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Constraining nonminimal dark sector scenarios with
the COHERENT neutrino scattering data
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Abelian dark sector scenarios embedded into the two-Higgs doublet model are scrutinized within the
coherent elastic neutrino-nucleus scattering experiment, which was first measured by the COHERENT
Collaboration in 2017 with an ongoing effort to improve it since then and recently released data for the CsI
target in 2022. In the theoretical framework, it is assumed that there is a U (1) gauge group in the dark sector
with a nonzero kinetic mixing with the hypercharge field. The COHERENT data for the targets Csl and
liquid argon are treated in both single and multibin bases to constrain the multidimensional parameter
space, spanned by the dark gauge coupling, kinetic mixing parameter and the dark photon mass, of totally
seven different representative scenarios which are also compared and contrasted among each other to find
out about the most sensitive one to the data. The effect of refined quenching factor is also addressed.
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I. INTRODUCTION

With the discovery of the Standard Model Higgs boson
at Large Hadron Collider [1,2], the last missing piece of the
Standard Model (SM) was found. While the search for
physics beyond the Standard Model at high energies has
been continuing, there are low-energy tools which could be
used to test physics beyond the SM. Recently measured
coherent elastic neutrino-nucleus scattering (CEvNS) [3-6]
is one of such powerful tools, which has been considered
for new physics scenarios [7-10], for performing precision
tests of the Standard Model [10,11], as well as being
instrumental for many other implications [12—-17].

The CEvNS is an elastic scattering process which takes
place between low-energy neutrinos (in the MeV range)
and atomic nuclei. It is a weak interaction mediated by a Z
boson with a tiny momentum transfer (in the keV range),
which makes the interaction coherent with the nucleus,
whose cross section in the SM is scaled as the square of the
number of neutrons in the nucleus (~N?). This brings an
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enhancement to the cross section as compared to the other
scatterings in the same energy range.

The idea of measuring CEUNS cross section had been
first proposed by Freedman [18] and after more than four
decades, the COHERENT Collaboration has managed to
measure the CEvNS by using the targets caesium-iodide
(CsI[Na]) first [3,4] and then argon (Ar) [5,6]. There is also
a recent update [19] by the COHERENT Collaboration
with more data on Csl together with various improvements
in the analysis like using an updated energy-dependent
quenching model, including energy-smearing effect and
time-dependent efficiency. There is a very recent analysis
[20] combining full Csl data with the available LAr results
which considers various implications like testing the SM,
studying the electromagnetic properties of neutrinos (see
also [21]), and constraining some new physics scenarios by
allowing generalized types of neutrino-neucleus inter-
actions while assuming universal couplings.

It has to be mentioned that all the findings of
COHERENT results confirm the N? scaling property of
the SM. Hence, it becomes one of the suitable testing
grounds for physics beyond the SM. CEvNS experiments
like COHERENT should be considered to be comple-
mentary to the search in high-energy collider experiments
due to their low-energy coverage, which makes them ideal
for searching axionlike particles [22,23], new fermions
[24,25], dark matter searches [26-29], neutrino NSI
[20,30,31], and light vector bosons like the so-called dark
photon [12,32-37] as well as scalar [20,37,38] and tensor
particle [20,37] searches.

The discovery of the SM Higgs as the first elementary
spin-0 scalar has boosted the interest in extending the scalar
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sector of the SM, the simplest of which is known as two-
Higgs doublet models (2HDM). Within the 2HDM scenario
it is possible to address both the flavor-changing neutral
current problem and mass for neutrinos [39] by extending
the gauged sector of the SM with a U(1),, group together
with right-handed neutrinos added to the spectrum. Various
anomaly-free models have been constructed and discussed
in high- and low-energy scales [39]. The use of CEvNS data
as a new physics probe to constrain the 2HDM gauged with
U(1), is missing in the literature and the current study
aimed to provide a thorough investigation on this matter to
fill the gap.

The anomaly free extension of the SM (plus right-
handed neutrinos) by coupling it with a U(1),_, gauge
group from a hidden sector is a well-established scenario to
study dark photon effects through its kinetic mixing with
the SM hypercharge gauge field as well as its gauge
coupling with the SM fermions. Such a scenario would
be naturally a limiting case of the 2HDM mentioned above.
All of the viable scenarios will be compared and contrasted
with each other in the light of COHERENT data.

In Sec. II, the theoretical framework is summarized and
the relevant SM vertices which receive corrections or the
new vertices are also listed for completeness. The cross
section formulas contributing the CEvNS and some basics
about the COHERENT data are given in Secs. III and IV,
respectively. After having the statistical method briefly
explained, the numerical study is conveyed in Sec. V and
we conclude in Sec. VI

II. A NONMINIMAL DARK SECTOR
FRAMEWORK

One way of realizing interactions between the hidden
(dark) sector and the visible (SM) one is through various
portals which are dimension-4 operators and hence are
free of suppression. A so-called dark vector boson from
the hidden sector coupling with the SM is one popular
scenario, known as the vector portal.

In a minimal scenario, such a coupling includes only a
kinetic mixing between the dark vector boson and the weak
hypercharge field, which allows the dark vector boson
indirect access to the SM fermions. If the vector boson of
the dark sector is a gauge field of a dark group, say U(1),,
(again in the minimalistic approach), having the SM
fermions charged under U(1), would allow them to get
a direct coupling with the dark vector boson. This will
require checking additional gauge-anomaly conditions
which restrict the dark quantum charges of the SM
fermions. B — L is one popular choice for quantum charges
which makes the overall scenario anomaly free when the
SM is extended with the right-handed neutrinos.

