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1 Introduction

Despite being the most elusive Standard Model (SM) particles, neutrinos have been de-

tected in a number of charged- and neutral-current processes. The recent measurement [1]

of coherent elastic neutrino-nucleus scattering (CEνNS) [2–4] yields a novel channel where,

for the first time, the interaction of low energy neutrinos with nuclei as a whole is probed.

This serves not only as a handle to probe SM and nuclear physics parameters, but also as

a robust probe of new physics. In particular, light sterile neutrinos [5–7], non-standard in-

teractions of both quarks and leptons [8–16] as well as neutrino magnetic moments [17, 18]

can be searched for.

The basic requirement for the coherent neutrino-nucleus scattering is the smallness of

the momentum transfer. Namely, in case it exceeds the inverse size of the nucleus, one can

in principle determine on which nucleon the scattering occurred and this is what breaks

the coherence. It is also important that the quantum state of the nucleus does not alter

in the scattering because, otherwise, the nuclear excitations in such processes would allow

individual nucleons to be tagged which would again directly break the condition for the

coherent scattering [19].

On the other hand, the production of new light particles does not a priori violate the

coherence as long as the above conditions for nuclei are satisfied. Hence, in this work we

explore an interesting new possibility for coherent elastic scattering process, namely

νN → χN .

Here a light MeV-scale fermion (dubbed χ) is produced from the interaction of the incoming

neutrino ν with a nucleus N . We are interested, given the lack of evidence for new physics
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at high energy, in MeV-scale particles as this is the typical energy scale of CEνNS, where

naturally the most interesting phenomenology arises.

Assuming in a minimal setup that the interaction of the new fermion χ with neutrinos

and quarks is mediated by a scalar singlet S, we derive limits on the masses of χ and S and

their coupling to neutrinos and the nucleus. Existing and expected data from the running

experiments COHERENT [1] and CONUS [20] is used, and the results are compared to

existing terrestrial and astrophysical limits. In the near future, other upcoming experi-

ments including ν-cleus [21], CONNIE [22], MINER [23], TEXONO [24], νGEN [25] and

Ricochet [26] will also be able to measure the CEνNS process.

Any new fermion that couples to light neutrinos needs to be considered regarding

its role in the generation of neutrino mass, and we demonstrate that a straightforward

extension of the type-I seesaw mechanism can indeed generate the observable magnitude of

neutrino masses, as well as be testable in CEνNS. Moreover, any new particle beyond the

Standard Model is an attractive candidate for dark matter (DM), therefore we investigate in

such a setup whether χ can be such a popular MeV-scale DM candidate (see e.g. refs. [27–32]

for recent studies). We find that for the size of the couplings to which CEνNS experiments

are sensitive, the DM abundance can match the observed value in case there was an entropy

injection episode between the QCD phase transition and Big Bang Nucleosynthesis (BBN).

The paper is organized as follows. In section 2 we derive bounds on the relevant

couplings and masses within our framework of νN → χN coherent scattering without

restricting the discussion to a specific model. We also obtain the corresponding recoil

spectra of N in case a massive particle χ is emitted in the final state. In section 3 we

discuss a minimal UV-complete setup in which the MeV-scale χ is related to neutrino mass

generation. Section 4 is devoted to the assumption that χ is the DM particle, in which we

scrutinize its production in the early Universe. Finally, in section 5 we conclude.

2 Probing MeV-scale particle in CEνNS

In this section we investigate the phenomenological aspects of νN → χN coherent scatter-

ing by assuming only the following interaction

L ⊃ yχχ̄Sν + yN N̄SN , (2.1)

where yχ and yN parametrize the strength of the Yukawa interaction of a mediator particle

S with ν-χ and the nucleus, respectively. In principle, the mediator for a 2 → 2 process

with fermions on the external legs can be a scalar or vector boson; we will consider scalar

mediators here, though the discussion in section 2.1 is independent on this. Furthermore, we

do not require significant mixing between active neutrinos and χ for coherent scattering,

and hence the exchange of SM gauge bosons is suppressed. Model building options for

generating interactions of a scalar singlet S with quarks, and hence eventually nuclei, are

presented for instance in ref. [14]. The process under our consideration is shown in a

diagrammatic form in figure 1.
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Figure 1. Feynman diagram for νN → χN coherent scattering mediated by a scalar S. The blob

represents the (possibly effective, see section 3.1) ν-S-χ vertex.

