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The observation of coherent elastic neutrino-nucleus scattering (CEνNS) provides us opportunities to
explore a wide class of new physics. In the Standard Model (SM), the CEνNS process arises from the vector
and axial-vector neutral currents through the exchange of Z bosons, and the axial-vector current contribution
turns out to be subdominant. It is, thus, natural to consider the extra contributions to CEνNS frommore generic
new physics beyond the SM with (axial-)vector interactions associated with a new vector mediator Z0. Besides
ordinary CEνNS, the active neutrinos can convert into a new exotic fermion χ through the process νN → χN
mediated by Z0 without violating coherence. It would be interesting to consider the implication of this
conversion for the new fermion sector beyond the SM. We consider the framework of a simplified neutrino
model in which a newDirac fermion χ interacts with active neutrinos and a leptophobic vector mediator Z0. We
evaluate both the tree-level and loop-level contributions to CEνNS, and, in particular, the loop diagrams
produce active neutrino elastic scattering process νN → νN with the fermion χ inside the loops. When the
interaction between Z0 and the SM quarks is vector type and axial-vector type, the CEνNS processes are,
respectively, dominated by the tree-level and loop-level contributions. We investigate the constraints on the
model parameters by fitting to the COHERENT data, assuming a wide range ofmχ . The parameter space with
mχ larger than the maximal energy of incoming neutrinos can be constrained by including the loop-level
contribution. More importantly, the inclusion of loop diagrams can place a constraint on axial-vector
interaction whose tree-level process is absent in the coherent neutrino-nucleus scattering.
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I. INTRODUCTION

The coherent elastic neutrino-nucleus scattering (CEνNS)
process was first observed by the COHERENT experiment
[1] in the Spallation Neutron Source at the Oak Ridge
National Laboratory. The neutrinos measured at COHE-
RENT are produced by the decays of stopped pions and
muons, i.e., πþ → μþνμ and μþ → eþνeν̄μ. The energy of
muon neutrinos is determined by Eνμ ¼ ðm2

π −m2
μÞ=

2mπ ≃ 30 MeV, and those of electron neutrinos and muon
antineutrinos have the kinematic end point at Eνe;ν̄μ < mμ=
2 ≃ 53 MeV. For the neutrino-nucleus scattering, CEνNS
occurs when the momentum transfer in the process is smaller

than the inverse of the target nucleus radius. The scattering
amplitudes of the nucleons inside the nucleus can, thus, be
summed all together coherently, which leads to a large
enhancement of the cross section. The CEνNS spectrum
measured at COHERENT is consistent with the prediction of
the Standard Model (SM), in which the CEνNS process is
generated through the weak neutral current [2]. Besides the
active neutrinos through Z boson exchange in the SM, the
CEνNS process could also produce an exotic fermion such
as the right-handed neutrinos without violating the coher-
ence condition. Thus, the COHERENT observation can
provide us an opportunity to explore the new physics
associated with general neutrino interactions in the presence
of an exotic fermion.
Recently, different groups studied the conversion from

active neutrinos to an exotic fermion χ in coherent neutrino-
nucleus scattering [3–6]

νN → χN: ð1Þ

For this inelastic scattering process with Eν < mμ=2, the
kinematic constraint on the mass of the exotic fermion χ
becomes mχ <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mðmμ þMÞp

−M ≃ 53 MeV with M
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being the nuclear mass [3,4]. The COHERENT data can,
thus, set bounds on this process only in the region of
mχ ≲ 53 MeV. On the other hand, the validation of the
coherence in the CEνNS process depends on the specific
interactions between the neutrino and SM quark sector.
Freedman, Schramm, and Tubbs pointed out that interactions
such as axial quark current induce nuclear spin-dependent
(SD) scattering and a cancellation between spin-up and spin-
down nucleons [7]. They thus violate the coherence, and the
relevant CEνNS processes are suppressed for all nuclei
except for light ones. The observation for heavy cesium-
iodide (CsI) nuclei at COHERENT then cannot place any
constraint on the axial quark current and so on.
However, in the studies of the direct detection of weakly

interacting massive particle dark matter (DM), it was
emphasized that the interactions inducing SD scattering at
tree level can, in turn, generate spin-independent (SI)
scattering through loop diagrams [8–24]. Moreover, the
generated SI nuclear scattering cross section is independent
of the momentum transfer q ∼OðMeVÞ in the scattering and
is not suppressed at leading order. The enhancement by the
squared nuclear mass number in coherent SI scattering
compensates the suppression from the perturbative loop
calculation. As a result, for the pseudoscalar or axial quark
interaction, the full calculation involving the loop corrections
would lead to sizable recoil events in DM direct detection
experiments. We can apply the spirit of this loop effect to
consider the loop corrections of the above inelastic neutrino
scattering process [25]. Besides the tree-level νN → χN
process, the loop diagrams produce active neutrino elastic
scattering process νN → νN with the above exotic fermion χ
inside the loops. The involvement of loop diagrams would
extend the constrained mass of fermion χ to mχ > 53 MeV,
because there is no kinematic bound on the internal fermion
χ in the νN → νN process. More importantly, the loop
diagrams induce a non-momentum-suppressed CEνNS proc-
ess and, thus, make the coupling of pseudoscalar or axial
quark current become constrained by the COHERENT data.
In this work, we consider a simplified model of a fermionic
particle χ interacting with SM neutrinos through a neutral
vector boson Z0. The Z0 boson interacts with SM quarks in a
general form, and we discuss the pure vector or axial-vector
current between Z0 and the SM quarks. The axial-vector
interaction at tree level, in particular, forbids coherent
neutrino-nucleus scattering. We investigate the SI elastic
scattering generated by the loop corrections and the con-
straint on the model parameters by the COHERENT data.
This paper is organized as follows. In Sec. II, we describe