In the above framework, both the visible and dark sectors
are assumed to be minimal for the sake of taking advantage
of mainly the predictive power of the scenario. Either or
both sectors could be enlarged, when the SM being an

effective theory is especially considered, which leads to
nonminimal scenarios.

One popular way of extending the SM while keeping the
dark sector minimal [specifically, assuming an Abelian
dark-gauge group U(1),] is through its scalar part, simply
by adding another SU(2) doublet,' known as the two-Higgs
doublet models [40] which have motivations from super-
symmetry [41], axions [42], baryogenesis [43—-46] etc. On
the other hand, adding right-handed neutrinos to the
particle content of the construct would not only address
the issue of neutrino masses but also usually needed for
satisfying anomaly equations due to gauging the 2HDM
under the additional dark group U(1),. The details of the
scenarios have been worked out in other studies [39,47,48]
(see also [49-53] for earlier theoretical studies including
different aspects of the mixing among the gauge bosons)
and here we only reproduce the relevant part of the model
whose Lagrangian terms are given below

L= ACéaEuge + Lg%geMass + ‘Cgcglar + ‘Cgfrmion t
1 1 1
Lhge = = 1 Wi, W — 1 Y, Y — ngyxoﬂ” +.. (1)

1 1
LU = —JsineXl 1 4 XX, (2)

[’SKcF:ﬂaI = (D;t(ﬁl)%(Dﬂqﬁl) + (Du¢2)T(DM¢2)a (3)

ngrmion = Z?llpfl (4)

Here X is the gauge field of U(1),, while Y, and W5, are
the usual weak hypercharge field of U(1), and the third of
weak gauge fields, respectively. ¢ and ¢, in L, are the
usual scalar doublets under SU(2),. sine is the strength of
the kinetic mixing between U(1), and U(1),. my repre-
sents the Stueckelberg mass parameter for the dark gauge
field Xﬂ, which will be explained briefly.

Unlike in the non-Abelian case, the mass generation for
the Abelian gauge bosons does not necessarily require the
existence of a Higgs mechanism since there is no issue of
unitarity or renormalizability for Abelian gauge theories.
Hence alternative ways of mass generation other than the
Higgs mechanism can be employed for such sectors like
U(1), while in the SM part, masses are acquired through
the Higgs mechanism. One of the popular ways is the so-
called Stueckelberg mechanism [54] where the U(1) gauge
boson couples with the derivative of an axionic (dark)
scalar field in a gauge invariant manner. We assume that the
scalar field from the dark sector is charged under U(1),
only so that the my mass term in Eq. (2) is obtained. The
Stueckelberg extension of the SM with [55] and without the

'In the SM, considering one SU(2) scalar doublet is the
simplest choice but not a theoretical requirement.
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TABLEI. Dark quantum charges of the fields under U(1),,, adapted from Ref. [39]. Note that there is a difference in the convention to
define the covariant derivative where we use the Peskin and Schroeder convention.
Fields UR dg 0r Ly eR VR $> 4
Dark charges 0, o % —w -(20, +02)) —(0,, +20,) % %
3 3 9
Model C ! -1 -3 3 0 2 % -2
1 1 3 _ 1 1 5
Model D 3 0 1 -1 1 -3 i 2
1 1 3 1 1 7
Model E 0 3 i -3 -1 -1 -1 z
2 3
Model F 2 % % -3 _ % _ 431 % %
1 1
Model G - % 117 — 41’1 0 _ % -1 %
Model B - L % % % _% _ % _ % 0 1
Minimal B — L % % % _% _% _% 0
kinetic mixing [56] have been discussed in detail. The two- A, cos@y, sinfy sinecosfy Y,
Higgs doublet model extended with an additional U ( 1) Wy, | = | —sin0y cosy —sinesingy Wi,
gauge symmetry has also been studied in [57] by consid- ) N
ering the Stueckelberg contribution to the mass terms. X, 0 0 cose Xy

The Lagrangian Lgemio, contains the kinetic energies
and electroweak interactions of the fermions. At this stage,
the relevant part of the covariant derivative in the
(Y. W3,, X3) basis would look like

D,=09,— ith3W3M —igyYY, — igDQbXB + ...,

where %, Y, and Q), are the SU(2), generator, weak
hypercharge, and dark charges of the field that the covariant
derivative is acting on, respectively. Here gy, gy, and g, are
the corresponding gauge coupling constants.

The details of the scalar sector as well as the discussion
of anomaly cancellations of the model are given in [39].
Some of the relevant parts are going to be repeated here. For
example, the dark charge assignment of the SM fields
satisfying the anomaly conditions are listed in Table 1. The
mass terms for the gauge fields that will originate from
Eq. (3) are not diagonal due to the kinetic mixing in Eq. (2)
as well as the kinetic energy of the scalar doublets in Eq. (3)
when they take their vacuum expectation values (VEVs),
that is,

Having said that the original gauge basis in the neutral
sector, i.e., (YM,W3M,X2), is not diagonal, the physical
basis, say (A,,Z,.Ay), can be obtained by making three
successive rotations. The first two of these are the ones to
eliminate the kinetic mixing term and the usual Weinberg
angle rotations, which results in the rotated gauge basis
(A, V~V3M,Xﬂ), given by in terms of (Y,, W3,. X}),

