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Abstract

We study the occurrence of light mediators on coherent elastic neutrino-nucleus scattering in the frame-
work of a simplified model. The model includes light mediators in accordance with all possible interactions
such as scalar, pseudoscalar, vectorial, axial-vector, and tensorial, and commonly used in explaining solar
neutrino phenomena. We show the event rate spectrum using flux from reactor and accelerator neutrino
experiment for keV, MeV, and GeV mass scale of the new mediators. We then present the 90% C.L. con-
straint on parameter of the considered model with the first COHERENT data.
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1. INTRODUCTION

Studying new physics via neutrino interactions with the nucleus has been widely conducted in recent years. Especially the process
of coherent elastic neutrino-nucleus scattering (CEvNS), a tree-level process in the standard model (SM), where neutrinos interact
with the nucleus as a whole via neutral current [1]. The scattered nucleus recoiled with small energy which is the only observable
quantity from the process. CEvNS provides the largest cross-section prediction among other processes involving neutrino so far,
yet hard to be witnessed since the low energy requirement of the coherency criteria. The importance of this process may be used
on probing proposed beyond SM (BSM) proposals [2], explaining astrophysical phenomena [3], and also observing dark matter
candidate [4].

Since its first introduction a few decades ago, the successful observation was recently done by COHERENT collaboration at
the Oak National Laboratory using stopped pion [5]. Neutrinos source of this experiment originated from decay at rest pions
(DAR-7r) with the energy of a few tens MeV, directed towards CsI[Na] scintillator and produce 5 keV energy threshold for Cs [6].
Nevertheless, the criteria of full coherency still unreachable which lie in the lower nuclear recoil energy, around some keV, and
predicted to be achieved by reactor neutrino with sensitive detector [7]. Higher energies just break the elastic process, surpassed
by inelastic which termed incoherency recently [8]. To pursue these criteria, some proposed advancements have been planned and
they run observation now. TEXONO in their advancement set to reach 0.1 keV nuclear threshold with Germanium target [9], where,
in their recent update has successfully reached 0.2 keV [10]. The DarkSide collaboration with 0.6 keV energy threshold and liquid
Argon aims to study Weak Interacting Massive Particle (WIMP) dark matter [11]. The nuclear power plant as neutrino source is
used by CONUS experiment [12].

The possible occurrence of new scalar dan vector mediators from a simplified model has been frequently conducted recently.
These light new particles are considered as the extension of the standard neutrino sector as well as explaining dark matter (DM)
candidates since its similarity with the formulation of DM direct-detection. They may come from solar and other astrophysical
sources and hope to be witnessed in current and future detectors. They can also be observed from artificial sources such as in
neutrino accelerator from 7-stopped process in which various neutrino flavors can be detected. Stringent bound parameters have
been found from the advancement of CEvNS related experiments regarding these two new light particles [13, 14, 15].

In general, the simplified model may also induce other types of interactions such as pseudoscalar, axial-vector, and also tenso-
rial. In this work, we focus on including these possibilities in the CEvNS framework. The effect of its occurrence is probed using
neutrino fluxes from the detector and neutrino accelerator. We consider flux of the CHOOZ experiment [16] with Ge target for
the former while the SNS [5] with CsI target for the latter. We use digitalized flux with the corresponding normalization such as
used in Ref.[17]. The event rate spectrum from each possible interaction is presented by setting benchmarks for the coupling value,
related to the mediator with keV, MeV, and GeV mass scale. Particularly to the COHERENT 2017 data, we also give lower bound
constraint for each coupling from the new interactions.

