The above analysis is done with flavor-universal NSI, and only one of the NSIs is
turned on in the each of the analysis. We use this simplified approaches to demonstrate
the ability of low-threshold detectors as probe of BSM. In the general case of flavor-
dependent heavy mediator NSI under the context of neutrino oscillation experiments,
we show that it is possible to break down the degeneracies of the NSI couplings by

combining different CErNS experiments.

u u d

ces € Eces because reactor neu-

and €

We consider here four NSI parameters: € s

trino source only have electron neutrinos and accelerator neutrino source has electron
and muon neutrinos. We show the results in Figure 2.3. As can be seen from the figure,
the NSI parameter space breaks into individual "islands" with ee component receiving
more constraints than pp components. This is because both accelerator and reactor
neutrino source produce electron neutrino while only accelerator neutrino source pro-
duces muon neutrino. It results different sensitivity to each types of NSI parameters.
If we can remove the background associated with the neutrino we will receive better
sensitivity to the NSI parameters, as can be shown in Figure 2.4, the parameter space
completely breaks down to four "islands" in the four dimension space. The other three
"island" in the parameter space besides SM all degenerate with SM. That is, with the
complementarity, we have removed as much as degeneracies as possible with combining
reactor and accelerator based neutrino experiments, there will still few points in the
parameter space that scattering experiments can not distinguish. To show the what
constraints CEvNS experiments can put on the effective coupling in the neutrino os-
cillation experiments, we plot the result in Figure .2.5. As can be seen in the plot, the
parameter space of effective is strongly constrained by the combination of accelerator
and reactor neutrino experiments. Thus, the CEvNS experiments also provide great

supplements to the oscillation experiments.
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Figure 2.1: Discovery limits for neutrino scattering off germanium nuclei (left) and
electrons (right), for the different BSM models (from top to bottom): scalar, pseudo-
scalar, vector and axial-vector. Reprinted with permission from [7].
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Figure 2.3: Projected posterior probabilities of the four NSI parameters with future
accelerator and reactor data. Here we have marginalized over the uncertain experimen-
tal backgrounds and fluxes from the respective neutrino sources. The contours show
the 68% and 95% credible regions, and the red cross indicates the simulated Standard

Model value. Reprinted with permission from [§].
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and reactor data, allowing for four flavor diagonal parameters to be non-zero. The
contours show the 68% and 95% credible regions, and the red cross indicates the
simulated Standard Model value. Reprinted with permission from [8].

2.4 Conclusion

In this chapter we have examined the effect of new, light mediating particles on both
the CEvNS process as well as electron scattering by neutrinos, by employing a simplified
model approach including new scalar, pseudo-scalar, vector, and axial-vector mediators
with sub-GeV masses. Such low mass mediators can create a substantial enhancement
in the rate of CEvNS and v — e scattering at low recoil energies, further motivating the
continued push towards low threshold detector technology. Furthermore, we showed
that the ability of CEvNS experiments to break down the degeneracies of NSI param-
eterization of neutrino interactions. We also introduced the multi-parameter Bayesian
analysis, which turns out to be particularly useful for analyzing multi-parameter mod-

els, and we will use this frame work extensively in later chapters.
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3. MODELS THAT INDUCE TO NON-STANDARD INTERACTIONS*

In the previous chapter, we discussed the general non-standard interaction of neu-
trinos and how CEvNS experiments will act an extraordinary probe of these kind of
interactions. Giving the sensitivity to the general NSIs, we can further investigate the
experimental reach of more specific models that beyonds SM.

In this chapter, we discuss two well motivated extension of SM: the kinetic mixing
effects and hidden sectors that induce ¢* form factor in the scattering amplitude. We
first discuss the context and formalism of these two extensions of SM; and then analyze
the models using current and future(projected) CEvNS experiments result with x?

statistical techniques; finally we draw our conclusion.
3.1 Kinetic and mass mixing effects

Kinetic and mass mixing effects can arise from a straight forward U(1) extension of
SM model. Many theoretical and phenomenological studies can give rise to such U(1)
extension, for example, grand unified theories [25], string theory [26], and solutions to
B anomalies [27]. Given such a gauge group with gauge field Z’ and field strength F’ i
matter content that is charged under both this and a SM gauge group will generically
lead to kinetic mixing of the form e}, F*” where F,, denotes a SM field strength and ¢
parametrizes the strength of the mixing. This, in turn, can lead to Z’ interactions with

SM fermions whose nature depends on the details of the model and can be explored

by a variety of experiments. A similar result is obtained if a mass mixing with the SM

*Parts of this section are reprinted with permission from:

M. Abdullah, J. B. Dent, B. Dutta, G. L. Kane, S. Liao, and L. E. Strigari, “Coherent elastic neutrino
nucleus scattering as a probe of a Z through kinetic and mass mixing effects,” Phys. Rev. D98 no. 1,
(2018) 015005, arXiv: 1803.01224 [hep-ph]. Published by the American Physical Society under
the terms of the Creative Commons Attribution 4.0 International license

A. Datta, B. Dutta, S. Liao, D. Marfatia, and L. E. Strigari, “Neutrino scattering and B anomalies
from hidden sector portals,” JHEP 01(2019) 091, arXiv: 1808.02611 [hep-ph]. Published by
Springer under the terms of the Creative Commons Attribution 4.0 International license
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Z is instead generated. While both € and the Z' mass, mz, vary depending on the
model, much of the recent work has been focused on a range of 107% < ¢ < 1072 with
mz < 10 GeV.

We start with a dark Abelian gauge group U(1)yx minxed with SM hypercharge

gauge group U(1)y:

1 . 1 _ .. €
Lgauge = _Zsz Fauv_z bu Fbw_§F5 Fo (3.1)
where a denotes U(1)x and b denotes U(1l)y, and € is the mixing strength between
the two U(1)s. The exact form of the Lagrangian after spontaneous symmetry break
where the gauge field is re-diagonalized depends on the Higgs field [28]. In this work,
we assume an additional Higgs singlet ¢y with couplings to the additional U(1)x.