At this stage the mass term becomes

KM-+Mass KE
L Gauge + L Scalar

2
> 3 mseeX, X+ 3 (D, () (D, ()
i=1

| 0 0 O AH
:E(A” W3ﬂ X;t) 0 a b ng
0 b ¢ XH

where the parameters a, b, and ¢ are given

2

a=my,
— 2 (o2 -2

b = my (cos? BA; + sin® fA;),

¢ = my sec’ € + mj (cos® fAT +sin* A7), (7)

Here the functions A; are defined as follows:

. gpv ;
A; = sin @y tane — ——sec eQ%,
mZU

i=12, (8)
and tan # = v, /v, (with \/v? + v3 = v = 246 GeV) is the
ratio of the VEVs, usually defined in the 2HDMs. Qg" is the
dark charge of the scalar doublet ¢;,i =1, 2. my =
1\ g% + giyv is the mass of the SM Z boson.

The third and last rotation is needed due to b # 0 and
the rotation angle & should satisfy tan 2 = 2b/(a — ¢) and
the final form of the overall rotation matrix from the
(Y, W3,, X9) basis to (A,.Z,.A},) becomes
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FIG. 1.
the two-Higgs doublet B — L model (right).

The mass of the dark photon, M, as a function of my for various sin € in the minimal B — L model (left) and for various gp in

A, cos Oy sin Oy sin e cos Oy, Y,
Z, | = | —cos&sinfy cosécosby  sinécose — cosEsinesin by, W3, (9)
A; sinésinfy,  —sinécosfy cosécose + sin € sine sin Oy Xg
The corresponding eigenvalues are
M} =0, (10)
1
M2, = m% cos? Esec’ € + Zg%)vz cos? Esec? e[cos? f(Q)? + sin? Q%))
+ gpomy, cos & sec e(cos? fOY + sin> fOP ) (sin & — cos £ sin Oy tan €) + m3, (sin& — cosEsin Oy tane)?,  (11)

1
M2 = m% sin® Esec? € + ng)vz sin? & sec? e[cos? QD) + sin B(Q%)?]

— gpvmz, sin € sec e(cos? BOY + sin? BO%)(cos & + sin & sin Oy tan €) + m3, (cos & + sin&sin Oy tane)?.  (12)

These are the mass squares of the photon (A),), dark photon
(A}) and electroweak neutral boson (Z,), respectively. The
mass-squared expressions for the gauge bosons in the
minimal B — L model can be read off from Eqgs. (11)
and (12) by taking the limit gp — O.

The SM Z boson mass, M, receives corrections due to
being mixed with the initial U(1), gauge field, X0, and
coupling with the Higgs doublets having nonzero dark
charges. Even though the analytical expression of M, in
Eq. (12) differs from the SM mass, mz, = 1/g3 + gy v, it
is observed that the numerical value of M lies on the SM
prediction for almost all the parameter space as long as my
is not greater than ~O(GeV) together with small enough
kinetic mixing parameter sine.

In Fig. 1, the mass of the dark photon, M4, as a function
of the Stueckelberg mass parameter, my, for various sine
values in the minimal B — L model (the left panel) and for
various gp values in the two-Higgs doublet B — L model
(the right panel) is depicted. The Two-Higgs doublet B — L

|
model is chosen as a representative scenario for the ones
listed in Table I. In the minimal B — L model, M, has
shown sensitivity to the kinetic mixing parameter and as
my gets smaller, m, term in the mass expression starts to
dominate so that we get different flat curves for different
sin € values. In the two-Higgs doublet B — L model (non-
minimal B — L model), M, has contributions from the
Higgs doublets (due to their nonzero dark charges), propor-
tional to the gauge coupling gp and it becomes a critical
parameter. As seen from Fig. 1, when my becomes smaller
than a critical value (m§%®), the dark photon mass is only
determined by the terms proportional to g,,. Therefore, for a
fixed sine or g, in the region my < m§iicd there will be a
nonzero minimum value for the dark photon mass. This
feature will be useful in the numerical discussion section.
At the end of the section we prefer to give the list of
vertex factors relevant to the CEUNS process. They are all
listed in Table II, based on the parametrization given in the
following Lagrangian terms,
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TABLEII. The relevant vertex factors contributing to the CEvNS in the two-Higgs doublet models extended with a dark U(1),, group.
A shorthand notation is used for the trigonometric expressions. For example, (s, 7,) stand for (sin¢, tan e) and similar for the others.
; f f
Vertices Cy (oA
VL VL
_ QDS§(7Q:,+5Q51) + e(cetsetesy) _ !IDS:(Q;—QL) _ e(cetsetesy)
7 8c, dewswy 8c, dewsw
u u
9ps:(Q,+30.) + ecy(8s3,=3)+5estesw _ 9pse(Qy=0Qu)  e(cetsetesy)
VA 8c, R2cysy 8c, dew sy
d d q / 2 ! /
9pse(30,+0,) + ecs(4sy,—3)+esst sy gps:(Q,=0,) + e(ce+setesy)
7 8c, R2cysy 8c, 4ewsy
us /f
Cy Ca
VL VL
gpee(10,+50.) + e(se=cetesw) _.GDQ(QQ—QL) + e(se=cetesw)
Al 8c, dew sy 8c, dewswy
u u
gu”:(Qfﬁ':;Q/u) + 1’35(85%‘/—3)—56’05&5W _ 9D%(Qf,‘QL) e(se=cetesw)
A 8c, 2cysy 8c, dewswy
d d q / 2 / q
gpc:(30,+0)) _ esg(4sy,=3)—ecst.sy gpce(Q,=0.) _ e(se=cetcSw)
A 8c, R2cysy 8¢, ey sy