2.1 Prerequisites for obtaining the cross sections

Due to the mass of χ, the process νN → χN has different kinematics than CEνNS. Hence,

as a starting point, we derive some relations for the kinematics of this process that will be

used throughout the paper. The notation of various quantities is given as follows:

− pµ1 and pµ2 denote the initial 4-momenta of the neutrino and the nucleus, respectively;

− kµ1 and kµ2 denote the final 4-momenta of χ and the nucleus, respectively;

− qµ ≡ kµ2 − pµ2 = pµ1 − kµ1 denotes the momentum transfer in the scattering process;

− M , mχ, and mS denote the masses of the nucleus, χ, and the mediator S, respectively;

− Eν is the energy of the incoming neutrino;

− T denotes the recoil energy of the nucleus, and p =
√

(M + T )2 −M2 is the recoil

momentum;

− θ is the angle of the outgoing nucleus with respect to the incoming neutrino; i.e. the

angle between k2 and p1.

Using the above notations, we can explicitly express the 4-momenta:

pµ1 = (Eν , Eν , 0, 0) , (2.2a)

pµ2 = (M, 0, 0, 0) , kµ2 = (M + T, p cos θ, p sin θ, 0) , (2.2b)

qµ ≡ kµ2 − pµ2 = (T, p cos θ, p sin θ, 0) . (2.2c)
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Figure 2. Relation between cos θ and T . This figure is produced according to eq. (2.5) with

M = 72.6 GeV (i.e. a Germanium detector) and Eν = 5 MeV. The case mχ = 0 has the same

kinematics as the standard coherent elastic neutrino-nucleon scattering.

When computing the cross section, scalar products of the external momenta (e.g. p1 · p2,

p1 · k1, p2 · k2, etc.) will be used. All scalar products of pµ1 , pµ2 and qµ (kµ1 and kµ2 can be

expressed in terms of these three 4-momenta) read:

p2
1 = 0 , p2

2 = M2 , q2 = −2MT ,

p1 · p2 = MEν , p1 · q = −MT −m2
χ/2 , p2 · q = MT . (2.3)

We obtained q2 by squaring both sides of qµ ≡ kµ2 − pµ2 and using eq. (2.2b):

q2 = k2
2 + p2

2 − 2k2.p2 = 2M2 − 2M(M + T ) = −2MT.

Applying the same to pµ2 + qµ = kµ2 and pµ1 − qµ = kµ1 and using q2 = −2MT , we obtained

p2 · q and p1 · q given in eq. (2.3).

One can also use the explicit forms of pµ1 , pµ2 and qµ in eqs. (2.2a)–(2.2c) to compute

these scalar products directly, e.g.,

p1 · q = EνT − Eν
√

(M + T )2 −M2 cos θ . (2.4)

We can compare this result with eq. (2.3) and obtain

cos θ =
EνT +MT +m2

χ/2

Eν
√

(M + T )2 −M2
, (2.5)

which reveals the relation between θ and T . In figure 2 we plot the relation for some specific

values of mχ in order to illustrate how cos θ varies with T . Typically (for nonzero mχ) cos θ

as a function of T has a minimum corresponding to the maximal scattering angle θmax.

By solving d cos θ/dT = 0 we obtain

cos θmax =
mχ

√
4M (Eν +M)−m2

χ

2MEν
, Tθmax =

Mm2
χ

2MEν −m2
χ + 2M2

. (2.6)
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For T > Tθmax (T < Tθmax), cos θ increases (decreases) with T . Therefore, cos θ should be

in the range

cos θmax ≤ cos θ ≤ 1 , (2.7)

and due to the upper bound, T can reach values in the range

Tmin ≤ T ≤ Tmax , (2.8)

where Tmin and Tmax are determined by setting the left-hand side of eq. (2.5) to 1 and

solving the equation with respect to T . The solutions are

Tmin/max =
2ME2

ν −m2
χ (Eν +M)∓ Eν

√
4M2E2

ν − 4Mm2
χ (Eν +M) +m4

χ

2M (2Eν +M)
. (2.9)

One can check that eq. (2.9) has the following massless limit

lim
mχ→0

(Tmin, Tmax) =

(
0,

2E2
ν

M + 2Eν

)
, (2.10)

which is consistent with the standard results of coherent elastic neutrino scattering.