After the breaking of SU(2) x U(1)y x U(1)x, the mass eigenstate A, Z, and Z’ can

be expressed in terms of B, Wi’ and X, by the following transformation matrix:

B, cosf, —esina—sinf,cosa sinb,sino — € cosw A,
Wj = | sinf, cos 0, cos a —cos B, sin o Z,
X, 0 sin av Cos v Z ZL

(3.2)
where « arises from the breaking of the new symmetry via the new Higgs singlet. We

can then write the Z’-fermion-antifermion coupling as:

—ig (tana — € /sin6,,)

.
— sin® 6,,Q (3.3)

[cosa(tana — € sin,,)] |T; —

tana — € sinf,,

We consider two limits of this general couplings that can be tested by CEvNS experi-

ments: 1) sina ~ 0 so the new Z’ resembles a hpyercharge gauge boson:

igtanf, (Y¢/2) ep (3.4)
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Figure 3.1: Feynman diagram for L, — L, model that generates kinetic mixing.

where eg = cosa(tana — € sinf,,), and we call it dark hypercharge gauge boson; 2)

€ ~ 1 so the new Z’ resembles a Z gauge boson:

cos 0,

e. [T} —sind; Q] (3.5)

where €, = sin «, and we call it dark Z boson.

Another interesting possibility for probing new physics models is when the SM
is extended with a non-universal U(1) gauge symmetry associated with U(1)r,_r,.
This symmetry has been discussed in various contexts including the flavor structures
of neutrinos [29, 30], lepton flavor violating Higgs decays [31], dark matter, and the
recently reported flavor non-universality in B decays [32]. This symmetry leads to

interactions in the Lagrangian of the form:

[’int = gZ’QaB(Zavulﬁ + DLaPyMVLﬂ>ZL (36)

where, Z' is the new gauge boson, gz is the new gauge coupling, and Q)5 = diag(0,1, —1)
gives the U(1)r,_r, charges. At low energies, muon and tau loops generate kinetic mix-
ing between the SM photon and Z’ of strength € = (egz)/(67%)log(m.,/m,) via the

Feynman diagram shown in Figure 3.1.
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Figure 3.2: Feynman diagram for Z’ model (left) and S model (right). Reprinted with
permission from [10].

3.2 ¢? form factors from loop correction

Considering the scenario of ZPrime model where quarks couple to ZPrime via loop
of hidden sector particles. We show that this leads to a ¢*/A? form factor on the Z;L(h“q
interaction, and how CEvNS can measure the explanation of B decay anomalies with
q? form factor.

Starting with the following Lagrangian at low energy [33]:

JL,R _ _ o . y _ 1
L = ZF " Prraxvu(l £3s)x + i7" 0, —igx 2" X = myXx + 5mz 2,2
. 1
= Hepp + JunZ™ +ix7" 00X — myXX + 5mz 2, 2" (3.7)

2

where  is a hidden sector fermion field with mass m,.. The first term in the Lagrangian
represents an effective coupling between the ¢ and y fields that might arise through
the exchange of a heavy mediator of mass ~ A, with A > FE, where FE is the energy
scale of the process. The hidden sector fields y couple directly to Z’ through the vector
portal and so in our framework there are two mediators. We further assume that the
neutrinos are charged under the U(1)" and so there is a direct coupling of the neutrinos
to Z'. The coupling between Z’ and quarks can be induced by a loop of hidden sector

X, as shown in Figure 3.2.
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We write the induced Z,gy*q interaction as:
Line = 7" [PLFL(¢%) + PrFr(¢%)] 42, (3.8)

In one loop approximation we can calculate the form factor [34]:

2 1 $A2
FLr(q®) = % {gL,R + g—fé dr x(1 —z)ln |
0
q* 2
= jzdrr(Al) (3.9)

where A, is the cut-off to regulate the divergence. As discussed in previous chapter, in
CEvNS experiments, only vector component of the interaction can be probed. So we

define the effective Lagrangian as:
e
Lo = Ld 0107, (3.10)

where ¢’ = gr(A?) + gr(A?) is the effective coupling interested in this chapter.
Similarly, we can also have scalar as mediator instead of vector Z’, as shown in

Figure 3.2. The effective Lagrangian with ¢* form factor is:

e
Lint = FQ;@QS (3.11)

mi fqzx(lfa:)]
92A2

xT

In 22. We consider the case mi <L ¢

4m2

where ¢/ = g, + 295 fol dr x(1 — :13)[

so that ¢’ is ¢ independent.
3.3 Results and analysis

In each of the models discussed above, there is only one parameters. So it is better
suited for a profile-likelihood analysis. According to Wilks” theorem, Equation 2.26

approximate to y? distribution, we can further simplify the analysis by using the x?
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method. We define:

Ne:r:p_l Np?"62 ?
ooy Nb(—:r]\ﬁf) d>+<0%) 12

bins,detectors

where N.,, is the expected number of events in the SM (or the observed number of
events in the case of current COHERENT limits), Npeq is the number of predicted
events in our model, Ny, is the number of background events, oz is the fractional
systematic uncertainty, and [ is the corresponding nuisance parameter. The current
COHERENT experiment has a threshold 4.25 keV [5]. For the future projected mea-
surements we assume a threshold of 100 eV for Ge and Si reactor experiments [35-37],
and 2 keV for Nal and Ar with COHERENT [38]. For reactor neutrinos we take a
background of 1 dru (Ge and Si), and for accelerator neutrino data we take a back-
ground of 5 x 1072 dru (CsI, Nal and Ar) [5]. Here the unit dru stands for differential
rate unit, equal to event/ (keV - kg - day). The COHERENT experiment has an energy
dependent efficiency. We applied the efficiency function from [5] to all the detectors in
the COHERENT experiment. We take the reactor neutrino flux to be that of a 1 MW
reactor at ~ 1 m from the core (which yields a the total flux of 1.5 x 10'% cm?/s),
and the antineutrino fission spectrum at various sites from Ref. [39]. The accelerator

neutrino flux at SNS is 4.29 x 10° cm?/s [5].
3.3.1 Clurrent and future bounds on mizing parameters

First we show the current and future bounds on dark hypercharge mixing and dark
Z mixing scenario in Figure 3.3 comparing to limits from fixed target, atomic parity
violation experiments and the BaBar results. We find limits that are complementary
to those from fixed target experiments. For these scenarios, however, the atomic parity
violation experiment provides the best constraint for a large region of parameter space.
The Babar results provide better constraints for myz ~ 10 GeV. In typical string/M-

theory based models, it is argued that € ~ 107! — 1073 [40] where hypercharge mixing
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is considered. Based on Figure 3.3, we can see that most of the parameter space for
these models is ruled out. However, it is also argued in the context of LVS (Large
Volume Scenario) that € ~ 1075 — 1078, which survives the experimental constraint. In
such models, the dark matter candidate in the visible sector decays into hidden sector
particles via 2 and 3 body decay modes and the lifetime depends on €. The restriction
on ¢ from our analysis constrains the lifetime of the dark matter particle into 3-body
and 2-body decay modes to be 1071% — 10713 sec and 10718 — 1072! sec, respectively,
where these ranges correspond to a Z’ mass spanning 1073 — 10 GeV.