1- 1-
L5 F(Chr +Chr'r ) 2, +5 1 (Clr + Clrr)f A,

The vertex factors of the models, listed in Table I, namely
Model C, D, E, F, G, and B — L (including the minimal
B — L as well), can be read off from the entries in Table II
by plugging the values of the corresponding charges Q)
and Q/;, given in Table I. The vertex factors listed in Table II
can also be reduced to the SM ones by taking the limiting
values; Q) ; = 0 and € — 0 (£ = 0). In this limit, one can

see that any dark photon vertex vanishes as expected.

III. COHERENT ELASTIC NEUTRINO NUCLEUS
SCATTERING (CEvNS)

Coherent elastic neutrino-nucleus scattering (CEUNS)
includes low-energy neutrino coupling and provides an
accessible window to many areas of physics research
especially for physics beyond the Standard Model. CEVNS
is suitable for analyzing the nonminimal dark sector frame-
work. When scattering of neutrinos from nuclei at rest is
considered, if incident neutrino energy is below 50 MeV, the
interaction occurs coherently, meaning that the neutrinos
interact with the nuclei as a whole rather than with its
constituents individually [18]. In the SM, the cross section

for elastic scattering is two orders of magnitude larger than
inelastic scattering, which makes CEvNS viable for obser-
vation. If a new neutral current interaction mediated by a light
vector boson exists, it would not be suppressed by SM
interactions in this region. In spite of the fact that the earliest
experimental proposal to measure CEVNS was rather old
[58]; it took almost four decades to be able to make significant
progress on the way of measuring CEUNS cross section,
eventually succeeded by the COHERENT Collaboration in
2017 [3]. Hence, CEUNS has become one of the important
probes for physics beyond the SM since then.

The differential cross section for CEvNS is well-estab-
lished in the literature. The SM predicts a coherent elastic
scattering cross section proportional to the weak nuclear
charge, Q3. For spin-0 and spin-1/2 targets, the differential
CEvNS cross section with respect to the nuclear recoil
energy 7, in the coherent limit where the form factor
approaches unity, is given by [7]

dosy GROWM T MT T2
= l—— = 4+ 2y — 13
dT 4z E, 2E? v ) (13)

where G is the Fermi coupling constant, M is the nucleus
mass, Jy = 0,1/2 is the spin of the nucleus, E, is the
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incident neutrino energy and Qy is the weak nuclear charge

[59,60] given by

Ow = (2Z+ N)gyy + 2N + Z)gy = N — (1 —4s3y)Z,
(14)

where g% and g¢ are vector couplings of u and d quarks, Z

and N are the atomic and neutron number, respectively, and
sy is the sine of the weak mixing angle. The differential

oy’ _ F2(¢*)M |
dT  8mcos*eM%(2MT + M>,)?

_E_D__

cross section is expressed in nuclear recoil energy because
detectors measure this quantity. The effect of the extra
T?/E? term appearing in the spin-% case is negligible.
Therefore it is convenient to work on the spin—% case since
more developed computational tools are available for
fermionic particles. The same applies to the dark sector
extended models.

The differential cross section with respect to the nuclear
recoil energy T in the minimal B — L model is given by

X [(2MT + M?2) (C/E\/GFMZ(cosécose + sinésin Oy sine) — gp; sin 5)

X (—2AgBL sin & + v/21/G M 4(cos & cos Qyy + sin £ sin Oy sin e(A+ ZZ)))

+ M%(\A/E\/GFMZ(Sinfcose + cos Esin Oy sine) + gp; cos .f)

X (ZAgBL cos &4 V2y/GpM7(Qy cos esin & + (A 4 2Z) cos £sin By sin e)ﬂ 2,

where gp = gp; and A = N + Z is the so-called atomic
mass number of the nucleus. F(g?) is the Helm-type
nuclear form factor [61] and ¢® denotes the squared
momentum transfer given by g> = 2MT. The Helm form
factor is

F(qz) _ 3]1(qR1> e~

4R, (16)

where j;(x) is the spherical Bessel function and ¢ =
V4q,9" with g* defined above, s ~ 0.9 fm is the nuclear
skin thickness and R, is the effective nuclear radius

7
R12\/Ri+371'27'(2)—5.§2, (17)

where

R, =~ (1.23A'3 - 0.6) fm, ro~0.52 fm.  (18)

The differential cross section expression for the 2HDM
case is rather long and is not illuminating to present here.