Another important quantity is the minimal neutrino energy Emin
ν necessary to create

a massive particle χ:

Emin
ν = mχ +

m2
χ

2M
, (2.11)

which is obtained by solving Tmin = Tmax. If Eν is lower than Emin
ν , χ cannot be produced

in the scattering. In the limit when χ can just be produced, we have

lim
Eν→Emin

ν

Tmin = lim
Eν→Emin

ν

Tmax =
m2
χ

2(M +mχ)
. (2.12)

An interesting difference between the cases of massive and massless χ occurs at Tmin.

From eq. (2.5) one can obtain

T → Tmin =⇒ cos θ →
{

1, for mχ 6= 0 ,

0, for mχ = 0 ,
(2.13)

which implies that in the minimal recoil limit for massive χ the nucleus after scattering

moves along the same direction as the incoming neutrino (θ = 0), while for massless χ it

moves in the perpendicular direction (θ = 90◦).
We would like to clarify here that we are discussing T approaching Tmin instead of

being exactly equal to Tmin, because for mχ = 0, according to eq. (2.10), Tmin is exactly

zero. If T = Tmin = 0, strictly speaking, cos θ is not well defined because it implies that

the nucleus after scattering stays at rest. If T is approaching Tmin but remains nonzero,

then cos θ indeed is very close to zero for mχ = 0. For T fixed at a very small but nonzero

value, when mχ increases from zero to nonzero values, cos θ will rise steeply (depending

on the smallness of T ) to 1 — as shown in figure 2. Therefore there is no inconsistency

in the minimal recoil limit of mχ = 0 and mχ 6= 0. Although the T - cos θ relation in the

minimal recoil limit is very sensitive to small mχ, experimentally it is difficult to observe

this behavior due to rather small recoil energies.
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2.2 Cross sections

The exchanged scalar S is generally assumed to be massive with its mass denoted by mS .

We evaluate the cross section without assuming m2
S � q2 or m2

S � q2. The heavy/light

mass limits will be discussed below.

From the Feynman diagram in figure 1 and the relevant Lagrangian (2.1), one can

straightforwardly write down the scattering amplitudes for (anti)neutrino initial state

iM(νN → χN) = ūs
′
(k1) (iyχ)PLu

s(p1)
−i

q2 −m2
ūr

′
(k2) (iyN )ur(p2) , (2.14)

iM(ν̄N → χ̄N) = v̄s(p1)PR (iyχ) vs
′
(k1)

−i
q2 −m2

ūr
′
(k2) (iyN )ur(p2) , (2.15)

where spinor superscripts denote spin and we have inserted the left-/right-handed pro-

jectors PL ≡ (1 − γ5)/2 and PR ≡ (1 + γ5)/2 since the neutrino sources can only emit

left-handed neutrinos or right-handed antineutrinos. Using FeynCalc [33, 34] we compute

|iM|2 for both cases. The result is identical for both neutrino and antineutrino scattering,

namely

|iM|2 =
8E2

νM
2y4(

2MT +m2
S

)2 K , (2.16)

with the combined coupling constant

y4 = y2
χy

2
N . (2.17)

The dimensionless quantity K is typically O(1) and reads

K =

(
1 +

T

2M

)(
MT

E2
ν

+
m2
χ

2E2
ν

)
. (2.18)

We will in what follows set limits using experiments with different nuclear targets. To

reduce the dependence of the limits on the type of the nucleus we define

ȳ ≡ y√
A
, (2.19)

where A is the nucleon number (sum of neutron and proton numbers). Since
√
A has been

factored out, ȳ has little dependence on the type of nuclei. For example, for Ge and CsI

detectors we obtain1

ȳ ≈


√∣∣(0.56yn + 0.44yp)yχ

∣∣ (for Ge target) ,√∣∣(0.58yn + 0.42yp)yχ
∣∣ (for CsI target) ,

(2.20)

where the Yukawa couplings of the scalar S to neutrons and protons are denoted with yn and

yp respectively. Clearly, ȳ for Ge (employed at the CONUS experiment) is approximately

the same as ȳ for CsI (currently employed at the COHERENT experiment).