In what follows, we first review differential cross-section formulation of the CEvNS process in the SM. Next, the effect of co-
herency is shown by presenting the form factor for the considered nucleus. The inclusion of the proposed new mediators along with
their possible spectrum is then discussed next. Afterwards, we briefly explain the properties of neutrino flux from neutrino reactor
and accelerator experiments. We then present the event rates of each contribution and present the y2-analysis from COHERENT
1-bin data. Finally, we conclude our work.
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2. FORMULATION OF CEvNS

In the SM, the neutral current interactions enable low energy neutrinos with E, < 50 MeV to interact coherently with protons
and neutrons in a nucleus, which significantly enhance the cross-section for a large nucleus. Regarding the nucleus as a spin-1/2
particle, the differential cross-section as a function of nuclear recoil energy Ty in the SM can be written as [18]

dosu _ GEO5uM (1 T ),

= — 1
dTN 47 Tme ( )
Here, G denotes the Fermi coupling-constant and M the nucleus mass. Qg represents the SM weak charge and defined as
Qsm =N — (1 —4sin®6y) Z, 2)

where N and Z give respectively the number of neutron and proton of the involved nucleus, and siny,, is the weak angle of
the electroweak theory. Updated value of this angle [19] estimated 1 — 4sin®fy = 0.045, indicating that the process depends
quadratically on A of the target nuclei. This charge characterizes the SM case which comes from vector interaction. The spin-1/2
approximation only differ on the last term in the kinematics of the cross-section of Eq.1 with the spin-0 case, which for small nuclear
recoil energy can be neglected. The maximum value of the nucleus recoil energy Ty, for E, << M, is given by Tnyuax = 2E2/M.
E, represents the initial neutrino energy. Also, notice that this form is applicable to both neutrino and antineutrino cases. It stems
from the parity-conserved nature as neutral Z boson exchange considered. For new physics beyond the SM, Eq. 1 can be modified
but Ty still holds because it is determined purely from relativistic kinematics. There is usually a detection threshold on Ty for
all types of detectors, denoted by Tj;,. Therefore, the recoil energy Ty of detected events should be in the range Ty, < Ty < Tnmax
for a given E, .

The F(g%) denotes the nucleus form factor as a function of momentum transfer g, which is related by nucleus recoil energy as
—¢? = Q? = 2MTy;, and represents the structure of the nucleus. It contains large uncertainty of the nucleon structure. Assumption
of the same neutron and proton form factor is also considered. For this work, the Helm parameterization [20] is being implemented
as the form factor:

F(qZ) _ 3/1(4R) ef%(qs)z' 3)

Here J; is the spherical Bessel function of the first order, with R = +/c¢2 + 772/3 — 552 is the radius of a nucleus where ¢ =
(1.23A1/3 — 6) fm is the rms radius with A = Z + N, and s = 0.9 fm its thickness. We present in Fig 1 the effect of this form factor
for the case of Ge and Csl target, the preferred nucleus in detector (TEXONO, CONUS) and accelerator (COHERENT) neutrino
experiment, respectively. Heavier target, Csl, penetrate deeper than the lighter one, Ge. The case of the point nucleus is given by
the solid black line.
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FIGURE 1: Form factor as a function of nuclear threshold.

Since the process occurs at small Ty, full coherency criteria can be approximated as F(Ty) ~ 1. This process indicates that the
internal structure of the system, both neutrino and nucleus, is not affected after scattering. This criterion is reached in the small
scale of nuclear recoil energy. For example in COHERENT experiment (E, = 50 MeV) the observed threshold of Csl target is about
20.0 keV, while for CHOOZ (E, = 10 MeV) 2.9 keV. Even at this energy, the pure elastic process may be suppressed and breaks the
coherent criteria. Higher energies still counted as neutrino-nucleus interaction, but the inelastic process takes place [8]. From this
result, we can see that a low nuclear threshold experiment is needed to fully probe the CEvNS process.
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3. LIGHT MEDIATORS WITH SIMPLIFIED MODEL

We use a simplified model that contains scalar, pseudoscalar, vectorial, axial-vector, and tensorial type. The following are the
extended SM Lagrangians to the SM, corresponds to each considered interaction:

Ls D (gusTrRVLS + h.c.) + g4579S, 4)
Lp D (gupTRvLP + h.c.) — igepdy qP, ()
Ly 2 guvitY"'viVu + gvar'qVu, (6)
L4 D guatlt Y v Ay — 440" v’ 9 Ay, @)
L1 D &R vi Ty — &4740" 4T, (8)

where 0y, = %['yy, W = %('y;{yv — YvYu). The corresponding differential cross-section from these models are
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The charge for each cases has Q; = g,igni/Gr, withi = S,P,V, A, T, form. g,; denotes new mediator coupling to neutrino, while
gnNi to nucleus. The form for each interaction type are obtained from Ref.[21]. For the scalar case:

m m
NS = Z Z gqsféjqi +N Z gqsf%qll (14)
g=d,u,s mg q=d,us mg

for the pseudoscalar case:

m _ _
e == q:%l,s ng”T: (1 - ; %)Ag ! qug:u,s gqN;nT: (1 - ; mﬂl) Ag, 1
with i = (my, + mg + ms) / (mymgms); for the vectorial case:
gnv =3gv(Z +N), (16)
for the axial-vector case:
SNA=ZSp Y Al + NSy Y galy, (17)
q=d,us d,us

with S, and S;; = 1 related to the nucleon spin as S, = 25, are set to unity; and for the tensorial case:

snt=Z2 Y +N Y 4 (18)

q=d,u,s q=d,u,s

In the above relations, we set m, = 938.3 MeV and m, = 939.6 MeV for the proton and neutron mass, m, = 2.2 MeV, my = 4.7
MeV, and ms = 96 MeV for the light quarks, and for the other parameter is given in Table 1.
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Parameters Value Source
24 0.0208 [22]
fr 0.0189 [22]
Jid 00411  [22]
3 0.0451 [22]

f=f 0.043 [23]
Al = A" 0.77 [24]
AP = Al -0.40 [24]
AL = A -0.12 [24]
oy = o1 0.84 [25]
oh = o -0.23 [25]
oF = o -0.05 [25]

TABLE 1: Coupling parameters for

the simplified model.
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FIGURE 2: The spectrum of differential rate from reactor neutrino expressed for the SM plus the scalar (top-left), pseudoscalar (top-
right), vectorial (mid-left), axial-vector (mid-right), and tensorial (bottom) new interactions. Three different mass scale are chosen
to indicate the new physics effect.
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FIGURE 3: The spectrum of differential rate from accelerator neutrino expressed for the SM plus the scalar (top-left), pseudoscalar
(top-right), vectorial (mid-left), axial-vector (mid-right), and tensorial (bottom) new interactions. Three different mass scale are
chosen to indicate the new physics effect.

4. NUMERICAL RESULTS

4.1. Differential Rate
Indication of the occurrence of the new interactions is shown as the differential rate of the CEvNS process. The differential rate is
obtained using

dR 1 Evinax dO'SM+‘
_— = dE, & 22T, 19
[dTN] SM+i Mgy / " v dTN ( )

min

where the differential cross-section consists of contribution from the new interaction i, added with the SM. ® denotes neutrino flux.
For this work, we consider the neutrino flux from CHOOZ reactor and SNS accelerator. The effect of the new interactions is shown
by setting the new mass scale to be 1 keV, 1 MeV, and 1 GeV. Accordingly, we set 10~° for the coupling of the keV and MeV scales
and 1073 for the GeV scale.

The predicted differential rates for the SM and each possible mediators for the reactor case are given in Fig.2. Except for the
vectorial case, the new interactions provide a larger spectrum or at least overlap with the SM prediction (solid black line). In the
scalar and pseudoscalar, the GeV (dot-dashed red line) mediator gives a larger deviation from the SM spectrum comparing to the
keV (dashed blue) and MeV (dotted green) ones that only slightly deviate for Ty ~ 0.1 keV or lower. Meanwhile, for the vectorial
case, all new interactions tend to be lower than the SM prediction with the GeV gives the lowest spectrum. In the axial-vector case,
all new interactions have the same spectrum as the SM one. Finally, for the tensorial, the GeV overlap with the SM and the keV and
MeV diverge for Ty < 1 keV.