IV. COHERENT DATA FOR CEvNS

COHERENT is a neutrino-based fixed target experiment.
Neutrino beams are produced by striking proton beams
of pulse ~1 ps to a mercury target at 60 Hz, creating
~5 x 10% collisions per day. These collisions produce 7~
and z" as byproducts which come to rest inside the target.
Then, while negatively-charged pions are mostly absorbed

(15)

by mercury, positively-charged ones decaying through
the channel 7% — u™ + v,, which happens when the pion
at rest, results in monochromatic energy of ~29.7 MeV for
v,’s; they are called prompt neutrinos. The pion decay is
then followed by the decay of the antimuon, u™ —
e* + 7, + v,, which occurs about ~2.2 ps after the pion
decay. Hence, 7, and v, are called delayed neutrinos.
Energy spectra for neutrinos stemming from this decay are
continuous up to 52.8 MeV. Each proton collision on target
(POT) produces on average 0.08 neutrinos per flavor.
Before proceeding further, we would like to comment on
the following possibility.2 So far in this study, we have
assumed that the impact of new physics has been consid-
ered only on the scattering of neutrinos from the nucleus
while the production channels of neutrinos remain as in the
SM. However, neutrinos could also be produced through
the decay of the dark photon, being created in the neutral
pion decays via 7° — yy where one of the photons may be
replaced by a dark photon. The critical point is to judge
whether the dark photon would decay within the detector,
which is around twenty meters away from where neutrinos
are produced. Especially, this possibility would be more
relevant for the low dark photon mass region (~keV).
This requires to estimate the mean decay length of the dark
photon in the laboratory reference frame. For the low mass
region, if the decay width of A’(— v,D;) is calculated (no
other channel is open), the mean decay length, in the minimal
B — L scenario, is around 10° km for the parameters values

*We thank the anonymous referee for mentioning this
possibility.
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My =1keV and (gz_p.sine)=(107,10"%). A similar
calculation for the other models in our study (Model
C-Model G) is carried out and found that the mean decay
length of the dark photon in the low mass region is few times
longer than the one in the minimal B — L model. Therefore,
direct neutrino production from dark photons could only
happen out of the detector and thus in the rest of the analysis
such contributions are not going to be pursued further.

The produced neutrinos then collide with 14.57 kg Csl
and 24 kg liquid argon (LAr) targets located at 19 m and
27.5 m away from the mercury target. The energy-density
expressions for incoming neutrino flux f, for prompt v,
and delayed v, and 7, beams are given by [62,63]

m%—m2
e (5,75

5, 64E,%” 3 Ep,
fE (ED,A) X3 (Z_m—/)’

my,
192E2 /1 E,
FiB,) ot (5=, (19)
mﬁ 2 m,

Time-dependent flux density f7°(¢) is presented in [64] and
after normalizing f7 and f;“, the total neutrino flux can be
expressed as

N (E) o). (20)
where N = rNpoyr/4nL?. Here L is the distance between
the detector and the neutrino source, r is the number of
neutrinos per flavor created in each POT collision, and
N por is the total number of POT collisions throughout the
entire experiment, which is 1.76 x 10> for the CsI 2017
data, 3.198 x 10?? for the CsI 2022 data and 1.37 x 10?3
for the LAr-based experiment.

Nuclear recoil energy is picked up by scintillation
detectors and converted into photoelectrons (PE). This
conversion is parametrized with light yield Ly, which is
the amount of PE produced per unit energy. Values provided
with the data releases are £, = 13.348 PE/keVee for Csl
and ~4.5 PE/keVee for LAr-based experiment. The num-
ber of produced PE can be expressed as

fr(E. 1) =

Npg = QFTEY (21)

Nuclear recoil energy is primarily dissipated through sec-
ondary nuclear recoils, and only a small amount of energy is
turned into scintillation (or ionization). The quenching
factor (QF) is the ratio of energy turned into scintillation

E
F=—=, 22
QF === 22)
where the subscript “ee” stands for electron equivalent and
E.. is the equivalent energy of a recoiling electron in which

the energy is dissipated through only scintillation. There
have been different approaches for quenching factor in each
data release by the COHERENT Collaboration. In the 2017
release, a constant quenching factor QF-q = 8.78 + 1.66%
was suggested. Later, an energy-dependent model for the
quenching factor was proposed in [65], which increases
the accuracy of the SM expectation for the event rate. The
energy-dependent model describes the scintillation in CsI by
slow ions with low-energy approximation to Birks’ scintil-
lation model [66] multiplied by an adiabatic factor to
account for the behavior of scintillation production cutoff
at low nuclear recoil energy limit. The quenching factor
takes the form

QF(T) = [kB - (dE/dr),|" (1 —exp(~T/E)). ~ (23)
where kB =3.311 £0.075 x 107 gMeV~!cm™  and
Ey = 1297 £0.61 keV. And (dE/dr), is the total stopping
power for ions, extracted from the software SRIM-2013 [67].
Both QF proposals for CslI will be considered in the analysis
in the following section.

In the recent study by the COHERENT Collaboration
[19], the previously proposed quenching factor for CsI [3]
was reassessed by including a new scintillation response to
nuclear recoil measurement on CsI[Na] crystal. Quenching
in the region of interest is modeled as a fourth-degree
polynomial fit to the available data [68]

=0.05546T +4.307T% — 111.7T°3 + 840.4T*,

(24)

E..= g(T)

where the detector response E,. is in MeVee and the nuclear
recoil energy T is in MeVnr.

For the LAr-based experiment, the suggested quenching
factor is a linear fit to the world data on argon which is
given in Fig. 7 of [5].

Collision events are counted in npg and time bins. For the
CsI 2017 and LAr releases, the expected number of events
in the ith PE and jth time bin can be written as

Emax tj
3 max max
Niw= 3 5 N / Lo ] e

a=flavor ﬂ Nucleus min

x A(T ) dtdE dr, (25)

where N{}arg is the number of nuclei in the target, E™" and
EJ™ are energy limits of the incident neutrinos with
EM™ ~52.8 MeV, and T' . and T, give the boundary

values in energy for the ith bin. Lastly A is the signal
acceptance function [4],

a

A(nPE) = 1+ exp[—k(ﬂp}g - XO)]

O(npg). (26
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where the parameters have the following values
a = 0.665500%7,
k = 0.49427007,
xp = 10.850710353%, (27)

and O(npg) is a modified Heaviside step function
defined as

0 npg < 5
1 Npg Z 6.