1See section II.C of ref. [14], where the conversion from yn and yp to more fundamental quark Yukawa

couplings is discussed.
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The differential cross section, according to eq. (2.16), reads

dσ

dT
=
|iM|2

32πME2
ν

=
Mȳ4

4πA2
(
2MT +m2

S

)2K . (2.21)

One can straightforwardly check that in the limit m2
χ → 0 the result in eq. (2.21) is

consistent with the standard cross section of elastic neutrino scattering [1].

2.3 Signals and constraints

Now let us study the signal of our new fermion χ in CEνNS experiments. We will focus

on two experiments, namely COHERENT [1] and CONUS [20]. For the former, we will

present the limits on the relevant parameters in νN → χN scattering based on the recent

data release, whereas for the latter experiment we obtain sensitivities.

The COHERENT experiment is based on neutrino emission from the Spallation Neu-

tron Source at Oak Ridge National Laboratory. A crystal scintillator detector with 14.6 kg

CsI was used in its recent measurement of CEνNS and the SM signal has been observed

with 6.7σ confidence. The neutrinos are produced via π+ decay (π+ → µ+ +νµ) and subse-

quently µ+ decay (µ+ → e+ + ν̄µ+νe). In this experiment, both π+ and µ+ approximately

decay at rest, which allows us to obtain the analytical expressions for neutrino spectra [35]

φνµ(Eν) = φ0 δ (Eν − Eν0) , with Eν0 =
m2
π −m2

µ

2mπ
≈ 29.8 MeV, (2.22)

φν̄µ(Eν) = φ0
64E2

ν

m3
µ

(
3

4
− Eν
mµ

)
, (Eν < mµ/2) , (2.23)

φνe(Eν) = φ0
192E2

ν

m3
µ

(
1

2
− Eν
mµ

)
, (Eν < mµ/2) , (2.24)

which contains a monochromatic component φνµ (i.e. all νµ have the same energy Eν0).

The CONUS experiment measures CEνNS of reactor neutrinos (ν̄e) from a 3.9 GW

nuclear power plant in Brokdorf, Germany. The detector is a Germanium semiconductor

containing 4 kg of natural Ge (A = 72.6 in average), which is set at a distance of 17 meters

from the reactor. To compute the event rates we adopt the reactor neutrino flux computed

in [36, 37] and normalize the total flux to 2.5 × 1013 s−1 cm−2. CONUS data taking has

started in April 2018 and recently a preliminary 2.4σ statistical significance for observing

the process was announced [20].

The event numbers in both experiments can be computed in the following way: in the

i-th recoil energy bin (Ti < T < Ti + ∆T ), the total event number2 Ni consists of the SM

contribution NSM
i and the new physics contribution Nnew

i , i.e.

Ni = NSM
i +Nnew

i , (2.25)

2In COHERENT experiment there are 3 neutrino species (see eqs. (2.22), (2.23) and (2.24)). In that

case the total event rate is obtained by summing individual contributions from the three species.
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which are computed by

NSM
i = ∆tNnucleus

∫ Ti+∆T

Ti

dT

∫
dEν φ(Eν)× dσSM

dT
(T, Eν)×ΘSM (T, Eν) , (2.26)

Nnew
i = ∆tNnucleus

∫ Ti+∆T

Ti

dT

∫
dEν φ(Eν)× dσnew

dT
(T, Eν)×Θnew (T, Eν) , (2.27)

where

ΘSM (T, Eν) ≡
{

1 0 < T < T SM
max(Eν) ,

0 otherwise ,

Θnew (T, Eν) ≡
{

1 Tmin(Eν) < T < Tmax(Eν) ,

0 otherwise .
(2.28)

Here φ is the neutrino spectrum, Nnucleus is the number of nuclei in the detector and t

is the data taking period. The explicit expressions of T SM
max, Tmin and Tmax are given in

eqs. (2.10) and (2.9). We note that we have included a form factor F (q2) in the cross section

for the COHERENT experiment, where we take the parametrization given in ref. [38], see

figure 1(a) therein. For the CsI detectors used in COHERENT, since the atomic number of

Xe (54) is between Cs (55) and I (53), it is a good approximation to use the Xe form factor

for both Cs and I. For reactor neutrinos, we can set F (q2) = 1 due to the low recoil energy.