One interesting aspect of the dark Z case is the limits seem to be independent of
exposure at large mediator mass. This can be explained by examine the y? method in
Equation 3.12. After maximizing the expression with respect to the nuisance parameter

£ and defining k = Nbi—’”]f,d we get:

N, (Nprea—Neap)”
<Z NZ;TN:j::) + Z Nbg‘:‘:]%irp Z Nbg‘i?\z;ezp 0'2 Z ]P;;beg“'N:zz:
X N (3.13)
Te
0'2 + Z Nbg+Nezp

ezp > kNewp
~ kENe, 3.14
Z Npg + Neap Z kNpred Z 2 ( )

where in the second line we used the fact that 1/0? is small compared to Ngg,. As
mentioned earlier, the Z’ coupling relative to the Z coupling is universal in the dark Z
scenario which means that k is the same for all detectors and energy bins at the high

My region. Therefore, Equation 3.14 can be solved for k to give

N2

= (Z —Nbg _:’fjpvezp. — )@) /Z Negp =~ (Z N _:I]PVEW) /Z Nep- (3.15)

In other words, k, and hence € is independent of the exposure. This argument breaks

down for the dark hypercharge case due to the detector dependence on k.
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Figure 3.3: The current and future bounds on the mixing ep in the dark hypercharge
case (left) and minxing €z in the dark Z case (right) are plotted as a function of
the Z' mass My. The solid blue curve is the current COHERENT limit, the orange
dashed and green dot-dashed curves are derived future projections for COHERENT
for different luminosities, the red dotted curved is the future projection for a reactor
experiment, the purple large-dotted curve is from atomic parity violation, the grey
regions are from the NA48/2 E774, E141, and E137 fixed target experiments. The
blue shaded region is diallowed by the BaBar results. Reprinted with permission from
9]

In Figure 3.4 we show the limits on the induced mixing case by L, — L, model.
We compare current and projected COHERENT results to the limits from Borexino,
CCFR, and Babar. We find the COHERENT, Borexino and CCFR complement each
other, with COHERENT provide strongest limits in 4 MeV < myz < 100 mass window.
We do not show reactor limits because it require electron flavor couplings. With same
reason, Barbar, fixed target and atomic parity violation experiments have poor limits

in this scenario.
3.3.2  Current and future bounds of NSI coupling with ¢* form factor

We show the current and projected result on the limit in the presence of ¢ form
factor and compare to the coupling without form factor in Figure 3.5. To compare the
couplings a factor of ¢?/A? is multiplied so that gjl\—q; represents the coupling strength

between quarks and neutrinos as a function of energy and reduces to ¢' if there is
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Figure 3.4: The current and future bounds on the coupling gz in the L,-L, model
are plotted as a function of the Z’ mass Mz. The solid blue curve is the current CO-
HERENT limit, the orange dot-dashed and green dashed are derived future projections
for COHERENT for different luminosities, the red dotted curve is from the Borexino
measurement of solar neutrinos, and the purple large-dotted curve is from the CCFR
measurement of neutrino trident production. The blue shaded region is ruled out by
the BaBar results. Reprinted with permission from [9]

no form factor for the coupling. We choose ¢y to be a typical momentum for the
experiment, e.g., g = 50 MeV and 30 MeV are used for COHERENT and reactor
experiments, respectively. The limits on the coupling strength with form factor is
typically stronger than that without form factor, as can be seen from figure 3.5. This
is because with ¢? form factor, the spectral shape will be differ from the SM prediction,
while without ¢? new spectral will be the same. As a result, we can use binning analysis
of the data to extract more information on the spectral. We illustrate this in Figure
3.6. The main difference between the solid lines and dashed lines are at the higher
energy end because the form factor ¢ enhances the deviation from the SM. At low
energy, the spectrum is suppressed by the detection efficiency.

With typical momentum transfer ~ 0.4 MeV, Solar neutrino is able to probe much
smaller value of A as compared to reactor and accelerator CEvNS experiments. Here
we consider all the most prominent low energy components of the solar neutrino flux

that Borexino is sensitive to, i.e., pp, pep, and "Be. We choose the high metallicity
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reactor experiments. Reprinted with permission from [10]
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Figure 3.6: Spectrum of neutrino scattering off Ar detector with 1 ton—year exposure,
with A = 100 MeV. The left panel is for the vector mediator and the right panel is for
the scalar mediator. Here the couplings for non-standard interactions are taken from

the bound of current COHERENT Csl limit. The dashed lines show the spectrum
without a form factor. Reprinted with permission from [10]
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solar model as defined in Ref. [23] for our baseline Standard Solar Model (SSM), and
comment on the impact of the model uncertainties below.
For solar neutrino experiments, the systematic uncertainties dominate. So we define

x? for each component of the solar flux to be

Ny — Nops)?
Xzz( thNbab) | (3.16)

where o is the percent uncertainty in the measurement (including experimental and
theoretical uncertainties in quadrature) with o,, = 0.11, o7, = 0.03, and o, =
0.21 [41]. To obtain a combined limit we define x* = x2, + X7 5, + Xoep-

In Figure. 3.7, we show the constraints on the eevv coupling from Borexino [41]. We
find that the pp and "Be components provide the strongest constraints on F(¢*) ~ ¢
because of their higher event rates and smaller flux uncertainties. This is despite the
fact that the pep component has larger spectral distortions (for the form-factor case
relative to the F(¢?) = 1 case) due to its higher energy. The limit plots are valid as
long as A% > ¢