In the CsI 2022 analysis of the COHERENT
Collaboration, functions for energy smearing and accep-
tance for both energy and time spectra are provided [19].
Acceptance in the energy spectrum is

1.32045
1 + exp [~0.285979 (np; — 10.8646)]

—0.333322 (29)

Apg(npg) =

and the time-dependent part of the acceptance function is
given by

o
NCVCDI

p=Ni ucleus a= ﬂavor min

X fre(E,, t)Apg(T).A, (1) P(np

At the end of the section, our findings for the total
number of events in the SM are listed in Table III and some
of the results available in the literature are also added for
comparison.

V. STATISTICAL ANALYSIS

In this section, we will adopt a y2-fit to study the
sensitivity of the COHERENT data to phenomenological

TABLEIII. Our calculated values for the total number of events
in the SM, in comparison to the literature.

Data set Our study Literature References
CsI 2017 (constant QF) 173 173 [3]
CsI 2017 139 138 [65]

(energy-dependent QF)

Csl 2022 437 431 [19]
LAr—Analysis A 128 128 [5]
LAr—Analysis B 101 101 [5]

m1x
taIg ;

A 1 t<a 30
R P (30)
where
a = 0.52 ps,
b =0.0494 /s, (31)

and the energy smearing is parametrized in the following
form by using the gamma function T'(1 + b)

[a(1 + b)]"™"

reco Etrue —
(nPE ‘ ee ) F(l +b)

(an)be_“(Hb)"PE, (32)
where “true” stands for the true spectrum which would
be the one obtained without the smearing effect, and

“reco” stands for the measured spectrum. Here the param-
eters a = 0.0749/E% and b = 9.56 x EX® depend on the
quenched-energy deposition. The energy smearing is nor-
malized by using the following condition:

/ dTrCCOP( rCCO(TI‘CCO)|E[I‘l16) i 1‘ (33)

With these effects taken into account, the number of events
in the ith PE and jth time bin is given by

Egédx E:;n > max
/ / AT dE™ dtdE,

'min
min

B (T7°) | E) dT(T“elr 7 (Ee))- (34)

|

parameters in the framework of new physics interactions.
For the current analysis we define the following y? function
depending on a parameter set P

Nias — Niyo (1 -Bi [1 2
){2(7)) _ Z ( meas cxp( _f' a)z on[ + ﬂ})
i=bins (Gstat)
+ fpull(a’ Ga) + fpull(ﬂ? Gﬂ) (35)

where N/ ., and Nexp are measured and expected number
of events in the ith bin respectively, B., is the estimated
number of background events when the beam is on, a and f
are the systematic parameters for the signal rate and B,
respectively. The y? function is minimized over a and f.
Here, the statistical uncertainty of the measurement is given
by 6l = \/Niveas + Bin + 2BLg, where Big denotes the
steady-state backgrounds. The so-called pull terms pre-
sented by the COHERENT Collaboration [3] have the form
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FIG. 2. The exclusion curves in the (gp,sine) and (gp, M,/) parameter spaces for various M, (left) and sine (right) values,
respectively, in the minimal B — L model. Regions above the curves are excluded with 90% C.L. by the COHERENT data for CEvNS.

x\2
= (2. vman oo

where o, and oy are the fractional uncertainty of a and /3,
corresponding to 1-sigma variation. The pull term in the
above form is observed to lead to unphysical results around
its limiting values. This behavior is also noted in [69] and
instead, an asymmetric pull term of the form

fle.0) = 25 (x=log(x+ 1)), (37)

is suggested to use. For completeness, we use both forms
of the pull terms in the y? calculation and comment on
their effect.

Even though the scattering data are obtained in a
multibinned detector, the earlier analyses provided by
the COHERENT Collaboration combined all events in a
single bin [3] for CsI 2017 and LAr data. Later it is
suggested to adopt rather a multibin analysis and indeed in
the latest study by the COHERENT Collaboration more
than one multibin options have been performed. The y?
function for the single bin analysis can be obtained from
Eq. (35) by simply using the total number of events for the
signal and the background.

A. Numerical discussion

In this study it is promised to analyze various two-Higgs-
doublet models extended by a dark U(1),, gauge symmetry
with the use of the CEuvNS data measured by the
COHERENT Collaboration. This will be achieved by
looking at the effects of various parameters and factors
present in the calculation. M, sine, gp, tanf, Q,, Q/, are
the parameters of the theoretical framework considered
here. There are additional factors like the number of bins
used (1PE—1t time bin, 9PE-1t, and 9PE-10t bins), data
taken at different times for various targets, which we call
CsI 2017, CsI 2022, LAr A, and LAr B, and several
approaches for the quenching factor. There are totally seven

chosen representative scenarios, obtained by fixing
(Q,. Q) values. Taking into account the number of
parameters, factors and the models mentioned above, it
would not be feasible to present all possible plots here.
Instead, we will plot two distributions for each model in the
(g9p,sine) and (gp, M) planes by varying one factor at a
time while keeping the rest at their best settings which are
proven to provide the most stringent constraint on the
parameter space. Models showing very similar behaviors
and cases with parameters or factors displaying not much
sensitivity in the (gp,sine) or (gp, My ) plane are not
presented here.