the simplified neutrino model with a vector mediator Z0.
The Lagrangian is given in a general form with pure vector
or axial-vector current for the interactions between Z0 and
the SM quarks. In Sec. III, we present the analytical
expressions of the CEνNS cross section. Both the tree-
level and loop-level contributions are given for the cases of
vector and axial-vector currents. The numerical constraints

on the couplings by the COHERENT data are also shown in
Sec. IV. Our conclusions are drawn in Sec. V. The details of
loop calculations are collected in the Appendix.

II. SIMPLIFIED NEUTRINO MODEL
WITH A VECTOR MEDIATOR

The observation of the CEνNS process opens a wide
investigation of physics opportunities. Because of the large
uncertainties, possibly sizable contributions from new
physics beyond the SM (BSM) can be constrained. In
the SM, the CEνNS process arises from the neutral current
vector and axial-vector interactions through the exchange
of Z bosons [2], with the axial contribution being sub-
dominant [7]. It is, thus, natural to consider to test more
generic BSM physics with (axial-)vector interactions, such
as neutrino-quark nonstandard interactions through (axial-)
vector interaction as well as mediators associated with new
Uð1Þ gauge symmetries. Suppose the SM particles are
charged under a new Uð1Þ gauge symmetry; new vector
bilinear couplings Z0

μf̄γμf (f standing for the SM fermions)
could arise from Uð1ÞB, Uð1ÞB−L, Uð1ÞBþL, or nonuniver-
sal Uð1ÞBi−Lj

models. If two chiral components of f carry

opposite Uð1Þ charges, the new gauge interaction would be
axial-vector type, i.e., Z0

μf̄γμγ5f. If only one certain chiral
component of f carries nonzero charge, new gauge
interactions would be Z0

μf̄γμPL;Rf. On the other hand, it
is interesting to explore the possibility of new fermion
production through a coherent scattering process. This
would make sense for exploring new fermion sectors
beyond the SM. The neutrinos can mix with a new fermion
χ through a Yukawa interaction. As a result, the new
fermion χ also interacts with neutrinos mediated by a vector
Z0. Below, we consider a model-independent way to
generally study the conversion from active neutrinos to
an exotic fermion χ via (axial-)vector interactions with SM
quarks. Suppose the charged leptons are also charged under
the new Uð1Þ; the leptonic couplings also induce neutrino-
nucleus scattering through kinetic mixing whose contribu-
tion is, however, highly suppressed. To study the relevant
CEνNS process, we assume a leptophobic vector mediator
for simplicity.
We study a simplified model of a Dirac fermionic

particle χ interacting with a SM neutrino and a neutral
vector boson Z0 after electroweak symmetry breaking. The
Lagrangian is given by1

1The “inverse” process can be induced by the same model, i.e.,
χN → νN. If the fermion χ is long-lived enough, it serves as dark
matter candidate and can be detected through this kind of
fermionic absorption [26,27], in which a single neutrino is
produced in dark matter scattering. This process also leads to
interesting signals that can be searched for in dark matter
experiments.

WEI CHAO, TONG LI, JIAJUN LIAO, and MIN SU PHYS. REV. D 104, 095017 (2021)

095017-2



L ⊃ Z0
μχ̄γ

μðgχLPL þ gχRPRÞν
þ Z0

μ

X
q

q̄ γμðgqLPL þ gqRPRÞqþ H:c:; ð2Þ

where the Z0 is assumed to be leptophobic and the quark
couplings gqL and gqR are not flavor universal. The couplings
gχL and gχR denote the generic mixing between χ and
neutrinos. The massive gauge field Z0 is associated with a
pseudo-Nambu-Goldstone boson (pNGB) φ. The Yukawa
interaction of fermions with φ is given by [28]