As for the nucleus scattering case, the recoil spectra in Fig. 3.8 show that the
F(¢*) ~ ¢* case is different from the F'(¢*) = 1 case. We see that the major differ-
ences in the spectra are at high energies. The differences for the scalar case are more
significant than for the vector case because in the vector scenario the ¢? enhancement

is suppressed by the interference between SM and new physics contributions.
3.4 Conclusion

In this chapter, we have discussed two specific realization of non-standard inter-
action of neutrino: kinematic mixing and ¢? form factor arising from loops of hidden
sector. CEvNS experiments give either better constraints on the model or profound

discoverability of the model parameters.
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Figure 3.8: Spectra of solar neutrino scattering off electrons, with m’ = 10 MeV and
A =10 MeV, and scaled to match the Borexino measurement. The left panel is for the
vector mediator and the right panel is for the scalar mediator. Dashed lines are the
spectra without a form factor. To make a fair comparison, for the latter case we scale
g by a factor of ¢*/A?. Reprinted with permission from [10]
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4. DIRECT DARK MATTER DETECTION AS NEUTRINO EXPRIMENTS*

Apart from dedicated neutrino experiments for CEvNS discussed in the previous
chapters, direct detection of dark matter experiments can also play important roles as
CEvNS experiments. The signals from the sun, supernovae, and atmospheric neutrinos
will be major contributions to the direct dark matter search experiments, know as
neutrino floor [42]. Understanding the neutrino background will not only help the
dark matter detection experiment itself, but also it provides an excellent source of
information to understand neutrino physics.

In this chapter, we consider future direct dark matter detection experiments as
probes of non-standard interactions of neutrinos, specifically, solar neutrinos. We focus
on solar neutrinos because their flux has been well studied and their interaction rates
can be readily compared to the corresponding rates deduced from previous experiments.
We consider interactions between all types of neutrino flavors and fermions, and use
a three-flavor formalism accounting for NSI in propagation through the solar interior
and in detection on Earth. For detection, we consider both elastic neutrino-electron
scattering and coherent neutrino-nucleus scattering, and show that these channels are
complementary, probing distinct regimes of the NSI parameter space.

We identify a range of NSI parameter space that is not ruled out by neutrino
experiments, but is observable in dark matter experiments. For certain parameters,
we show that due to NSI the event rate can be either enhanced or decreased relative
to the SM value. For rates which are increased, we identify parameter ranges that can

be probed by forthcoming ton-scale direct dark matter detection experiments [12, 43].

*Parts of this section are reprinted with permission from:

B. Dutta, S. Liao, L. E. Strigari, and J. W. Walker, “Non-standard interactions of solar neutrinos
in dark matter experiments,” Phys. Lett. BT73 (2017) 242-246, arXiv: 1705.00661 [hep-ph].
Published by the Elsevier under the terms of the Creative Commons Attribution 4.0 International
license
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We identify an interference range of NSI parameters for which the rate is reduced
by approximately 40%. We additionally show that the “dark side” solution for solar

neutrino mixing angles can be probed by forthcoming dark matter experiments.
4.1 Neutrino oscillation and matter effects

The solar neutrino detection is different from reactor or beam based neutrino ex-
periments discussed in previous chapter, because solar neutrino travels a long distance
to earth. As a result, in the propagation, different flavors of neutrino will mix with
each other. The NSI will affect the oscillation by participating the matter effect in the
solar neutrino propagation. To describe the neutrino oscillation and matter effects,
first consider the propagation of neutrino in the vacuum; it is described by Schrodinger

equation in mass eigenstate:

d
e i) = Hij |vy)
m? + p? 0 0
= 0 m3 + p? 0 Vi)
0 0 \/mg—l—p?
p+7;—§ 0 0
= 0 p—i—;n—p% 0 ‘V1> (4 1)
m2
0 0 P+

Since the constant does not affect the probability, Equation 7?7 can be written as

0 0 0

. d AmQ

Z& |Vl> = 0 2E21 0 ‘I/l> (42)
0 0 A

Just like CKM matrix, we can transform mass eigenstate to flavor eigenstate via a
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transforming matrix:

U = R,23T5R13T,5R,12 (43)

where R is the rotation matrix, T5 = 1
o0
The Hamiltonian induced by interaction with matter is

Hing = —Ling = —2\/§GF95,3’;%’YHV€JFP’YMJCP (4.4)
averaging over the matter:

dBp 1 _ _
(27)> 202 > (o, slONs A f + 02 Fv" Y fp. s)

(Hine) = —\/§GFV_E‘%V§/

S

- d3 v 5
= ~V2Crv / <27r)—3pzpo % {005tr [(—p + mg) 7] + 25tr [(—p + my) v*2°]}

= V2Gp0Y g3y ) (4.5)

d3p
(2m)°

where ny = [ is the number density of the fermion.

So in flavor eigenstate, the full Schrodinger equation is

d Am2, Am?
i va) = ({Udiag (0, ;;21, —2";31) U*] +V2Gr Y ny (56]‘5@& + eéa)> |vs)
afs f
(4.6)
the 0%/8.,, accounts for the charge current interaction with an electron.

We determine the neutrino survival probability in a full three-flavor framework.

The survival probability is obtained by diagonalizing the Hamiltonian

H (1) = T (1) diag <m% () my(t) ms (t)) ol (4.7)

2E 7 2E 7 2FE

The density in the sun changes smoothly enough that neutrinos propagate adiabatically.
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This means that by averaging over the distance, the probability of transition from flavor

[ to flavor « is

2 2

= U(t)ai U(O)ﬁi ‘ (4.8)

This can be interpreted as the multiplication of the probability of transition to a mass
eigenstate at the production region and at the escaping region [44].