In the left panel of Fig. 2, the exclusion curves in the
(gp, sin €) parameter space for various M 4 values are shown
for the minimal B — L model. M 4 values are chosen to cover
light-dark photon masses as well as masses up to 1 GeV.
Regions above the curves are excluded with 90% C.L. by the
COHERENT data for CEvNS. It is seen that the best bound
on the parameters gp, and sin ¢ is obtained for the light dark
photon scenario (M, < 1 MeV). This is expected since a
lighter dark photon mass makes the new physics contribu-
tions to the cross section of the CEvNS bigger, exceeding the
observed number of events. Hence, this would force the
parameters gp and sin e to be smaller.

In the right panel of Fig. 2, similar exclusion curves are
given in the (gp, M) parameter space for different sine
values, including no kinetic mixing scenario. To be con-
sistent with the observed number of events at 90% C.L.,
larger kinetic mixing pushes the bound on gp to smaller
values. The sensitivity to the kinetic mixing parameter
starts to show up at around M, ~ 100 MeV.

The results presented in Fig. 2 have been obtained under
the assumption that the neutrinos collide with a CsI target,
the quenching factor, QF, is energy dependent, and the y?
analysis has been carried out with one single bin (1PE-1t).
In fact, our search has indicated that these are the circum-
stances where better bounds are possible as compared to the
case where the target is LAr and the y? is minimized over
multibins (9PE-1t or 9PE-10t). This feature is not only true

075022-9



ELPE, AKYUMUK, ALIEV, SELBUZ, and TURAN PHYS. REV. D 107, 075022 (2023)

107 S 102 e
3 Model C My =100 MeV | 1 3 Model C sine=10"* =
E tanf=5 ] [ tanf=>5 -
103 E 103 E
5110’4? §10-4j E
| — Csl2022 b — Csl 2022
105L Csl 2017 ] 5|~ Cs12017 ]
p— LAr A f oo LArA - ot
[ ——- LArB Single Bin] [ —— LArB Single Binj3
-6 N P | " N | s P 10-6 " P | " P | s P
1010'5 10 103 102 10° 10! 102 103
sine My (MeV)

FIG. 3. The exclusion curves in the (gp, sine€) parameter space for M, = 100 MeV (left) and (g, M4/ ) parameter space for sine =
10~* (right) for the sources CsI 2017, CSI 2022, LAr option A and LAr option B in the Model C. Regions above the curves are excluded
with 90% C.L. by the COHERENT data for CEvNS.
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FIG. 4. The exclusion curves in the (g, sine) parameter space for M, = 100 MeV (left) and (gj,, M 4/) parameter space for sine =
10* (right) for the single-bin (1PE-1t) and multibin (9PE-1t and 9PE-10t) analyses in the Model E. Regions above the curves are
excluded with 90% C.L. by the COHERENT data for CEvNS.

for the minimal B — L scenario but also valid for the rest of ~ smaller M, region. The boundary of the excluded part in
the models considered. Indeed, Figs. 3 and 4 verify our  this end is determined by the minimum mass requirement
claim specifically within the framework of Models Cand E (see Fig. 1 and the discussion in the text) while in the
but, in general, this would be the case in all models. Let us  heavier dark photon region the COHERENT data take over
comment on the left tails of the right panels in Figs. 3 and4.  and give more stringent bounds.

Starting around a critical M, value (~10 MeV), different Figure 5 compares the exclusion regions of all the
curves shrink to a single one which becomes linear for ~ models considered so far in the (gp, sin€) parameter space
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FIG. 5. The exclusion curves in the (gp, sin€) parameter space for M, = 100 MeV (left) and (gp, M ) parameter space for sine =
10~* (right) for all the models considered. Regions above the curves are excluded with 90% C.L. by the COHERENT data for CEvNS.
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FIG. 6. Allowed 90% C.L. regions for the dark charges Q/, and Q/, for the Csl target. In the upper row, gp = 5 x 107*,sine = 107,
and M4 = 100 MeV are chosen with tan # = 2 (upper left) and for two different tan $ values (upper right). The (Q},, Q) values of all of
the 2HDM s extended with U(1),, are marked on the graphs given in the upper row. In the lower row, tan 8 = 5 with sine = 10 and
M, = 100 MeV for various g;, (lower left) and sine = 10~ and g;, = 10~ for various M, (lower right). The shaded regions are

allowed by the COHERENT data for CEvNS.

(the left panel) and in (gp, My ) (the right panel). The
analysis comparing the models has been performed for an
intermediate dark photon mass (M, = 50 MeV), the
parameter3 tanff =5, and for the Csl target, energy-
dependent QF, and single bin assumption. From the graph
on the left panel, the minimal B — L model seems to give
the most stringent bound in the entire region under the

*It is observed that the choice of a value for the parameter tan 3
does not play a significant role for the most part of the tan
interval and indeed the sensitivity entirely disappears for
tanf 2 5.

chosen circumstances while Models F and C are the second
best such that for smaller values of the kinetic mixing
parameter (sine <5 x 10™) Model F does better than
Model C and vice versa in the larger mixing region. The
general behaviors of the models as a function of M4 in the
MeV-GeV range can be seen in the right panel where
the minimal B — L model has the most stringent exclusion
boundary for M, = few MeV while Model F is the most
sensitive one for the eV-keV dark photon mass.

