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1 Introduction

In spite of the success of the standard model (SM) in describing the particle interactions
observed in nature, neutrino interactions with matter are not thoroughly understood. Many
experiments are now making precise measurements of neutrino-nucleus scattering cross
sections and neutrino-electron elastic scattering cross sections. The measurements are
now precise enough that they are able to probe beyond the SM physics. Recently, the
COHERENT experiment at the Spallation Neutron Source (SNS) has measured coherent
elastic neutrino-nucleus scattering (CEvNS) for the first time, finding that the cross section
for scattering on CslI is consistent with the SM at approximately 1o [1]. In addition,
measurements by Borexino of the solar neutrino flux, in particular the "Be component,
now provide the best measurement of the neutrino-electron elastic scattering cross section
at electron recoil energies < MeV [2].

Because of this plethora of current and future experimental data, it is imperative to
consider new theoretical ideas for neutrino interactions in these low energy experiments.
Consider axial-vector interactions between quarks and neutrinos mediated by a new Z’
boson. We write the interaction of the quarks with the Z’ as,

Loy = ¢7" [PLFL(¢%) + PrFR(4°)] d' Z,,, (1.1)

where y# = |5, — %{1”} and ¢ are SM quark fields. The interaction of the Z’ with the
leptons has an analogous expression. In the interaction above, the contribution from the
q" part may be suppressed by small masses or vanish from current conservation. Form



factors proportional to o#”q, are possible, but will be suppressed by some hadronic scale;
we do not investigate these in this paper. The form factor F(¢?) can be unity when ¢’
couples directly to Z’. However, in many models (especially the models with low scale
hidden sectors), ¢’ may couple to Z’ via a loop containing DM /hidden sector particles. In
such a scenario we expect F(q?) ~ ¢?/A? where A is the scale in the DM sector associated
with the mass of the mediator particle that generates the quark-DM interactions, ggxx.
As long as A is greater than gmay for these scattering experiments, F(q?) ~ ¢?/A? appears
in the scattering amplitude. In this paper, we investigate these new form factors at CEvNS
(COHERENT and reactor based) and Borexino experiments for vector and scalar media-
tors. We extend our framework to study the neutral current B decay anomalies in the Ry
and Ry+ measurements. We show how in a model framework measurements from neutrino
scattering may have implications for the B anomalies.

The paper is organized as follows. In section 2, we discuss models for form factors and
their dependence on the new physics scale. In sections 3 and 4 we discuss the effects of
these new form factors at CEvNS and Borexino experiments, respectively. In section 5 we
discuss the B anomalies and the implications of neutrino scattering experiments on their
explanations. We conclude in section 6.

2 Form factors

2.1 Z’ model

Consider the following Lagrangian at low energy [3]:

g - _ o ) . _ 1
L = F(JW“PL,RC],X%L@ + v5)x + XY [8,, — ngZ' ] X — My XX + §m2Z/ZIZZ'“

1
= Hegt + Jux 2 +iX7" 00X = maXx + 5miz 2, 2", (2.1)

where x is a hidden sector fermion field with mass m,. The first term in the Lagrangian
represents an effective coupling between the ¢ and x fields that might arise through the
exchange of a heavy mediator of mass ~ A, with A > FE, where F is the energy scale of the
process (see for example [4-6]). The hidden sector fields x couple directly to Z’ through
the vector portal and so in our framework there are two mediators; see e.g., [7]. We further
assume that the neutrinos are charged under the Z’ U(1) and so there is a direct coupling
of the neutrinos to Z’. Although there is no direct coupling between the quarks and Z’
field, a y-loop-induced gqZ’ effective vertex (as in eq. 1.1) will be generated with a ¢?

dependent coupling, which can be represented by a higher dimensional operator,
9gL,R -
Lyp = ?Q’W“PL,Rq'Ol’ZI’w, (2.2)

where Z7,, is the Z' field tensor; see figure 1. This higher dimensional operator may be
considered to be the bare term of the Lagrangian.
The form factors in eq. (1.1) are then given by

dv [PLFL(¢%) + PrFRr(¢®)] ¢ = % (¢ / Az T [, 5 (2) He (0)] |4') - (2.3)



Figure 1. Feynman diagram for Z’ model (left) and S model (right).