We note that previous authors have computed the solar neutrino survival prob-
ability including NSI within a reduced two-flavor framework [45]. We find that the
two-flavor framework is a good approximation to the full three-flavor framework, with
the only discrepancy arising at high neutrino energy, where the approximation that
Gr ), P fEiB < Am3,/E, breaks down. In the energy regime where most solar neu-
trinos lie (eg. E, < 20MeV), the three-flavor survival probability in Equation 4.8
will give the same result as the more commonly used two-flavor survival probability.
The advantage of adopting the three-flavor oscillation framework is that it enables the

examination of entire space of € using scattering experiments.
4.2 Results and analysis

We use the save x? method described in previous chapter to analyze the limits
that can be put on the NSI parameter space. The difference between this chapter an
previous chapter is here we consider the effects of NSI on both neutrino oscillation and
scattering at the same time.

In order to isolate the impact of individual NSI parameters, we allow a given €
to vary one at a time, while keeping all others fixed. For simplicity we just present
results for a xenon target, though the salient points of our argument are not affected
by this choice. Unless otherwise indicated we take the LMA solution for the neutrino
oscillation parameters [46]. For the solar neutrino fluxes, we take the high metallicity
standard solar model [23, 47], and we include all the components of the solar spectrum.

We first show in Figure 4.1 how the electron recoil event rate due to elastic scat-
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Figure 4.1: Number of events above an equivalent electron recoil energy threshold of
1 keV as each € varies over its allowable range (dashed blue curves). The solid orange
curve gives the SM contribution. Reprinted with permission from [13].

tering, v+ e~ — v+ e, is affected as each € varies over their respective allowed range.
The electron recoils are primarily due to low energy pp solar neutrinos, with a < 10%
contribution from “Be neutrinos. Depending on the value of €, the event rate may
either be greater than or less than the corresponding SM event rate. In large regions
of parameter space, we find that the existence of NSI parameters can be distinguished
from the SM.

Similarly, we show in Figure 4.2 how the NSI affects the CEvNS rate. In contrast
to the case of electron recoils, in order to get an observable effect, the threshold needs
to be relatively low, ~ 1 keV, as the nuclear form factor suppresses the number of
events at high energy drastically. Future xenon experiments are expected to be able
to achieve the required threshold energies [48].

To quantify how much the matter effect can change the prediction of number recoil
events, in Table 4.1, we show the ratio between expected number of events in the
presence of NSI to the expected number of events with only SM. We consider the

hypothetical scenario where matter effects does not exit and compare to the real case
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L —0.052 [ L = 0.13 | €L —0.33 | 7 = 0.08 | ¢F = 0.19 | - = —0.16 | €2, — 0.2 | e%. — —0.15 | % = —0.15 | €2 —0.26

ep

SMSW. 1.10 1.03 1.23 1.07 1.05 1.14 0.69 1.36 1.45 0.69

Nsn

NK’% 1.69 1.52 1.79 1.51 1.55 1.47 4x107° 1.56 19.07 5x 1073

Table 4.1: Rows 1 and 2 give the ratio of the number of events for a given ¢, with and
without the inclusion of neutrino transformations in Equation 4.7. Ngjs is the number
of events in the SM, without NSI, Ny, is the number of events including NSI in the
Hamiltonian, and N,,ysw is the number of events without accounting for the MSW
term at all. For each column, the € is chosen to maximize the difference from SM.
Reprinted with permission from [13].

when matter effect is changing the neutrino oscillation. Instances in which the ratios
Nuorisw/Nsy and Nyrsw /Ngar are close together implies that the largest impact of
NSI comes from the detection cross section in Equation 2.21. Where these ratios are
very different, such as with €% and ¢, the dominant effect of NSI comes from matter-
induced transformations.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA ap-
pears, characterized by 015 > 45° (LMA-d) [49]. Neutrino oscillation experiments alone
cannot distinguish this solution from normal solution as the expected signal is same
for these two solution. However, with a low threshold dark matter detector, we will
be able to distinguish the two solution by counting the observed number of neutrino
events. In Figure 4.3, we show that this solution can be discovered in direct detection
experiments for threshold energies of 1 keV. Thus forthcoming direct detection experi-

ments have a novel and unique discovery sensitivity to the entire region of the LMA-d

solution.
4.3 Conclusion

In this chapter, we discussed the possibility of using direct dark matter search
experiments as a probe of NSI parameters of neutrino. We discovered that direct
dark matter searches are able to probe NSI parameter space that cannot be probed
by current neutrino experiments, implying that direct dark matter searches have an

important role in searches for beyond the Standard Model physics through the neutrino
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Figure 4.3: Total number of events above an indicated nuclear threshold energy for
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Reprinted with permission from [13].

sector. And the matter effect will alter the prediction of number of events significantly
with some NSI parameters, suggesting that solar neutrino in direct dark matter searches

supplement the neutrino oscillation experiments.
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5. ANALYSIS OF COHERENT EXPERIMENT DATA WITH ENERGY AND
TIMING INFORMATION*

After COHERENT collaboration reported the first detection of CEvNS [5], the
collaboration released the detailed data with number of events binned in both time
and energy dimensions [14]. The data do not directly identify the flavor components
of the neutrino flux, though it is possible to make an estimate for the contribution
of the different flavors. For example the prompt v, component may be estimated
from a timing cut, while the delayed components may be extracted from their spectral
signatures. Previous authors have classified the events as prompt or delayed using a
two-bin analysis in timing space [51].

With full energy and timing distributions of nuclear recoil events provided in the
data release, we are able to perform likelihood analysis that utilize informations not
available from the energy data alone, or when splitting the timing data into prompt
and delayed events. We develop a new rigorous Bayesian analysis for the energy and
timing data. We find that the data adds substantial statistical constraining power, and
favors a BSM interpretation at the < 20 level.