L⊃φ
−i
mZ0

mχ χ̄ðgχLPLþgχRPRÞνþφ
i

mZ0
mqq̄ððgqR−gqLÞPL

þðgqL−gqRÞPRÞqþH:c:; ð3Þ

in the limit of the massless neutrino. We use the Feynman–’t
Hooft gauge to calculate the diagrams in Fig. 1. Apparently,
the above simplified hypothesis does not respect gauge
invariance before SM electroweak symmetry breaking. A
UV model can be realized through a broken new Uð1Þ
symmetry above the electroweak scale and a mixing between
the fermion χ and a neutrino [26,27]. In this scenario, only χ
and the SM quarks are charged under the new Uð1Þ, and
meanwhile χ mixes with the neutrinos through a Yukawa
interaction. In the following, we utilize the above simplified
model to exhibit the loop effect in CEνNS without loss of
generality.
We further define two scenarios of the quark couplings:
(i) case A: gqL ¼ gqR ¼ gq and
(ii) case B: gqL ¼ −gqR ¼ gq

and assume the couplings of all quark species are not
universal. The choice of case A is exactly the case with pure
vector interaction between Z0 and the SM quark sector. In
this case, the Yukawa interaction involving the pNGB φ is
absent. It leads to the SI neutrino-nucleus scattering νN →
χN at tree level, and the COHERENT data can place
constraint on the interaction formχ ≲ 53 MeV. By contrast,
case B induces the axial-vector interaction at tree level, i.e.,
Z0
μq̄γμγ5q, and the corresponding SD neutrino-nucleus

scattering is absent in the CEνNS process. The relevant
tree-level inelastic scattering cannot be constrained by
COHERENT data. We next consider the loop corrections
for the two scenarios and the νN → νN process constrained
by COHERENT data.

III. COHERENT ELASTIC NEUTRINO-NUCLEUS
SCATTERING

In this section, we evaluate the coherent neutrino-nucleus
scattering induced by the two coupling choices at both tree
level and loop level. We first derive the scattering matrix
elements at quark level. For νðp1Þqðk1Þ → χðp2Þqðk2Þ as
shown in Fig. 1(a), we obtain the general tree-level matrix
element

iMtree ¼
X
q¼all

i
t −m2

Z0
χ̄ðp2ÞγμgχLPLνðp1Þq̄ðk2Þγμ

× ðgqLPL þ gqRPRÞqðk1Þ

þ
X
q¼all

−imχmq

m2
Z0

χ̄ðp2ÞgχLPLνðp1Þq̄ðk2Þ

× ½ðgqR − gqLÞPL þ ðgqL − gqRÞPR�qðk1Þ; ð4Þ

with the Mandelstam variable t ¼ ðp1 − p2Þ2. For case A,
the first term induces vector current q̄γμq and the second term
vanishes. The two terms result in either axial-vector or
pseudoscalar current in case B.

FIG. 1. Diagrams for the scattering processes of the neutrino:
(a) tree-level diagrams, (b) box diagrams with Z0 as mediator,
(c) box diagrams with the pNGB φ as mediator, and (d),(e) box
diagrams with Z0-φ as mediator.
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The elastic scattering process νðp1Þqðk1Þ → νðp2Þqðk2Þ
occurs through multiple loop-level contributions to the
leading SI effective operators. The SI effective operators
decompose into the scalar operator ν̄νq̄q, the twist-2
neutrino-quark operators, and the neutrino-gluon scalar

operator ν̄νGa
μνGaμν. All of the one-loop box diagrams in

Fig. 1 contribute to the scalar operator with each of the light
quarks u, d, and s as well as the twist-2 operators for q ¼ u,
d, s, c, b. Cases A and B both have one-loop box diagrams
with the vector mediator Z0 as shown in Fig. 1(b):

iMbox−Z0Z0 ¼ −
X

q¼u;d;s

i
ð4πÞ2 gχLgχRg

2
qmχmq

�
κDb

0 þ
8

m2
Z0
ðDa

00 −Db
00Þ

�
ν̄ðp2ÞPLνðp1Þq̄ðk2Þqðk1Þ

þ
X

q¼u;d;s;c;b

i
ð4πÞ2 g

2
χLg

2
q

�
16

m2
Z0
ð4Da

001 − 4Db
001 þDa

00 −Db
00Þ þ 8ðDb

1 þDb
0Þ
�
ν̄ðp2Þi∂μγνPLνðp1ÞOq

μν

−
X

q¼u;d;s;c;b

i
ð4πÞ2 gχLgχRg

2
q

8

m2
Z0
mχðDa

11 −Db
11Þν̄ðp2Þi∂μi∂νPLνðp1ÞOq

μν; ð5Þ

where κ ¼ −4 (12) for case A (B) is a prefactor in front of the loop function Db
0 obtained after the Lorentz contraction,

p1; p2ðk1; k2Þ denote the momenta of neutrinos (quarks), and Oq
μν is the twist-2 operator for quark