The most general structure for the form factors from the current conservation of J, , is

2

FL(g) = 33 AL(d).
2

q
Fr(¢*) = {3 AR(d")- (24)
Since the matrix element in eq. (2.3) is finite as ¢ — 0, A g(¢?) is finite as ¢> — 0. Now
from eqs. (2.2) and (2.3), we can estimate the form factor in the 1-loop approximation [8].
We get

2 1
q 1 1
Frr(¢®) = A2 [QL,R +99x(27r)4/0 dz 8z(1 — x)/d4l(l?—A+ie)2] 5 (2.5)

2

Y- ¢?z(1 — ). Introducing a cut-off A. to regulate the divergent integral we

where A =m
can write

2 1 2
xAZ
FrLr(¢®) = : [QL,R + 7‘;]793 / dr (1 —z)In } ,
0

A? A
q2
= 1291.R(7"). (2:6)

where g and g, are the bare coupling constants. We rewrite g1, r(q?) as

Amax
A )

1
99
9L,R(q2) = gL,R(ql’QnaX) + 27:; / dr (1 —z)ln
0

(2.7)

2
X

Note that this is a rough estimate as we have calculated only the leading term in

where Apax = m?2 — ¢2,.2(1 — ) and ¢2,, is the maximum momentum transfer squared.
eq. (2.3). However, the general structure of eq. (2.4) still holds as it follows from vector
current conservation. As a rough estimate, assuming all terms in eq. (2.7) to be of the
same size, we can write,

1
2 99x max
~ == 1—2)1 . 2.
() ~ 3% [ do a1 - 2)n = (28)

For our purposes, the most important part of eq. (2.5) is the ¢?/A? factor which is
not present if either the tree level (first term) or the loop contribution (second term) is



absent; the latter is eq. (2.8). We show both tree and loop contributions since each term
may not be sizable in a given model. The relative strength between the tree and the loop
contributions does not affect our analysis.

Although the Lagrangian in eq. (2.1) contains both g7, and gg terms, only g7, +gr = gy
contributes to r-nucleus coherent scattering; gr, — gr = g, does not impact the scattering
process. This is because the vector charge of the nucleus is proportional to the number of
nucleons, Q, = Zgh + Ng? while the axial vector couplings are proportional to the spin,
Qu = gk (Sp) + g7 (Sy,) which is much smaller than Q..

2.2 S model
As for the Z’ case the form factors for a scalar mediator S can be written as

q [PLSL(¢*) + PrSr(¢%)] ¢ == % {(d] /d4$eiq‘wT [J(2)He(0)] |¢') (2.9)
where
Heg = %QPL,RQTC (LE75)x,
Iy = X [9xPr + 9\ Pr] X - (2.10)

In this case we cannot use current conservation. By calculating the leading loop contribu-
tion we find,

I A 1
2 4
= — dx 12x(1 — d*l . 2.11
St,r(47) = 995 @t /O z 120(1 - 2) 5 / Cryrennr (2.11)
Again introducing a cut-off A, we can write,

399, [! (m2 — ¢?z(1—z)]  zA2

2 X X c
Sr.r(q”) ~ 12 /0 dzx z(1 —z) A2 In N (2.12)

For mi < ¢ SLR(qQ) ~ ¢?. Unlike the Z’ case the form factor is sensitive to the y mass
and so the hidden sector dynamics can be probed in low energy scattering.
A scalar coupling has a larger effect on the coherent scattering rate ~ O (ER), compared

to the rate from a pseudoscalar coupling, 87rlp2 ( 2mejim§)2 E%%mN ~ 0 (E%)

The scalar interactions of quarks with dark matter ~ %QPL rOXPr rXx could arise
from a higher dimensional operator %H qPr rgxPr,rx. With the assumption of minimal
flavor violation (MFV) this interaction has the form ~ %¢GPr rgXPr,rX [4].