Using the above equations, we can compute the event numbers and study the signal

of new physics in these two experiments. In figure 3, we present the event distributions

for several choices of (ȳ, mχ, mS) parameters together with the ratio of Ni/N
SM
i for

both CONUS (left) and COHERENT (right). We selectively choose several values for mχ

(0 MeV and 3 MeV for CONUS; 3 MeV and 30 MeV for COHERENT) to illustrate the effect

of mχ on CEνNS. Light and heavy mediator cases have been illustrated by considering

both mS = 0 MeV and mS = 100 MeV. The kinks of the red and blue curves appearing in

the right panel at T ≈ 14 keV are caused by the monochromatic φνµ in COHERENT. The

green and black curves correspond to mχ = 30 MeV. Since the monochromatic νµ neutrinos

of 29.8 MeV energy do not have sufficient energy to produce χ there are no similar kinks

in these two curves.

By comparing Ni with the observed event numbers we can obtain the constraints on

the χ coupling to neutrinos and nuclei. For COHERENT, the observed event numbers

have been published in ref. [1] which can be used directly in our data fitting procedure.

The recoil threshold in COHERENT is controlled by the signal acceptance fraction (see

figure S9 of ref. [1]) which drops down quickly when the number of photoelectrons nPE

(nPE ≈ 1.17T/keV) is less than 20, and approximately vanishes when nPE < 5. Therefore,

in fitting the COHERENT data we import the signal acceptance fraction directly instead

of setting a distinct threshold. The systematic and statistical uncertainties have been

combined and provided in figure 3 of ref. [1], and are employed directly in our data fitting.

The CONUS data has not been published, and hence we assume that their findings will

be compatible with the SM prediction after 1 year of data taking with a 4 kg detector (thus

– 8 –



J
H
E
P
1
2
(
2
0
1
8
)
0
2
4

1.0

1.1

1.2
N
i/
N

S
M

i
SM+(7.0e-6, 0 MeV, 0)

SM+(7.0e-6, 3 MeV, 0)

SM+(5.0e-5, 0 MeV, 100 MeV)

SM+(7.0e-5, 3 MeV, 100 MeV)

0.5 1.0 1.5
Recoil energy T/keV

0

N
S

M
i CONUS

1.0

1.1

1.2

N
i/
N

S
M

i

SM+(5.3e-5, 3 MeV, 0)

SM+(5.3e-5, 30 MeV, 0)

SM+(7.5e-5, 3 MeV, 100 MeV)

SM+(1.2e-4, 30 MeV, 100 MeV)

10 20 30 40
Recoil energy T/keV

0

N
S

M
i COHERENT

Figure 3. Event distributions and spectrum distortions due to the new channel (νN → χN) in

CONUS (left) and COHERENT (right). NSM
i and Ni are the event numbers for SM-only and SM

plus new physics, respectively. In the upper panels the ratio of the total and SM-only event rate is

shown with the corresponding (ȳ, mχ, mS) indicated in the parentheses. In the lower panels we

indicate the recoil spectrum of the SM process in arbitrary units.