Oq
μν ¼ i

2
q̄

�
∂μγν þ ∂νγμ −

1

2
gμν=∂

�
q: ð6Þ

The Passarino-Veltman functions used here and below are collected in the Appendix. Case B has additional contributions
involving the pNGB φ as shown in Figs. 1(c)–1(e). The matrix element of the one-loop box diagrams with the would-be
Goldstone mediator φ is

iMbox−φφðBÞ ¼ −
X

q¼u;d;s

i
ð4πÞ2 g

2
qgχLgχR

32m3
χm3

q

m6
Z0

ðDa
00 −Db

00Þν̄ðp2ÞPLνðp1Þq̄ðk2Þqðk1Þ

−
X

q¼u;d;s;c;b

i
ð4πÞ2 g

2
qg2χL

64m2
χm2

q

m6
Z0

ðDa
001 −Db

001Þν̄ðp2Þi∂μγνPLνðp1ÞOq
μν

−
X

q¼u;d;s;c;b

i
ð4πÞ2 g

2
qgχLgχR

32m3
χm2

q

m6
Z0

ðDa
11 −Db

11Þν̄ðp2Þi∂μi∂νPLνðp1ÞOq
μν: ð7Þ

The one-loop box diagrams of the Z0-φ mixing mediator induce the following matrix element:

iMbox−Z0φðBÞ ¼
X

q¼u;d;s

i
ð4πÞ2 g

2
qgχLgχR

32mχmq

m2
Z0

Db
00ν̄ðp2ÞPLνðp1Þq̄ðk2Þqðk1Þ: ð8Þ

The contributions of heavy quarks should be integrated out at the two-loop level and cause the effective interaction
between neutrino and gluon fields with the same order of magnitude. For heavy quarks running in two-loop diagrams in
Fig. 2, we calculate the amplitude using the Fock-Schwinger gauge [29–32] for the gluon background field in zero
momentum limit [9,14,33,34]. The complete two-loop matrix elements with two Z0 running in the loop in Fig. 2 read as
follows:

iM2 loop−Z0Z0 ¼ κ0
X
q¼c;b

i
ð4πÞ2

αs
12π

Ga
αβG

aαβg2qgχLgχRmχDb
0 ν̄ðp2ÞPLνðp1Þ; ð9Þ

where Ga
αβ is the gluon field strength tensor and κ0 ¼ −3 (13) for case A (B). The contribution from the top quark loop is

suppressed by the top quark mass, and we neglect its contribution in our numerical calculation. For case B, there is an
additional contribution from two pNGB mediators in the loop:
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iM2 loop−φφðBÞ ¼ −
X

q¼c;b;t

i
ð4πÞ2

αs
12π

Ga
αβG

aαβ 2g
2
qm2

qm3
χ

m4
Z0

gχLgχR
∂

∂m2
Z0
FGðm2

Z0 Þν̄ðp2ÞPLνðp1Þ; ð10Þ

where the FG function is also collected in the Appendix. As we adopt downphilic coupling gq, in the numerical calculation,
we neglect the two-loop diagrams dominated by the top quark contribution. For Z0-φ mixing mediators, the two-loop
contribution vanishes.
Next, we can obtain the matrix elements at nucleon level in terms of the nucleon form factors. The nucleon form factors

are defined as [35,36]

hNjmqq̄qjNi ¼ mNfNq N̄N; q ¼ u; d; s; ð11Þ

hNjmQQ̄QjNi ¼hNj−αs
12π

Ga
μνGaμνjNi ¼ 2

27
mNfNGN̄N; Q ¼ c; b; t; ð12Þ

hNjOq
μνjNi ¼ 1

mN

�
pN
μ pN

ν −
1

4
m2

Ngμν

�
ðqNð2Þ þ q̄Nð2ÞÞN̄N; q ¼ u; d; s; c; b; ð13Þ

hNjq̄γμqjNi ¼ cNq N̄γμN; cpu ¼ cnd ¼ 2; cpd ¼ cnu ¼ 1; cps ¼ cns ¼ 0; ð14Þ

for the SI interactions. The nucleon-level tree diagram of νN → χN then becomes

FIG. 2. Two-loop diagrams for effective gluon interactions with Z0 and pNGB φ mediators.
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iMN
tree ¼

X
q¼u;d;s

i
t −m2

Z0

gχLðgqL þ gqRÞ
2

cNq χ̄ðp2ÞγμPLνðp1ÞN̄ðk2ÞγμNðk1Þ þ SD

¼
� P

q¼u;d;s
cNq i

t−m2

Z0
gχLgqχ̄ðp2ÞγμPLνðp1ÞN̄ðk2ÞγμNðk1Þ; caseA

0; case B
þ SD ; ð15Þ

where SD stands for SD terms which will be omitted in the following calculation.2 The nucleon-level box diagrams for
νN → νN are