It is worth considering how the phenomenology changes if one uses MFV to constrain
the scalar interactions. Without MFV the matrix element that appears in the amplitude is
M ~ (N|gq|N) while with MFV we need M’ ~ % (N|mgGq |N). If the heavy ¢, b,t quarks
are involved they can be integrated out and their contributions replaced by a gluonic
term [9, 10]. If contributions arise only from the light quarks then M %, and for
A > my the matrix element for the MF'V case is suppressed. Hence, the bounds on A from
coherent scattering will be weaker.

When we discuss the B anomalies below, we will require that dark matter couple to

quarks of all generations or at least to all generations of down quarks. Consequently, the



heavy quarks could contribute to coherent scattering via the gluonic terms. However, for
the B anomalies we need a flavor changing coupling gps which involves a mixing angle. In
other words, the B anomalies do not completely fix the coupling g,, of the heavy quarks
to dark matter. The heavy quark contribution to the matrix element M goes as ~ gq%—f;’
while for M’ it goes as ~ g,"%", where my is the nucleon mass.

Note that the scalar coupling to the neutrinos may originate from the lepton number vi-
olating interaction, ¢v§ vz, or from the lepton number conserving interaction, ¢pgvy,, where
¢ is a SM scalar singlet. If ¢ is a pseudoscalar, then the associated coupling is not con-
strained by coherent scattering but is constrained by 7 — v [11] to be smaller than 107°.

Finally, depending on whether or not right-handed neutrinos are present, we can
write neutrino-quark interaction terms as ¢'/m?rvrdq or ¢'/mvSvrgq. If the sec-
ond term is present, then a Majorana mass term arises from the quark condensate, i.e.,
m, = ¢ /(m'/GeV)’qq = ¢'/(m'/GeV)?107 eV with gg = 87/v/3f3 as calculated in the
Nambu-Jona-Lasinio model [12]. Since the heaviest neutrino mass is ~ 0.1eV, we find
g'/(m'/GeV)? < 1078, However, ¢’ is constrained by COHERENT to be smaller than
10719 (1078) for m/ = 10MeV (1 GeV) [13].

3 Scattering cross sections

For the vector model we can write the effective interaction as
gF (302 1
?+m? 2/2Gr’

Lpsm = —2V2G rvpy*vr fy,f (3.1)

2
where F (q2, A2) = %. Since the vector interaction has the same structure as in the SM,
its contribution can interfere with the SM contribution.
The neutrino-electron differential cross section can be written as

2
(GL)2 + (GR)Q (1 - ER) _ (LRMeER

do 2 o
= *GFme EU TE

— 2
dbkrp 7 ) (3.2)

g'F (q%,A? 1 R . 9
q2(+m,2 ) NI and € = sin® 0, +

g'F(q?A2)

gF(q2A?)
?+m’?  2\/2Gk
gF(q?A?)

for the electron

where e& = %—i—sin2 0.+

neutrino, and X = —% +sin%6,, + R Te and €f* = sin? 0, + P 2ad, for
the muon or tau neutrino.
The neutrino-nucleus differential cross section is
do 2 myER Er\?
7dER = ;G%‘mNQ%/ [1 - 2 + <1 - Ef Fnucl (QQ) ) (33)
v v
where Fiua (q2) is the nuclear form factor, the “weak charge” Qv is given by
1 1 , 1 gF (3, A%) 1
=_|Z[=—2sin%0 N(—=]+3(Z+N , 3.4
Qv 5 (2 sin w>+ ( 2>+ (Z+ N) Z+ T 2o (3.4)

We have assumed the Z’ couplings are the same for the up and down quark.



On the other hand, for the scalar model, the effective interaction is

g'F (¢, A?)

T (3.5)

Lpsm = Vivpff

which does not interfere with the SM. We can write its contribution to the differential cross

section as )
do _ do, 1 (gF (¢*,A%) \ " Egm? (3.6)
dEr ~ dEg"™ " axr \ @2+ m? EZ '
for electron scattering, and
2 a2y 2 2
do  do | L1 (15124 1N)grF (¢*,A?)\~ Egm? (3.7)
dEr  dEp"™™ " 4 @ +m? EZ '

for nucleus scattering [9]. Here Z (V) corresponds to the number of protons (neutrons).