1 year × 4 kg exposure). This allows us to compute sensitivity of CONUS on the production

of χ. More explicitly, we adopt the following χ2-function comparing Ni with NSM
i :

χ2 =
∑
i

[(1 + a)Ni −NSM
i ]2

σ2
stat,i + σ2

sys,i

+
a2

σ2
a

, (2.29)

σstat,i =
√
Ni +Nbkg, i, σsys,i = σf (Ni +Nbkg, i) . (2.30)

Here 1 + a is a rescaling factor with an uncertainty σa = 2% which mainly comes from the

overall uncertainty of the neutrino flux. In addition, other systematic uncertainties may

change the shape of the event spectrum, which is parametrized by σf and assumed to be

1%. The flux uncertainties used here are somewhat optimistic. According to the previous

theoretical calculations [36, 37, 39], the flux uncertainty at 5 MeV is about 3%. In the

next few years, both the theoretical understanding and experimental measurements will

be considerably improved [40–42] so that the flux will be determined more precisely. The

background Nbkg, i in each bin is 1 count/(day · keV · kg). For the nucleus recoil threshold

we take 1.2 keV.

The results are presented in figure 4 where we show the constraints in the ȳ − mS

plane (with mχ fixed) and the ȳ −mχ plane (with mS fixed). In the ȳ −mS panels, the

bounds are almost flat when mS < 2 MeV (CONUS) or mS < 10 MeV (COHERENT),

which can be understood from eq. (2.21) where, for small mS , 2MT dominates over m2
S in

the denominator. Similarly, in the ȳ−mχ plots, the bounds are also approximately flat for

small mχ which can be understood from the K factor in eq. (2.18). However, the large mass

behaviors are different for mχ and mS . As shown in the left panels of figure 4, the curves

are approximatively linear for large mS because in this case the cross section is proportional

to (ȳ/mS)4. On the other hand, large mχ can only be constrained by the events with high

Eν . If mχ is larger than the maximal value of Eν of the neutrino flux, then there will be no

constraint at all because neutrinos do not have sufficient energy to produce χ. For reactor
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Figure 4. Constraints (with 90% C.L.) of CONUS (upper panels) and COHERENT (lower panels)

in ȳ −mS (left panels) and ȳ −mχ (right panels) parameter space.

neutrinos, the event rate above 6 MeV is essentially too low to have a significant impact

and hence the sensitivity to the new physics scenario diminishes. Therefore, the CONUS

curves in the right panel rise up quickly around 6 MeV. For COHERENT, the maximal

Eν is about 53 MeV (half of mµ) but, unlike in CONUS, the flux is not suppressed when

Eν is approaching 53 MeV, so the curves do not rise so quickly when mχ is close to the

maximal Eν .

In the future, the measurement of CEνNS will be significantly improved by lower

thresholds, larger fiducial masses, and longer exposure times, etc. For reactor neutrinos,

lower thresholds can increase the statistics drastically because the current threshold actu-

ally only allows CONUS to measure the high energy tail of the reactor neutrino flux. For

COHERENT, using lower threshold detectors will not improve the measurement signifi-

cantly. This is because, unlike reactor neutrinos, the majority of the neutrinos produced

by µ+ or π+ decays are not in the low-energy region — see figure 3 for comparison. Conse-

quently, lower thresholds for COHERENT cannot enhance the event numbers considerably

and thus cannot improve the sensitivity significantly. We will consider here the following

two benchmark configurations to illustrate the future sensitivities of CEνNS experiments.

The first one is running CONUS for 5 years with 100 kg Ge, and a considerably improved

threshold down to 0.1 keV. In addition, the theoretical uncertainties of reactor neutrino

flux are assumed to be reduced by a factor of 2. The second is (instead of doing a very
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Figure 5. Future sensitivities of CONUS (5 yr × 100 kg exposure, 0.1 keV threshold) and CO-

HERENT (statistics × 100) on the benchmark mχ = 5 MeV. For more details about the future

configurations, see the text.

detailled study of various other detectors and target materials that are planed [43]) increas-

ing the statistics of COHERENT by a factor of 100, which could be achieved by, e.g., a 20

times larger fiducial mass with 5 times longer exposure. The systematic uncertainties are

correspondingly reduced so that we assume the overall uncertainty is reduced by a factor of√
100 = 10. In figure 5, we show the sensitivities of these two future experiments together

with their current constraints/sensitivities. Here, mχ is set at 5 MeV as a benchmark value.