The released data also provides an opportunity to search for light dark matter which
couples with light mediators. The DM event under consideration is initiated by the
production of a dark photon decaying into a pair of DM particles (e.g., Refs. [52, 53]).
A DM particle would then induce a nuclear recoil event at the detector. The dark

photon production can occur from both 7~ and 7°. Most of the 7~ are stopped inside

*Parts of this section are reprinted with permission from:

B. Dutta, S. Liao, S. Sinha, and L. E. Strigari, “Searching for Beyond the Standard Model Physics
with COHERENT Energy and Timing Data,” Phys. Rev. Lett. 123 no. 6, (2019) 061801, arXiv:
1903.10666 [hep-ph]. Published by the American Physical Society under the terms of the Creative
Commons Attribution 4.0 International license

B. Dutta, D. Kim, S. Liao, J.-C. Park, S. Shin, and L. E. Strigari, “Dark matter signals from timing
spectra at neutrino experiments,” arXiv: 1906.10745 [hep-ph]. Submitted to Physical Review
Letters
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the Hg target and can create a dark photon via the absorption process, 7~ +p — n+A’,
followed by the decay of the dark photon A’ to a DM pair [52]. The dark photon is
emitted isotropically in this 7~ absorption process. The 7% may produce an ordinary
photon and a A’ [53]. We find that the DM flux reaching to the COHERENT detectors,
which are located ~ 90° from the beam direction [38], is comparable to that from the
7~ absorption.

We develop a novel strategy that uses timing cut and energy cut on the data from
COHERENT experiment to search for light DM. We find an excess in the timing and

energy distribution which can be explained by DM as oppose to NSI of neutrinos.
5.1 Statistics framework for energy and timing analysis

To have a complete analysis of the two dimensional energy and timing data released
from COHERENT, we first establish the statistics framework.

We define L as the likelihood function of the model parameters given the data. We
assume that the sum of the observed nuclear recoil plus background counts, N(t, F),

at time ¢ and energy F follows a Poisson model with parameter

At,E)=(1+a)N(t,E €) + Ny (t, E), (5.1)

where N (t, E, €) is the number of neutrino-induced nuclear recoil events predicted from
the theory and Ny, (t, E') denotes the true background count. Note that by definition
Ny (t, E) is not observed. Rather, we have observed background counts, denoted by
Nobspg(t, E), that are proxy for the true background counts. We assume that given
Nig (t, E), Nopspg(t, E) follows a Poisson model with parameter Ny, (¢, E). In the ab-
sence of prior information on Ny, (¢, E), we use a non-informative prior on it, so that
T(Npg(t, E)) o< 1 for Ny (t, E) € [0, 00).

In addition to the counts from the signal and the background components, Eq. (5.1)

involves the uncertainty parameter o to account for the systematic uncertainties from
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flux, form factor, quenching factor, and signal acceptance uncertainties. Motivated
by the results reported from COHERENT [5], we assume this parameter follows a
normal distribution with zero mean and standard deviation o, = 0.28. Defining g =

(Ges gu, m, Ry,) as the model parameters, the most general likelihood function is

7 (A, B)}NonE) - exp(—a?/207)
L@t E) (g) / / exp{=A(t E)HS T _

(e}

1 { Ny (t, E)}Novsvo(t-E)

X exp{—Ny,(t, E) Nopoao (LB
obs,bg\ Uy :

dadNy,(t, E).  (5.2)

In comparison to previous analyses, this likelihood explicitly includes information from
the timing distribution. We take the bin width in energy space as the bin width in the
space of the number of photoelectrons, n., then convert this to recoil energy space using
the relation n, = 1.17(E /keV). For the timing data we take the bin width directly from
the COHERENT data, ~ 0.5us. In the Bayesian paradigm we obtain the posterior
probability densities for the model parameters using the multinest package [54] with
flat prior distributions on the parameters.

For comparing two models, say models 0 and 1, where one is nested within another,

we use the likelihood ratio test within a frequentist paradigm. We consider the test

~

statistic U = —2[log(Ly) — log{L1(0)}], where we define log(Ly) as the log-likelihood
for model 0 in which only R, is free and other three parameters are set to zero, and
log{£1(0)} is the log-likelihood for the model in which at least one of the parameters in
(Ges gu, M) is free. For the latter model, 0 denotes the maximum likelihood estimator
(MLE) of 5, and 0 is obtained by maximizing the marginal likelihood, Equation 5.2
where Nyy(t, E) is integrated out. The p-value of the test is p = Pr(x; > Usps), Where
Ugps is the observed value of U and X727 is the chi-square distribution with n degree
of freedom. Here, n is the difference between the number of estimated parameters

in models 0 and 1. A small p-value provides significant evidence against the null

hypothesis (SM). Applying this general procedure we can test if a model parameter
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(i.e., g, or ge) is positive. The corresponding significance Z is ®~!(1 — p/2), where
®~1 is the inverse cumulative distribution function of the standard normal distribution.

Significant results can also be seen through a large value of Z.

5.2 Timing and energy spectra of neutrino and dark matter in COHER-

ENT experiment

COHERENT uses a proton beam on a Hg target at Spallation Neutron Source
(SNS). Among the produced pions, 7 first decays at rest to v, (prompt neutrino) and
pt; the pt decays in flight to e, v, and 7, (delayed neutrino). The energy spectra of
neutrinos is therefore easily calculated with kinematics:

m2 — m?
f”u — 5<Ey_u)

2m,

64 |(EN(3 B
Yoo my, | \'my, 4 m,
192 /E,\?*/1 E,

- [V E-2)
my my 2 my,

The timing spectra POT of SNS neutrino source has a peak at 0.7us and width
0.15us [14]. The timing spectra of prompt neutrino is therefore a convolution the POT
with an exponential decay of 26ns. The timing spectra of delayed neutrino is calculateb
the convolution of the prompt neutrino with an exponential decay of 2.2us.

We show the theoretical calculation of neutrino energy and timing spectra of in
Figure 5.1. This will be used in the analysis to compare with the observed nucleus
recoil events in the data release.

To derive the energy and timing spectra of dark matter in COHERENT experiment,

we consider the following Lagrangian:

Lini D gy A, XV"X + eqel ALav"q (5.4)
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Figure 5.1: Energy and timing spectra at COHERENT experiment.

where e, = e(), and where g, and €] are dark-sector gauge coupling and kinetic mixing
parameter (associated with the mixing between the photon and new gauge Boson
SFM'E,, [55-57]), respectively. This generic-looking Lagrangian can be accommodated
in the context of a model in e.g., [52, 58].