iMN
box−Z0Z0 ¼ −

i
ð4πÞ2 gχLgχRg

2
qmχ ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ

×

�
κDb

0 þ
8

m2
Z0
ðDa

00 −Db
00Þ

�� X
q¼u;d;s

mNfNq

�

þ i
ð4πÞ2 g

2
χLg

2
q
ðk1 · p1Þ

mN
ν̄ðp2Þ=k1PLνðp1ÞN̄ðk2ÞNðk1Þ

X
q¼u;d;s;c;b

ðqNð2Þ þ q̄Nð2ÞÞ

×

�
16

m2
Z0
ð4Da

001 − 4Db
001 þDa

00 −Db
00Þ þ 8ðDb

1 þDb
0Þ
�

−
i

ð4πÞ2 gχLgχRg
2
q

8

m2
Z0
mχ

ðk1 · p1Þ2
mN

ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ

× ðDa
11 −Db

11Þ
X

q¼u;d;s;c;b

ðqNð2Þ þ q̄Nð2ÞÞ; ð16Þ

iMN
box−Z0φðBÞ ¼

i
ð4πÞ2 g

2
qgχLgχR

32mχ

m2
Z0

Db
00

� X
q¼u;d;s

mNfNq

�
ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ; ð17Þ

iMN
box−φφðBÞ ¼ −

i
ð4πÞ2 g

2
qgχLgχR

32m3
χ

m6
Z0

ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1ÞðDa
00 −Db

00Þ
� X

q¼u;d;s

mNm2
qfNq

�

−
i

ð4πÞ2 g
2
qg2χL

64m2
χ

m6
Z0

ðk1 · p1Þ
mN

ν̄ðp2Þ=k1PLνðp1ÞN̄ðk2ÞNðk1Þ

× ðDa
001 −Db

001Þ
X

q¼u;d;s;c;b

m2
qðqNð2Þ þ q̄Nð2ÞÞ

−
i

ð4πÞ2 g
2
qgχLgχR

32m3
χ

m6
Z0

ðk1 · p1Þ2
mN

ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ

× ðDa
11 −Db

11Þ
X

q¼u;d;s;c;b

m2
qðqNð2Þ þ q̄Nð2ÞÞ: ð18Þ

The nonvanishing two-loop matrix elements are given by

iMN
2 loop−Z0Z0 ¼ −κ0

X
q¼c;b

i
ð4πÞ2 g

2
qgχLgχRmχ

2

27
mNfNGD

b
0 ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ; ð19Þ

with κ0 ¼ −3 (13) for case A (B) and

2In principle, the SD terms also contribute to the CEνNS process [37]. As it is highly suppressed compared with the SI terms, we will
not consider their contribution here.
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iMN
2 loop−φφðBÞ ¼

X
q¼c;b;t

i
ð4πÞ2

2g2qm2
qm3

χ

m4
Z0

gχLgχR
2

27
mNfNGFGðp2

1; m
2
χ ; m2

Z0 ; m2
qÞ

× ν̄ðp2ÞPLνðp1ÞN̄ðk2ÞNðk1Þ: ð20Þ

Since only the nuclear recoil is detected in a neutrino
scattering experiment, the total differential cross section of
CEνNS can be written as

dσ
dT

¼ dσSM
dT

þ dσtree
dT

þ dσloop
dT

; ð21Þ

where T denotes the nuclear recoil energy. The differential
cross section in the SM is given by

dσSM
dT

¼ G2
FM
2π

½ZgVp þNgVn �2F2ðQ2Þ
�
2−

MT
E2

−
2T
E

þ T2

E2

�
;

ð22Þ

where E denotes the incoming neutrino energy, Z (N) is the
number of protons (neutrons) in the target nucleus, and
gVn ¼ − 1

2
and gVp ¼ 1

2
− 2sin2θW are the SM weak couplings

with θW being the weak mixing angle. We neglect the
radiative corrections of the SM weak couplings and adopt
the above values only at tree level. Here, FðQ2Þ represents
the nuclear form factor with the moment transfer
Q2 ¼ 2MT. Since different form factor parametrizations
have negligible effect on the COHERENT spectrum
[38,39], we take the Helm parametrization [40] for the
nuclear form factor in our analysis. Also, we use a single
nuclear form factor for both the proton and neutron for
simplicity. A more precise treatment would include differ-
ent form factors for the proton and neutron considering the
large uncertainty for the neutron form factor, which is

driven by the poorly known root-mean-square radius of the
neutron density distribution [39].
From Eq. (15), the tree-level differential cross section of

νN → χN for case A is

dσtree
dT

¼ g2χLMF2ðQ2Þ
4πðm2

Z0 þ 2MTÞ2 ½ð2gu þ gdÞZþðgu þ 2gdÞN�2

×

��
2−

MT
E2

−
2T
E

þ T2

E2

�
−

m2
χ

2E2

�
1þ 2

E
M

−
T
M

��
:

ð23Þ

For case B, the tree-level differential cross section of νN →
χN is zero. Note that, in order to produce a massive fermion
χ in the scattering νN → χN, the energy of the incident
neutrinos should be larger than a minimal energy [3,4], i.e.,