Let us now discuss other limits on the scenario under study. Regarding CEνNS,

aspects of light scalars coupling to neutrinos and nuclei were explored in ref. [14]. Since

in our framework a massive MeV-scale fermion χ is involved, most limits are expected to

be weaker than the ones collected in ref. [14], where only couplings to nuclei and light

neutrinos were considered. It is in addition more complicated to obtain precise limits, so

we focus here on giving reasonably robust estimates. It was found in ref. [14] that all limits

from terrestrial experiments, e.g. n-Pb scattering and meson decay experiments, are weaker

than the bound from COHERENT as well as the CONUS sensitivity. BBN constraints,

however, are relevant for O(1) MeV-scale S, and thus the mS = 0 curves in figure 4 should

be interpreted as an illustration to show the strength of the limit in the small mass regime.

When considering the χ density evolution in the early Universe (see section 4), we will

actually take mS ≈ 10− 100 MeV.

We should also mention limits from Supernova 1987A. If efficiently produced, the light

states can carry a significant amount of energy from the Supernova core. In such case, the

amount of energy carried by active neutrinos would be too small to match the observation

of Supernova 1987A and hence a limit can be set. The leading process for the production

of S is νν → SS via t-channel χ exchange and it is suppressed by the fourth power of

the small coupling yχ. As χ is concerned, in ref. [44] the authors presented, within a

specific model, that the cross section for scattering of a new light fermion on protons and

electrons is constrained by Supernova 1987A cooling arguments to values comparable to

the corresponding cross sections for neutrinos. This can be understood as follows: if a

novel fermion acts as a fourth neutrino species inside of the star, it will carry away energy
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comparable to the one carried away by the individual active neutrino species. This suggests

that ∼ 25% of the energy budget would be carried away by χ. Given the astrophysical

uncertainties associated to Supernova 1987A, exotic particles can carry away up to 50%

of the total energy of the collapse [45, 46]. This corresponds again roughly to a new

cross section of similar magnitude as the SM one. The reachable parameter values from

figure 4 fulfill this constraint. Hence, we infer that the cooling arguments are not excluding

the relevant parameter space. Finally, note that χ, being an MeV-scale particle, can not

be resonantly produced through an MSW effect [47–49]. Such effect is very relevant for

keV-scale particles for which strong limits can be derived [50].

3 χ and neutrino mass generation

In this section we will discuss the possible connection of the new fermion χ to neutrino

mass generation. Any fermion that couples to light active neutrinos must be investigated

with regard to its contribution to neutrino mass.

Let us first discuss the nature of the scalar S that appears in our framework. Given

our preference for light S, such construction is not achievable with representations higher

than singlets. Namely, S can obviously not be the SM Higgs due to its tiny couplings with

u and d quark as well as its heavy mass which would further suppress the strength of the

CEνNS process. If we replace the SM Higgs by a novel Higgs doublet Φ with possibly

larger couplings to quarks (and hence nuclei), we face the problem of a neccessary huge

mass splitting between the light neutral component and the charged ones, which have not

been seen. An option would be to consider the following gauge invariant 5-dimensional

operator in the effective theory formalism

L ⊃ 1

Λ
(Sχ̄)

(
H̃†L

)
+ h.c., (3.1)

with singlets S and χ, where Λ represents the scale of new physics. After electroweak

symmetry breaking this operator yields an interaction term

v

Λ
Sχ̄ ν . (3.2)

By assuming furthermore non-vanishing interactions between S and nuclei (or light quarks),

the CEνNS occurs through the process shown in figure 1. We will now discuss a minimal

model containing SM singlets only, which will generate the effective Lagrangian in eq. (3.1).

3.1 The model

We supplement the SM particle content with

χ ∼ (1, 1, 0) , NR ∼ (1, 1, 0) , S ∼ (1, 1, 0) , (3.3)

where χ and NR are Majorana fermions and S is a real scalar. The quantum numbers

under the SM gauge group SU(3)c× SU(2)L×U(1)Y are indicated in brackets, and clearly

no charged degrees of freedom are introduced. One of the goals of this section is to demon-

strate that the neutrino masses can be generated from this extended fermion sector via
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Figure 6. The process for CEνNS in the UV complete realization given in section 3.1.

a modified type-I seesaw mechanism [51–54]. This means that we would require at least

two generations of novel fermions which participate in this mechanism, such that at most

one light neutrino is massless. Still, for simplicity, throughout this section we will focus on

the 1-generation case which can be straightforwardly extended. Similarly, we will also re-

strict our discussion to one active neutrino flavor state, namely for definitness the electron

(anti)neutrino
(–)

νe.