The 7~ and 7 produced in the proton beam hitting on target decay into dark
photon A’ and then the dark photon decays into dark matter which induces nucleus
recoil. We use numerical simulation to track the energy and timing information of each
dark matter particle. The relevant code is published as an open source python package,
and can be accessed at GitHub (https://github.com/Ikaroshu/pyCEvNS). In Figure
5.2, we show the timing distribution of dark matter as well as the recoil spectrum. We
can see that (by comparing to Figure 5.1) a time cut around 1.5us and energy cut
around 14keV will factor out most of neutrino background in search of dark matter
signals. Regarding DM-nucleus scattering, we remark that in principle DM scattering
can be governed by physics different from that for dark photon production encoded in
Eq. (5.4). Introducing a generic mediator of mass M’, DM-mediator coupling gp, and

quark-mediator coupling ee,, we find that the differential spectrum in recoil energy FE,
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Figure 5.2: Left: Timing spectra of DM signal with three different values for 74/, in
a relativistic A’ scenario (solid) and a non-relativistic A’ scenario (dashed). Right:
Nuclear recoil spectrum produced from neutrino and DM interactions with (solid)
and without (dashed) experimental efficiencies. The vertical dashed line indicates
the energy cut that is used to eliminate prompt v-induced events. Reprinted with
permission from [1].

of the target nucleus can be expressed as

do AP RZ |FRmnE,)
dE, dmp2 (2my B, + M'?)?

E, myE,
( al > + Eme} (5.5)
where F' denotes the form factor and where Z and my are the atomic number and
the mass of the target nucleus. The underlying interaction is of dark-photon type for
illustration. We neglected m,, in the curly brackets as my > m,. Clearly, the spectral

behavior is (nearly) independent of m,,.
5.3 Results and analysis

Equipped with the theoretical calculation of neutrino and dark matter spectra in
energy and time dimension. We are now ready to constrain BSM using COHERENT

data release.
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5.3.1 Constraining NSI of neutrino with full COHERENT energy and timing data

In order to simplify our analysis, for our BSM scenario we consider models with
couplings such that g, = g, = g4 = ¢’. To compare the sensitivity of the data to
different flavors, we either fit for g, and fix g, or vice versa. The key features of our
analysis are unchanged if we use a different relation among the couplings.

First we fix the mediator mass at 10MeV and 1000MeV to show energy plus timing
give may imply BSM. In Figure 5.3, we show the resulting posterior probability distri-
butions for g, (assuming that g. = 0), for the cases of Mz = 10 and 1000 MeV. The
figures contain distributions using energy information alone, and distributions using
both energy and timing information. For both Mz = 10 and 1000 MeV, the g, distri-
butions are better constrained when including timing data, and deviate from the SM
prediction that these couplings are zero. We also consider the case with form factor
(detail discussion in previous chapter). We apply likelihood ratio test to the result
and find the significance Z = 1.6 for both mediator masses. On the other hand, we
get Z = 1 without timing information. This implies that the timing data provides
additional information on the flavor content of the fluxes that is not provided by the
energy data alone. The bin-by-bin likelihood analysis that we employ is able to sta-
tistically separate the prompt and delayed distributions, with the timing information
more strongly constraining the prompt g, component. In contrast, the g. component
only contributes to delayed neutrino recoil spectrum, and is less well constrained when
adding in the timing information.

Next, we consider the constraints on full g v.s. Mz parameter space. Figure 5.4
shows the probability density in log,,(Mz) vs log(g,) or logyy(g./A) space. The
shape of the boundary in both plots can be understood as follows: in the small mediator
mass region, ¢> > M?2,, the NSI parameter is independent of the small mediator mass,
while in the large mediator mass region, M2, > ¢2, the NSI parameter depends on

g*/M?2,, thus, in log space the slope is about 1. The isolated island at large mediator
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Figure 5.3: Posterior probability distributions for g,, (top row) or g,/A (bottom row,
if there is form factor), using the energy data alone (orange) and using the combined
energy and timing data (blue). The left column assumes a mediator mass of Mz = 10
MeV, and the right column assumes a mediator mass of Mz = 1000 MeV. Reprinted
with permission from [15].
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Figure 5.4: Heat map of the probability density in log,,(Mz/) vs log,, g, (top row) and
logo(Mz) vs logyo(g,/A) (bottom row, for a form factor ¢*/A?) parameter space using
energy and timing data (left) and energy data alone (right). Reprinted with permission
from [15].

mass region is because the global degeneracy for the weak charge across all energy bins
(since the NSI parameter is independent of energy), thus, the constraint on the charge
@, in Equation 2.22 results in two solutions for g. On the contrary, if a hidden sector is
introduced to generate a form factor ~ ¢*/A?, the NSI parameter becomes independent
of energy in the smaller mass region and consequently, the degeneracy appears in the
smaller mass region.

To quantify the constraints on the NSI parameters in Figure 5.4, we show in Ta-
ble 5.1 the 1o window of g, and g. assuming 10, 100, and 1000 MeV mediator masses
using our results from the energy and timing analysis. Note that this range is con-

sistent with general constraints on the couplings and masses of light mediators [59].
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Mz (MeV) 10 100 1000

In [1.87,6.65] x 107 | [0.41,1.47] x 10~ % & [2.47,2.66] x 10~ * | [0.48,1.32] x 103 & [2.17,2.47] x 103

Je 0,612 x 105 | [0,1.53] x 10 " [2.53,2.84] x 107 | [0,1.22] x 10 ® & [2.22,2.77] x 103

Table 5.1: The 1o constraining range on g, and g, using energy plus timing information.
Reprinted with permission from [15].
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Figure 5.5: The significance contour with various cut on energy and timing dimension
on COHERENT data.

5.3.2 DM signal with energy and timing cut

First we can optimize our energy and timing cut by scanning through the data. In
Figure 5.5, we show the contour of significances with various cut in the energy and
timing space. We find the cut is optimized with E, > 14 keV (16 photoelectrons) and
T < 1.5 pus to substantially suppress both prompt and delayed neutrino events. After
these cuts, we find 97 total events. Out of them 49 events have been classified as the
steady-state (SS) background, while 19 may be identified as delayed neutrino events
forming the SM (i.e., neutrino) background. There are also 3 events in the cut window

arising from beam related neutron (BRN) backgrounds. There is then an “excess”
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Figure 5.6: 1o best fits to the “before-cut” data (orange) and the “after-cut” data
(blue) for a DM interpretation (left panel) and a neutrino NSI interpretation (right
panel). Reprinted with permission from [1].

of 26 events which corresponds to a 2.4 statistical uncertainty. For calculating the

significance we apply Excess = (signal — SS — BRN — SM)/+/2SS + BRN + SM [5].