E > mχ þ
m2

χ

2M
: ð24Þ

From Eqs. (16)–(20), we can write the loop-level differ-
ential cross section of νN → νN as

dσloop
dT

¼ M3

8π
F2ðQ2Þð2M þ TÞ

�
T

�
c1
ME

þ c3ME

�
2

þ c22ð2MEðE − TÞ −M2TÞ
�
; ð25Þ

where

c1 ¼ −
1

ð4πÞ2 gχLgχRmχ

�
κDb

0 þ
8

m2
Z0
ðDa

00 −Db
00Þ

� X
q¼u;d;s

g2qðZmpf
p
q þ NmnfnqÞ

− κ0
1

ð4πÞ2 gχLgχRmχ
2

27
Db

0

X
q¼c;b

g2qðZmpf
p
G þ NmnfnGÞ; ð26Þ

c2 ¼
1

ð4πÞ2 g
2
χL

�
16

m2
Z0
ð4Da

001 − 4Db
001 þDa

00 −Db
00Þ þ 8ðDb

1 þDb
0Þ
�

×
X

q¼u;d;s;c;b

g2q

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�
; ð27Þ

c3 ¼ −
1

ð4πÞ2 gχLgχR
8mχ

m2
Z0
ðDa

11 −Db
11Þ

X
q¼u;d;s;c;b

g2q

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�
; ð28Þ

for case A, and
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c1 ¼ −
1

ð4πÞ2 gχLgχRmχ

�
κDb

0 þ
8

m2
Z0
ðDa

00 −Db
00Þ

� X
q¼u;d;s

g2qðZmpf
p
q þ NmnfnqÞ

þ 1

ð4πÞ2 gχLgχR
32mχ

m2
Z0

Db
00

X
q¼u;d;s

g2qðZmpf
p
q þ NmnfnqÞ

−
1

ð4πÞ2 gχLgχR
32m3

χ

m6
Z0

ðDa
00 −Db

00Þ
X

q¼u;d;s

g2qm2
qðZmpf

p
q þ NmnfnqÞ

− κ0
1

ð4πÞ2 gχLgχRmχ
2

27
Db

0

X
q¼c;b

g2qðZmpf
p
G þ NmnfnGÞ

þ 1

ð4πÞ2 gχLgχR
m3

χ

m4
Z0

4

27

X
q¼c;b;t

g2qm2
qFGðp2

1; m
2
χ ; m2

Z0 ; m2
qÞðZmpf

p
G þ NmnfnGÞ; ð29Þ

c2 ¼
1

ð4πÞ2 g
2
χL

�
16

m2
Z0
ð4Da

001 − 4Db
001 þDa

00 −Db
00Þ þ 8ðDb

1 þDb
0Þ
�

×
X

q¼u;d;s;c;b

g2q

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�

−
1

ð4πÞ2 g
2
χL

64m2
χ

m6
Z0

ðDa
001 −Db

001Þ

×
X

q¼u;d;s;c;b

g2qm2
q

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�
; ð30Þ

c3 ¼ −
1

ð4πÞ2 gχLgχR
8mχ

m2
Z0
ðDa

11 −Db
11Þ

×
X

q¼u;d;s;c;b

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�

−
1

ð4πÞ2 gχLgχR
32m3

χ

m6
Z0

ðDa
11 −Db

11Þ

×
X

q¼u;d;s;c;b

g2qm2
q

�
Z
mp

ðqpð2Þ þ q̄pð2ÞÞ þ N
mn

ðqnð2Þ þ q̄nð2ÞÞ
�
; ð31Þ

for case B. One can see that the c1 coefficients are from
both quark and gluon scalar operators. The coefficients c2
and c3 are dependent only on the twist-2 operator. For the
nucleon form factors in SI interactions, we adopt the default
values in micrOMEGAs [41,42].
The neutrinos measured at COHERENT are generated

from the stopped pion decays and the muon decays, and
their fluxes are given by

ϕνμðEνμÞ ¼ N 0

2mπ

m2
π −m2

μ
δ

�
1 −

2Eνμmπ

m2
π −m2

μ

�
;

ϕνeðEνeÞ ¼ N 0

192

mμ

�
Eνe

mμ

�
2
�
1

2
−
Eνe

mμ

�
;

ϕν̄μðEν̄μÞ ¼ N 0

64

mμ

�
Eν̄μ

mμ

�
2
�
3

4
−
Eν̄μ

mμ

�
; ð32Þ

where the normalization factor N 0 ¼ rtNPOT
4πL2 with r ¼ 0.08

being the number of neutrinos per flavor produced per
proton collision, t the number of years of data collection,
NPOT ¼ 2.1 × 1023 the total number of protons on target
per year, and L the distance between the source and the
detector [1]. The νμ component is produced from the
stopped pion decays, πþ → μþ þ νμ, with a monoenergetic
flux at ðm2

π −m2
μÞ=ð2mπÞ ≃ 30 MeV. The ν̄μ and νe com-

ponents are produced from the subsequent muon decays,
μþ → eþ þ ν̄μ þ νe, with a kinematic upper bound at
mμ=2 ≃ 53 MeV. The presence of χ-neutrino interaction
will modify the COHERENT spectrum, which can be seen
in Fig. 3. We select two benchmark points to illustrate the
effects of modified spectra:

(i) case A.—mχ ¼ 10 MeV, mZ0 ¼ 100 MeV, and
gχgq ¼ 5.0 × 10−8, and
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(ii) case B.—mχ ¼ 100 MeV, mZ0 ¼ 1000 MeV,
and gχgq ¼ 5.0 × 10−4.