4 Experimental bounds

This section describes the experiments that we use to bound the aforementioned models.
We begin by discussing accelerator and reactor experiments, and then discuss solar neutrino
experiments.

4.1 Accelerators and reactors

To evaluate current and future constraints from accelerator and reactor CEvNS experi-
ments, we use a x? analysis to calculate bounds on the coupling at the 20 confidence level.
To take into account reactor and accelerator neutrino flux uncertainties, we introduce a
nuisance parameter « and an uncertainty on the signal of o,. We define

LS kR -

'
bins Ogtat

where N, . (N, is the observed (predicted) number of events per bin in a current measure-
ment, o, = 0.28 and o’ is the statistical uncertainty which can be extracted from ref. [1].
For future measurements with multiple detectors we define (with indices suppressed),

9 (Nsm — (1 + ) Nup)? ( a >2
= +(— ) , 4.2
X Z Npg + Nsm O (4.2)

bins, detectors

where Ngy is the expected number of events in the SM for a future measurement and N,
is the expected number of background events, which we assume to be known precisely.
Here we estimate o, = 0.1 for future measurement.

The current COHERENT experiment has a threshold 4.25keV [1]. For the future
projected measurements we assume a threshold of 100eV for Ge and Si reactor experi-
ments [14-16], and 2keV for Nal and Ar with COHERENT [17]. For reactor neutrinos
we take a background of 1 dru (Ge and Si), and for accelerator neutrino data we take a
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Figure 2. Current and projected 20 bounds on a vector mediator with F' (q2) ~ ¢° as a function
of the mediator mass. Dashed lines show the limits without a form factor. Here ¢y = 50 MeV for
COHERENT, and ¢y = 30 MeV for reactor experiments.

background of 5 x 1073 dru (CsI, Nal and Ar) [1]. 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 [1] 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. [18]. The accelerator neutrino flux
at SNS is 4.29 x 10% cm?/s [1].

In figures 2 and 3 we show the COHERENT and reactor constraints on g;\—q; =

2
% at 20 for a vector or scalar mediator, respectively, as a function of the media-

tor mass. 91;—‘1; represents the coupling strength between quarks and neutrinos as a function
of energy and reduces to ¢’ if there is no form factor for the coupling. We choose ¢y to
be a typical momentum for the experiment, e.g., gg = 50MeV and 30 MeV are used for
COHERENT and reactor experiments, respectively. To compare with the limits for the
case without a form factor, we plot the corresponding limits using dashed lines. The quarks
may have direct couplings to the Z’ and may also couple via DM loops in a given model,
in which case the solid and dashed lines must be combined to obtain constraints on the
couplings. The plateau for small mediator masses arises because m'’?> < ¢? which makes
the limits independent of the mediator mass. In the regime of large mediator masses, the
slope of the limit curves is 2 since the effective couplings become mg—,'z, i.e., logg o 2logm/ .
Also notice that there is a bump in the low mass region for future COHERENT and reactor
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Figure 3. Current and projected 20 bounds on a scalar mediator with F’ (q2) ~ ¢° as a function
of the mediator mass. Dashed lines show the limits without a form factor. Here ¢y = 50 MeV for
COHERENT, and ¢y = 30 MeV for reactor experiments.

experiments because a combination of the form factor and the mediator propagator yields
pravereliey 1, so that the mediator-induced spectral distortion is suppressed. On the other
hand, for the case with no form factor, the shape distortion persists for low masses, which
makes the limits stronger compared to the F (q2) ~ ¢* case. Note that direct detection
constraints are nonexistent for sub-GeV DM and collider bounds are nonexistent for a GeV
mediator which allows a lot of the parameter space to be unconstrained for g < 1.

An effect of the form factor, F(¢?) ~ ¢?, is that the spectral shapes differ from the
SM prediction and from new physics models with F(¢g?) = 1. To illustrate this, we show
the spectrum of coherent scattering off a Ar target in figure 4. We choose the coupling g
from current COHERENT constraints for F(q?) ~ ¢? (solid line) and F(¢?) = 1 (dashed
line). 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.