The excess can be explained by DM interpretation as well as neutrino interpreta-
tion. In Figure 5.6 we compare the two interpretation of the fit to the data before or
after applying the cuts. For the DM interpretation, we see that there exists an over-
lapping region, and further find that both “before-cut” and “after-cut” data sets are
well accommodated by the parameter points with M’ = 100 MeV. As a comparison,
the NSI neutrino hypothesis is not able to fit the “before-cut” and “after-cut” data
simultaneously.

In the DM scenario, the mediator may not necessarily be dark photons in Equation
5.4. The above € is the effective coupling defined as € = elelep/BRaryy, where
€1 is the ¢-A’ kinetic mixing which describes the dark photon production from the
7~ absorption, €] is the quark-mediator kinetic mixing for the DM-nucleus scattering
cross-section, and gp = eep is the DM-mediator coupling. In Table 5.2, we summarize

the best fit of €7 in the case of single mediator scenario where dark photon acts as
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M’ 50 75 100 1000
€l | 35x107% | 44x107* | 55x107* | 4.6 x 1073

Table 5.2: Best-fit €7 for a few M’ values (in MeV) for the single-mediator scenario.
Reprinted with permission from [1].

mediator. In this case, € = elelep\/BRasyy — (€9)%¢p/BRaryy. We can choose

ep = 1/e to make gp = 1 which makes 74 small, and we can still make use of the
left panel of Figure 5.6 (where 74/ is set to be < 1 ns). With dark photon differs from
mediator, Table 5.2 still holds with €? identified as \/%.

Using the same strategy, we can project the limits of future COHERENT exper-
iments with larger exposure. We compare the current and future limits with LDMX
and NA64 results in Figure 5.7. We find the limits complements both LDMX and
NAG64 results at large mediator mass [60, 61]. In the plot, there are two scenarios: (i)
the dark photon coupling (ef) is the same as the mediator-nucleus coupling (e]) and
(ii) €/ is fixed at 1072 (current experimental constraint [62]) with ap = g% /(47) = 0.5.
We use a dark photon mass ma = 75 MeV and a DM mass m, = 5 MeV. The figure,

however, is unchanged for m4 < 138 MeV, m, < my//2 and 74 < 4 ns.
5.4 Conclusion

In this chapter, we have analyzed the COHERENT data release. The extra timing
information enables the ability of probing flavor of neutrinos which is impossible in
the CEvNS experiments using energy alone. We have derived the general statistics
framework for the analysis including both energy and timing. We have discovered that
there is a ~ 20 deviation between the best-fitting model and the SM prediction.

With a combination of timing and energy cut, we have shown it eliminates the SM
neutrino events effectively. As applied to published data, we have discovered that the
DM interpretation of the excess fits the after-cut data as well as before-cut data. On

the other hand, neutrino NSI fails to fit the full and cut data at the same time. This
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Figure 5.7: The coupling (e*)? for mediator-nucleus coupling is shown as a function of
M’. The solid (dashed) lines assume ¥ = ef = €] (e¥ = €], with €], = 1072). €* for
LDMX can be understood as € in Ref. [60]. Reprinted with permission from [1].

contradicts our previous discovery. However, it is worth noting that it remains possible
the excess may be explained by an unidentified background or systematic uncertainty.
Nevertheless, our proposed strategy is able to complement existing dark matter search

experiment and can be generalized to other experiments similar to COHERENT setup.
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6. CONCLUSION

The rich phenomenology of neutrino scattering off nucleus and electron provides
an ideal source of probing beyond Standard Model. The experiments on the scattering
of neutrinos help the understanding of not only neutrino physics itself, but also dark
matters. This work explored various aspect of BSM physics that neutrino scattering
experiments can probe.

We began our analysis with ultra-low threshold detector in neutrino scattering ex-
periment. After defining the general neutral current interaction of neutrinos, we gave
the discovery limits on the scalar, pseudo-scalar, vector, and axial-vector couplings
of NSI. The vector coupling is particular interesting, as it is related to many of the
BSM models and also appears in the neutrino oscillation experiments. However, the
degeneracies between the flavors of the neutrino NSI couplings makes it impossible to
constrain the parameters space well enough with a single experiment. We therefore
proposed that the with multi-detector and multi-source of neutrino scattering experi-
ment, it is possible to break the degeneracies. The breaking of degeneracies also help
complement the neutrino oscillation experiments which otherwise cannot distinguish
the up or down quark contribution of the NSI parameters.

With the general NSI of neutrino defined, we inspected models falls in the realm of
NSI. Specifically, we discussed kinetic and mass mixing effects as well as a ¢? form factor
induced by a loop of hidden sector. We found that neutrino scattering experiments are
able to put new constraints on top of existing experiment results.

Future dark matter direct detection experiments can also serve as neutrino experi-
ments. Understanding the neutrino behavior not only helps neutrino physics but also
help distinguish dark matter signals from neutrino signals in dark matter experiments.
We analyzed the effects of solar neutrinos in dark matter direct detection experiments

in the presence of NSI. We include the NSI of neutrino in both oscillation and detec-
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tion of neutrinos, and found that the matter effects can play important roles of in the
detection of solar neutrinos in the dark matter experiments. The LMA-D solution of
neutrino oscillation experiments can therefore be resolved.

Finally, we analyzed the recently released COHERENT experiment data with en-
ergy and timing information. In order to enable the analysis of this two dimensional
data with not-well-understood steady state background, we developed a likelihood
analysis in Bayesian framework. We found the full energy and timing analysis favors
BSM over SM in terms non-standard interactions of neutrino. However, with energy
and timing cut optimized, we found there is an excessive events after removing most
of the neutrino signals. The excess cannot be explained by the NSI interpretation,
instead, we found DM interpretation fits both before-cut and after-cut data. The same
optimization strategy can be applied to future COHERENT-like experiments, and has

projected limits that complements existing dark matter experiments.
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