Here, we assume gχL ¼ gχR ¼ gχ . For these two sets of
parameters, we fix mZ0 ¼ 10mχ for illustration and choose
either mχ < 53 MeV or mχ > 53 MeV to exhibit the two
regions where the loop contribution is significant or not. In
case A, the modification to the SM spectrum is dominated
by the tree-level scattering process νN → χN, and the loop-
level contribution can be neglected due to the small
coupling constants. In case B, the tree-level process is
kinematically forbidden for mχ ≳ 53 MeV, and the modi-
fication to the SM spectrum is induced only by the loop-
level diagrams.

IV. NUMERICAL RESULTS

A. Constraints

The simplified neutrino model can be constrained by the
invisible rare decays such as Kþ → πþ þ invisible via
flavor-changing neutral currents [43]. This rare decay
process was recently measured by the NA62 experiment
at CERN [44]. The actual calculation of the decay rate
would suffer from a problem of UV divergence due to the
fact that the simplified model here is not gauge invariant
[12,43]. The reliable estimate of the flavor observable relies
on the UV completion realization. As theK → π transitions
are induced by flavor-changing neutral currents, they set
stringent constraints on gq coupling for up-type quarks
[5,25]. We, thus, assume nonuniversal gq couplings for up-
type and down-type quarks and neglect the up-type quark
coupling in the following calculations. The UV problem
does not affect our assumption of the couplings below and
the corresponding conclusions.
Another constraint on the model is the effective number

of relativistic neutrino species Neff in the early Universe,
where Neff is defined by

Neff ¼
8

7

�
11

4

�
3
�
ρrad − ργ

ργ

�
ð33Þ

with ρrad and ργ being the total radiation and photon energy
densities, respectively. Considering the neutrino decoupling
in the minimal SM, one has NSM

eff ¼ 3.043–3.045 [45–49].
Deviation from the SM prediction can be measured by
cosmic microwave background (CMB) observations, and the
CMB stage IVexperiments are expected to reach a precision
of ΔN ¼ Neff − NSM

eff ∼ 0.03 [50,51] in the future. In our
model, the thermal history of active neutrinos might be
modified by the portal-like interaction in Eq. (3), depending
on parameter settings of the new coupling andmasses of new
species. For mχ ; mZ0 ≫ Oð1Þ MeV, new species already
decay away at the time of neutrino decoupling, and any
deviation from the NSM

eff will be washed out by weak
interactions, since neutrinos are still in thermal equilibrium
with the photon and electron at time of decays. Alternatively,
if mχ ; mZ0 ≤ Oð1Þ MeV, NSM

eff can be modified by the new
interaction. For mZ0 < mχ, Z0 can be taken as dark radiation
if it is superlight, or it can directly decay into SM radiations,
both of which contribute to the Neff . This effect has been
widely studied by X boson in explaining the Hubble tension
problem [27,52,53]. For mχ < mZ0, χ may be produced in
the early Universe either by neutrino oscillation via the
Dodelson-Widrow mechanism [54] or by the annihilation of
SM quarks. Then it decays into active neutrinos and photons,
resulting in the deviation of Neff from its SM value.
However, this parameter space is not favored by CEνNS,
as can be seen from Fig. 4 in Sec. IV, and χ is similar to a
short-lived feebly interacting massive particle [55] in this
case. One more interesting scenario is that χ is a long-lived
particle and serves as a decaying dark matter. The Hubble
tension problem can be partially solved [53] in this case, but
the contribution of new gauge interaction to CEνNS will be
heavily suppressed because gχ will be negligibly small.
Since we mainly focus on CEνNS in this project, a
systematic study of the impact of this model to Neff is
beyond the reach of this paper and will be presented in a
future work.

B. Results

We evaluate the statistical significance of new physics
beyond the SM by defining

χ2 ¼
X15
i¼4

�
Ni

meas − Ni
thð1þ αÞ − Bonð1þ βÞ

σistat

�
2

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

; ð34Þ

where Ni
meas and Ni

th are the numbers of measured and
predicted events per energy bin, respectively. Here, α (β) is
the nuisance parameter for the signal rate (the beam-on
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FIG. 3. The expected CEνNS residual event as a function of the
number of photoelectrons at COHERENT. The black solid lines
correspond to the SM case, and the red dotted (blue dashed) lines
correspond to case A (B) with mχ ¼ 10 MeV, mZ0 ¼ 100 MeV,
and gχgq ¼ 5.0 × 10−8 (mχ ¼ 100 MeV, mZ0 ¼ 1000 MeV, and
gχgq ¼ 5.0 × 10−4). Here, we assume gχL ¼ gχR ¼ gχ .
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background) with an uncertainty of σα ¼ 0.28 (σβ ¼ 0.25)
[1]. The statistical uncertainty per energy bin is given by
σistat ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ni

meas þ 2Bi
SS þ Bi

on

p
with Bi

SS being the steady-
state background from the anticoincident data and Bi

on the
beam-on background mainly from prompt neutrons [56].
To obtain the bounds on the simplified neutrino model,