4.2 Solar neutrinos

Several solar neutrino experiments, for example Super-K [19], SNO [20], and Borexino [2],
are sensitive to the neutrino-electron elastic scattering detection channel. Since the typical
momentum transfer that solar neutrino experiments are sensitive to is ~ 0.4MeV, it is
possible to probe much smaller values of A as compared to reactor and accelerator CEvNS
experiments. Here we consider all the most prominent low energy components of the solar
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Figure 4. 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.

neutrino flux that Borexino is sensitive to, i.e., pp, pep, and "Be. We choose the high
metallicity solar model as defined in ref. [21] 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
2
_ (Nth - Nobs)
Nobso ’

2 (4.3)

where o is the percent uncertainty in the measurement (including experimental and theo-
retical uncertainties in quadrature) with oy, = 0.11, o7g, = 0.03, and ope, = 0.21 [2]. To

obtain a combined limit we define y? = X[Q)p + x2 Be T Xf,ep.
In figures 5 and 6, we show the constraints on the eevv coupling from Borexino [2]

We find that the pp and " Be components provide the strongest constraints on F(q?) ~ ¢
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 figure 7 show that the F(¢?) ~ ¢?

case is different from the F(q?) = 1 case. We see that the major differences in the spectra
The differences for the scalar case are more significant than for

are at high energies.
the vector case because in the vector scenario the ¢? enhancement is suppressed by the

interference between SM and new physics contributions.

5 B anomalies
In the SM the three families of quarks and leptons are identical except for their masses.
Tests of the universality of leptonic interactions are crucial probes of new physics. Recently,
hints of lepton universality violating (LUV) measurements in B decays have attracted a
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Figure 5. Constraints at 20 from the Borexino experiment on a vector mediator with F (q2) ~ q?
as a function of the mediator mass, compared to the case of a mediator without a form factor
(dashed line). We set ¢ = 0.5MeV and A = 10 MeV for the form factor case to compare it to the
no-form-factor case.

lot of attention. These anomalies are found in the charged current b — ¢7~ 7, and neutral
current b — s¢T¢~ transitions. Here we focus on the neutral current anomalies though
the anomalies might be related [22-24]. The LHCb Collaboration has measured the ratio
Ry = B(BY — K*utpu™)/B(BY — K*ete™) in two ranges of the dilepton invariant
mass-squared g2 [25]:

0.69705+ (stat) +0.05 (syst), 1.1 <¢?<6.0GeV?, (central ¢?).

expt
RYP =

{0.660+8;})$ (stat) & 0.03 (syst), 0.045 < ¢ < 1.1 GeVZ, (low ¢?) (5.1)
These differ from the SM by 2.2-2.40 (low ¢?) and 2.4-2.50 (central ¢?), which supports
the hint of lepton nonuniversality observed earlier in a similar ratio with K mesons. The
observable in this case is Rx = B(BT — KTputu™)/B(BT — KTete™) [26, 27], which
was measured by LHCb [28]:

RESPY = 0.74570:0% (stat) +0.036 (syst), 1< ¢®<6.0GeV?, (5:2)

and found to differ from the SM prediction, R%M =140.01 [29] by 2.60. Other anomalies
also appear in the branching ratios and angular observables of certain b — su™p~ decays.
While many new physics models with new heavy states have been discussed to address these
anomalies, it was pointed out that new physics with light mediators could also explain these
anomalies [30]. In particular, with heavy new physics it is difficult to understand the Ry«
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Figure 6. Constraints at 20 from the Borexino experiment on a scalar mediator with F (q2) ~ ¢?
as a function of the mediator mass, compared to the case of a mediator without a form factor
(dashed line). We set ¢ = 0.5MeV and A = 10 MeV for the form factor case to compare it to the
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Figure 7. Spectra of solar neutrino scattering off electrons, with m’ = 10MeV 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 ¢2/A2.
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measurement in the low ¢? bin, 0.045 < ¢> < 1.1 GeV?, along with the measurement of
Ry~ in the central ¢ bin and the measurement of Ry