The effect of the new interactions in the accelerator neutrino is shown in Fig.3. As we can see, the spectrum is smaller than
from the reactor. In general, the new interaction gives a larger spectrum and decline earlier than the SM. The GeV mediator gives
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the largest spectrum for the case of scalar and pseudoscalar than the keV and MeV. In the pseudoscalar case, the spectrum shows
fluctuation at Ty > 1 keV which comes from the form factor. In the vectorial case, the GeV mediator gives a lower effect than the
keV and MeV mediator. In the axial-vector, all new mediators overlap. For the tensorial case, the GeV gives a stable spectrum at
low energy while the keV and MeV diverge for Ty < 1 keV.

4.2. Coupling vs mass analysis

From Eq.19, we can obtain the number of events observed by using

TNax dR
Ne = mucfet [ " dTy -e(Tw), 20)
N

Niin

where my,, is the target mass, t is the run-time of the observation, and f4 is the mass fraction of the considered nucleus. For the
COHERENT case, we use Csl nucleus with i, = 14.6 kg and t = 308.1 days. Another important quantity is the number of photo
electron per keV, which is taken to be 1.17 from the 2017 COHERENT data.

1077 108
(1% oa.
o)) o))
1078 107°
107° 10-10
1071 1071

0 -3107% 1071 10° 10% o =31072 107! 10° 10! 102
ms (MeV) mp (MeV)

1075 1075
10°6
1076
1077
oy w1077
1078
1078
107°
107} 1072

10 -3 1072 107! 10° 10! 10%2 103 1073 1072 107! 10° 10! 10% 103
my (MeV) my (MeV)

1073

10733452 10 {00 10T 107 i0°

T (MeV)
FIGURE 4: 90% C.L. constraint of scalar (top-left), pseudoscalar (top—right), vectorial (mid-left), axial-vector (mid-right), and tenso-
rial (bottom) coupling vs mass of the proposed new mediators.
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We use the suggested x2-function from the COHERENT experiment to analyze the lower bound constraint [11]:

2 = WNo = Nexp(14a) — Ny(1 HOE (“)2 * <b>2. (21)

(N, + N + 2Nss)

In this equation, N, is the observed CEvNS signal (142), Np the beam on prompt neutron (6), and Nss the steady-steady state
background (405). Expected number of new interaction event is represented by Neyp. Parameter a and b are the uncertainty of the
pull parameters. Uncertainty for each case are ¢; = 0.28 and 03, = 0.25. All of these parameters are obtained from the first result of
the first COHERENT data [6].

Using Eq.21, we analyze the lower bound from each new mediator contributions in the parameter space of its mass and square
of its coupling. We consider the same coupling strength to the neutrino and quarks constituent of the nucleus. For this activity, we
develop CEvVNS package from Ref.[17]. Fig. 4 shows the 90% C.L. constraints of our results. In general, the coupling independents
of its corresponding mass up to 10 MeV. Beyond this scale, mass dependency occurs. Particular to the vectorial case, the empty
space is the region where degenerate between the vectorial interactions and the SM takes place. We notice that the vector and scalar
cases are frequently studied recently and our results show consistency with Ref.[13].

5. CONCLUSION

We have shown the effect of the general interaction induced from a simplified model in the CEvNS process. Using the flux from
reactor and accelerator neutrino experiment, event rates of the SM, as well as the new physics contribution, as the function of
nuclear threshold energy are presented. It can be seen that the reactor neutrino results indicate a greater spectrum than from the
accelerator, hence makes it more promising for searching the light new mediator’s effect on CEvVNS framework. Using the first
COHERENT data, we have provided the 90% C.L. lower bound for the square of new couplings with their masses.
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