we first set gχL ¼ gχR ¼ gχ and mZ0 ¼ 10mχ or 2mχ for
both cases A and B and scan over possible values of the
product of the coefficients gχgq for a given mχ . We choose
one Z0 much heavier than χ and the other Z0 mass closer to
mχ for illustration. We expect the loop diagrams to place a
more substantial contribution to the CEνNS process for the
latter case. The 90% C.L. upper bounds on gχgq as a
function of mχ are shown in Fig. 4. As we see from the top
left panel in Fig. 4, for mχ ≲ 53 MeV in case A, the
scattering is dominated by the tree-level process νN → χN,
and the upper bounds on gχgq can reach as small as 6.7 ×
10−9 at mχ ¼ 1 MeV for mZ0 ¼ 10mχ. The bounds become
flat in small mχ region, which can be understood from
Eq. (23), since for small mχ and mZ0 the tree-level process
will be sensitive to only the coupling constants. For
mχ ≳ 53 MeV, however, the tree-level process νN → χN
is kinematically forbidden, and the relatively weaker

bounds are entirely from the loop contributions. Thus,
one can see a kink around mχ ≃ 53 MeV. From the left
panels in Fig. 4 to the right panels, in general, the bounds
become stronger as the mediator mass mZ0 decreases. Also,
from the top right panel in Fig. 4, we see that, for
mZ0 ¼ 2mχ , the loop-level process becomes comparable
to the tree-level process for small mχ , which gives a kink
around mχ ≃ 2 MeV. The upper bounds on gχgq can reach
as small as 1.5 × 10−9 at mχ ¼ 1 MeV for mZ0 ¼ 2mχ.
We also show the 90% C.L. upper bounds on gχgq as a

function ofmχ for case B in the bottom panels in Fig. 4. The
results are shown in the bottom left and right panels in
Fig. 4 for mZ0 ¼ 10mχ and mZ0 ¼ 2mχ , respectively. From
Eq. (15), one can see that the tree-level process in case B
has no SI terms and the bounds for CEνNS are determined
only by the loop-level contributions. Unlike case A with
pure vector mediator Z0, case B is induced by axial-vector
current between Z0 and the SM quarks and has additional
contributions from pNGB φ in loop diagrams. The loop-
level constraints on the couplings are, thus, stronger than
those in case A. Formχ ≃ 53 MeV in case B, the pure loop-
level contribution constrains gχgq at the level of 10−5 (10−6)
for mZ0 ¼ 10mχ (2mχ). For the small mχ region, compared

FIG. 4. The 90% C.L. upper bounds on gχgq as a function of the mass mχ from COHERENT. We assume gχL ¼ gχR ¼ gχ , gqL ¼
gqR ¼ gq (top panels, case A), or gqL ¼ −gqR ¼ gq (bottom panels, case B) and mZ0 ¼ 10mχ (left) or mZ0 ¼ 2mχ (right).
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with the tree-level process in case A, the loop diagrams
have stronger dependence on mχ as expected.

V. CONCLUSIONS

We investigate the general neutrino interactions with an
exotic fermion χ and a vector mediator in light of coherent
neutrino-nucleus scattering. We consider the framework
of a simplified neutrino model in which a new Dirac
fermion χ interacts with active neutrinos and a leptopho-
bic vector mediator Z0. The chiral couplings between the
mediator and the new fermion χ (the SM quarks) are
parametrized by gχL and gχR (gqL and gqR). At tree level,
the new fermion χ can be produced through the inelastic
scattering process νN → χN. We also include the loop-
level contributions to the CEνNS process νN → νN with
the new fermion χ running in the loop diagrams. For the
choice of chiral couplings in the quark sector gqL ¼ gqR
ðgqL ¼ −gqRÞ, the CEνNS processes are dominated by the
tree-level (loop-level) contribution. The COHERENT data
are applied to place constraints on the couplings and the
mass of fermion χ. We summarize our main conclusions in
the following.

(i) For the case of gqL ¼ gqR ¼ gq with vector current in
the quark sector, the scattering is mostly dominated by
the tree-level process νN → χN for mχ ≲ 53 MeV,
and the upper bounds on gχgq can reach as small as
6.7 × 10−9 (1.5 × 10−9) at mχ ¼ 1 MeV for mZ0 ¼
10mχ (2mχ). For mχ ≳ 53 MeV, the bounds entirely
come from the loop process νN → νN and are
relatively weaker.

(ii) For the case of gqL ¼ −gqR with axial-vector
current, the bounds for CEνNS are induced only

by the loop-level contributions. For mχ ≃ 53 MeV
in this case, the pure loop-level contribution con-
strains gχgq at the level of 10−5 (10−6) for mZ0 ¼
10mχ (2mχ).
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APPENDIX: LOOP DIAGRAM CALCULATION

The Passarino-Veltman functions for the one-loop box
diagrams are defined as

Db
0 ≡D0½p2

1; p
2
1; 0; 0; 0; p
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1; 0; m
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χ ; m2
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Z0 �
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; ðA1Þ
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The FG function for the two-loop diagrams with two pNGB φ mediators in case B is
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and
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