For light new physics in the MeV range a resolution of the Rx and Ry~ measurements
in the central ¢ bin along with other angular observables in b — sutu~ decays is possible
with the light states coupling only to muons [3, 30, 31]. In addition, in this framework
the discrepancy in the anomalous magnetic moment of the muon can also be explained
and there are interesting implications for nonstandard neutrino interactions. However, the
measturement of Ry in the low ¢? bin cannot be satisfactorily explained. For the model
to work a nontrivial form factor for the flavor changing bsX vertex is required, where X
is a light state. This can happen if the bsX coupling is induced at loop level due to some
additional light new physics [3] just as we have considered in the case of neutrino scattering.
To explain the Rx and Rg+ in all bins with a light mediator is difficult and requires X
to couple to electrons rather than muons [3]. In this case the anomalies in the angular
observables in b — sp™pu~ decays remain unexplained. This might suggest that there is
different new physics responsible for measurements in different ¢ bins. One can also aim
to understand only the low ¢ bin Ry« measurement and such an approach is followed in
ref. [32]. It is possible to connect B decays to coherent neutrino scattering by generalizing
eq. (2.1) to include all generations of quarks. We write the modified Lagrangian as

g T o . _ 1
L= pq’w“PmY%q;xw(l £ 95)x + XY [0 — 19y 2" X — myxx + §mQZfZLZ’“

)

. _ 1
= Hegr + Jur Z'"™" 4+ ix7" Oux — my XX + §m2Z,ZLZ’”, (5.3)

where 4, j are the family indices and Yy p are the flavor couplings for the up and down
quarks. To simplify the discussion we assume that only the left-handed quarks are involved
in the interactions with the y fields. However, in order to satisfy the Rx and Rg+ anomalies
we need flavor violation in the b — s sector arising from the following Yukawa matrices:

g1 00
Yp=1| 0a b |,
0 bl C1
Yo = Vorm YoV (5.4)

The origin of the texture in the Y7 p can be understood by introducing a new gauge
symmetry motivated by a U(1),—, model [33-36], and including the quark sector. We
assume that the Lagrangian has a similar symmetry in the quark sector with the following
new Yuakawa terms: )\il()(f)ﬁng) + )\QQ(L?))EQDE?, where ﬁ3,4 have new gauge charges
2a, -2a respectively, in addition to the SM weak charge assignments (2,1/2) under SU(2),
and U(1)y. Similar terms for the up sector are present as well. Such a model has been
constructed in ref. [37]. Here we assume that the quarks transform as (0,a,—a) but we
could have assumed (a, a, —2a) as well with different charge assignments for the new Higgs.
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In the weak interaction basis, the couplings to Z’ associated with the new symmetry
is diagonal,
g 00
Y&D =] 0g20 |. (5.5)
0 0 g3

In transforming from the gauge basis to the mass basis (with the contributions arising from
the off-diagonal terms in the Lagrangian), we write

up =Upup, d; =Drdp, (5.6)

where Uy, and Dy, are 3 X 3 unitary matrices for the up and down quarks respectively, and
the spinors u!) and d*) include all three generations of fermions. The CKM matrix is given
by Vexm = UzD 1, and after transforming to the mass basis we can rewrite eq. (5.3) with
the Y7, , matrices replaced by Yp = DTLY[’)D r and Yy = U}:Y(’]U 1. Now if all the mixing
is in the up sector with Dy = I then there is no FCNC in the down sector. To generate
the b — s transition we use the assumption of ref. [38] that Dy, involves only the second
and third generations:

1 0 0

Dp =10 cosfp sinfp | . (5.7)
0 —sinfp cosOp

The Yy, p matrices then have the explicit form,

g1 0 0
Yp = 0 02D92 +s%gs cpsp(g2 — g3) | »
0 cpspl(ge — g3) CHhys + sHg2
Yy = VC’KMYDVCT'KMa (5.8)

where cp = cosfp and sp = sinfp. We see that in the down sector flavor changing b — s
transitions occur with coupling gps = cpsp(g2—g3). The form factor for coherent scattering

is F(¢%) = gL/q\—z2 while for the B decays it is F'(¢?) = ngSK—Z with g7, o g1, grps X gps and
91 _ 9L
9bs  YLbs

The breakdown of lepton flavor universality required for the Ry (. anomaly can arise

. If all the g; are of the same order of magnitude then g;ps < gr..

in U(1),—, symmetry models. We now compare the flavor violating terms with the flavor
conserving terms in the quark sector.