After having discussed the effect of the COHERENT
data for the CEUNS experiment on the parameter spaces of
various representative two-Higgs doublet dark models as
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two most promising scenarios.

well as the minimal B — L model, one may wonder what
happens by varying the free dark charges @, and Q/; which
are different from the sets already listed in Table I
The results are depicted in Fig. 6. In the upper left graph,
the light blue shaded region is allowed 90% C.L. by the
COHERENT data in the (Q), Q/,) parameter space. The
wider shaded strip represents the allowed region by
the dark photon-mass constraint. The models are also
marked on the graph and, for example, for the chosen
inputs which are also indicated on the graph, Models E
and F are ruled out by the data. The sensitivity of the
allowed region on tan f# is shown on the upper right graph
for tanff =2 and tanf = 20 and the allowed region is
slightly wider for tan § = 2. In the lower row, the allowed
regions are indicated for various gp values on the left
panel and for various M, values on the right panel. The
size of the allowed region has effected significantly by
varying gp, which is somehow less pronounced for the
variation of the dark photon mass.

Last but not least, in Fig. 7, the exclusion regions from
the neutrino-neucleus scattering data of COHERENT
Collaboration for the two most promising scenarios, the
Model F and Minimal B — L model, are displayed with
other laboratory bounds relevant in the MeV-GeV range.
The figure is adapted from Fig. 6 in Ref. [70] where the
details of the laboratory experiments are given (see
Table III there). As seen from Fig. 7 that there is a new
region in 30 MeV-1 GeV range which is now probed and
excluded by the COHERENT data depending on the value
of the kinetic mixing parameter.

VI. CONCLUSION

More than four decades after its first proposal, coherent
elastic neutrino nucleus scattering was successfully

measured by the COHERENT Collaboration in 2017,
which has initiated a vast number of phenomenological
and theoretical studies since then including physics beyond
the SM. CEvNS measurement can be used as a low-energy
probe for the new physics searches and hidden sector
coupled to the SM through portals is one of such scenarios.
In the meantime, the discovery of the Higgs boson
motivates the so-called 2HDMs where the mass of neu-
trinos could also be explained. The vector portal which is
originally defined to describe the interactions of the dark
photon to the SM currents can be extended by taking the
2HDM as the visible sector instead of the SM.

After briefly explaining the theoretical framework
and listing seven representative models in Table I where
the scalar doublets are allowed to have nonzero dark
charges under the gauge group U(1) ), we go on to provide
analytical expressions for the differential cross sections for
CEvNS both in the SM and in the 2HDM extended with
U(1)p. The analyses of the COHERENT data for CEUNS
from the year 2017 to 2022 have been modified in various
ways and some of these details including statistical analysis
have been explained together with our basics to carry out
the numerical study.

In this study we aim to find out the constraints on the
parameter space of the 2HDMs extended with U(1), by
using the COHERENT neutrino scattering data. This has
been achieved by looking at the effects of different factors
and parameters which might play some role in the
analysis. These are the dark photon mass M, kinetic
mixing parameter sine, the dark gauge coupling g, the
ratio of the VEVs tan § and the free dark charges Q),, 0/, as
far as the theory is concerned. On the experimental side,
there are additional factors like the number of energy and
time bins used, data taken at different times for different
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target samples, which we call CsI 2017, CsI 2022,
LAr A, and LAr B, various quenching factor parametri-
zations. We also make a scan over the chosen models
which are obtained by choosing values for (Qj, Q}) as
well as obtaining the allowed region by the COHERENT
data on the (Q).Q/)) parameters space in a much
wider range.

The models show sensitivity to the mass of the dark
photon, M, especially in the MeV-GeV range and this
behavior disappears for the so-called minimal B — L model
for around M4 < 1 MeV where the exact value depends on
the kinetic mixing. There is a distinct difference in the
behavior of the other models (Model C-F and B-L of the
extended 2HDM) as M4 < 1 MeV where the curves start
showing a strong dependence on the value of gj. Indeed, in
the 2HDMs extended with U(1),, the dark photon mass
receives contributions from the scalar sector being propor-
tional to the parameter g,. No matter how small the kinetic
mixing is, there exists gp proportional contribution to the
mass in addition to the my term which brings the behavior
at low dark-photon mass tail (see for example the right
panel of Fig. 5). Therefore the minimal B — L model gives
the best bound for M4, > 1 MeV while the other models do
much better for the lighter dark photon region. This might

be taken as a way to distinguish them. It is also observed
that the best bounds are obtained for the single bin case
(1PE-1t), for the CsI 2022 data and for the QF taken to be
constant (even though energy-dependent QF has been used
throughout the numerical analysis as proposed by the
COHERENT Collaboration in their latest analysis [19]).
In a set of plots, Fig. 6, the allowed bands on the (Q},, 0))
plane have been shown and this could be used as a
reference for better assessment of the scenarios beyond
the chosen representative ones listed in Table I. In a final
plot, our results are overlaid on a global picture and a new
region could further be excluded in the 30 MeV-1 GeV
dark photon mass range by the COHERENT data depend-
ing on the value of the kinetic mixing parameter. Further
data available at low energies may either probe new physics
scenarios like 2HDM better or even point out a smoking
gun signal which may shape out the physics beyond
the SM.
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