Combining the B decay anomalies with the results from coherent scattering allows us
to check for the consistency of this framework. We focus on the Z’ models. Figure 2 gives
the bound on the diagonal term using the COHERENT experiment,

A2 29LYp '

where g, is the Z’ coupling to muon neutrinos, and we can read off X; from the figure.
We now turn our attention to the R (., anomaly which involves a flavor violating b — s
interaction with charged muons. Using the recent results on Ry (.), we obtain a constraint
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Figure 8. Scale (A) independent comparison between current 20 COHERENT and 1o B decay
constraints on diagonal or off-diagonal couplings for a mediator lighter than 2m,,.

on the flavor violating term. We assume the left handed leptons have identical couplings and
so g, can be fixed from the muon anomalous magnetic moment measurement and neutrino
trident production. Using g, ~ 1073 [3, 31] and X; ~ 107 from figure 2 we obtain

A > 10%qogr (5.10)

which gives A > 50¢g;, GeV for gy = 50 MeV. In B decays the relevant qg is taken to be mp
and so with the additional assumption of SU(2); symmetry for the left handed leptonic

couplings we obtain [3],
2

m
ngsA—fgu ~ Xp. (5.11)
Combining this with eq. (5.9), we get

%:%>&q—§. (5.12)

gL g1 Ximp
Using X;, ~ 1078 [3] and X; ~ 10~? from figure 8, we find gys/g1 ~ 1073 for m’ between
1 — 10MeV, and gys/g1 ~ 10~* for m’ = 100 MeV. However, if the bounds from coher-
ent scattering get stronger, then *‘% will increase and lead to tension in the framework.
A similar analysis can also be done with scalar mediators where tighter constraints are
obtained. The B anomalies also indicate lepton universality violating new physics which
will be interesting to check in neutrino scattering. For instance if the Ry (., anomalies
are explained with mediators coupling differently to muons and electrons then v, and v,
scattering may show different new physics effects.
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6 Conclusions

We have explored the limits of the effective couplings arising from a high energy scale (A)
hidden sector associated with dark matter. We considered two general models which give
rise to a coupling form factor that is proportional to the momentum ¢2. The Z’ model cor-
responds to vector couplings between neutrinos and quarks, and the S model corresponds
to scalar couplings. At low energies, we have shown that it is possible to probe A via
CEvNS experiments via the form factor which is induced by a DM () loop. We consid-
ered scenarios in which A is > 50 MeV, and in which the energy scale is < 1 MeV. CEvNS
experiments can probe the former case since A is higher than the momentum transfer but
these experiments are unable to probe the latter case. To probe the scenario with small A,
we used solar electron scattering experiments for which the momentum transfer is low.

In the Z’ model, COHERENT constrains the coupling to be ~ 1078 at 20 for small me-
diator masses. For large mediator masses, the bound scales according to log ¢’ < 2logm/,
as shown in figure 2. Atomic parity violation does better than most of the CEvNS experi-
ments except those using reactor neutrinos. For small A the Borexino experiment puts 2o
constraints on the couplings @(10~7) for a 100 MeV mass mediator. Since the momentum
transfer is much smaller, the constraints scale like log ¢’ o< 2log m’ as shown in figure 5.

In the S model, COHERENT constrains the coupling to be ~ 10~ for small mediator
masses. For large mediator masses, the bound scales according to logg o< 2logm/, as
shown in figure 6. Atomic parity violation experiments do not constrain models with scalar
mediators. For small A, the Borexino experiment puts 20 constraints on the couplings
O(10~7) for a 100 MeV mass mediator. Since the momentum transfer is much smaller, the
constraints scale like log ¢’ < 2log m’ as shown in figure 6.

Finally, we have extended our framework to quarks of all generations and have ad-
dressed the Ry and Ry~ anomalies in rare B decays. We have shown that a resolution of the
anomalies consistent with the present coherent scattering data is possible but future con-
straints from coherent scattering will provide stringent tests of the B anomalies explanation.
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