The relevant part of the Lagrangian reads

L ⊃ y1N̄RH̃
†L+

1

2
MN N̄RN

c
R + y2 χ̄H̃

†L+
1

2
mχχ̄ χ

c + y3 χ̄SN
c
R +M1N̄R χ

c + h.c.,

(3.4)

where yi (i = 1, 2, 3) are the Yukawa couplings,3 mχ and MN are Majorana masses of χ and

NR fields, respectively, and M1 is the Dirac mass which is allowed by gauge symmetries.

This Lagrangian is a minimal UV complete realization of eqs. (3.1) and (3.2) with

fermion singlet NR interacting with the fields given in both brackets of eq. (3.1) through

Yukawa couplings y1 and y3 (see eq. (3.4)). We will show that the allowed values of MN

exceed the characteristic momentum exchange q2 in CEνNS experiments, which justifies

the analysis setup in section 2. If M2
N � q2, we can easily relate the parameters of the full

theory with Λ and obtain Λ = MN/(y1y3). If that was not the case, the topology shown

in figure 6 including NR as the dynamical degree of freedom should be considered.

More importantly, within the presented model, we will demonstrate the existence of

parameter space that can be probed by CEνNS experiments, generates neutrino masses in

the right ballpark, and is not excluded from the new physics searches at neutrino oscillation

facilities, beam dump experiments, colliders, etc. This indicates the importance of the

CEνNS in future new physics searches as there are scenarios where it could yield the

strongest limits or perhaps even lead to new discoveries.

3In this work we do not study CP violation in the lepton sector so these couplings can be taken real for

simplicity.
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After electroweak symmetry breaking, the neutral fermion mass matrix reads

(
ν̄cL χ̄ N̄R

)
0 y2v y1v

y2v mχ M1

y1v M1 MN



νL

χc

N c
R

 , (3.5)

where v ≡ 〈H0〉 = 174 GeV and we assumed that S does not develop a non-vanishing

vacuum expectation value.

We furthermore assume for the mass matrix given in eq. (3.5) that M1 � MN . In

this way, the mixing between χ and NR is suppressed and hence, the masses of heavy new

fermions essentially match the parameters in the flavor basis, mχ and MN . Contrary, if

M1 ' MN , the two physical masses would be of similar size which is not wanted in our

scenario.

We start by performing a rotation in the 1-2 plane by an angle θeχ = y2 v/mχ � 1. As

discussed above, mχ is the physical mass of a particle produced in CEνNS experiments. We

take mχ = 5 MeV as an illustrative number. The bounds on the mixing of active neutrinos

with heavy fermions have been extensively studies in the literature. From refs. [55–57] we

infer that the constraint on the mixing between νe and χ for mχ = 5 MeV reads4

θ2
eχ ≤ 10−7 =⇒ y2 . 9× 10−9 , (3.6)

and is set by neutrinoless double beta decay experiments. Weaker limits apply for the

other flavors, which therefore can be accommodated more easily. The mass matrix after

the 1-2 rotation reads approximately

M =


−y2

2 v
2/mχ 0 y1 v

0 mχ y1y2 v
2/mχ

y1 v y1y2 v
2/mχ MN

 , (3.7)

from where one can infer that χ may serve as a potential source of neutrino mass. By

taking the upper value of y2 in eq. (3.6) we obtain mν ≈ y2
2 v

2/mχ ∼ 0.1 eV which matches

the required order of magnitude for neutrino mass.

It was demonstrated in section 2 that the numerical analysis of CEνNS for mS .
100 MeV yields the limit

ȳ ≡
√
yN
A
yχ =

√
yN
A

v

MN
y1y3 .

[
10−5, 10−4

]
, (3.8)

where yχ was introduced in eq. (2.1) and yN/A roughly corresponds to the coupling strength

to individual quarks. The values indicated in square brackets represent the range in which

4Somewhat stronger cosmological limits exist in the literature [58]. Unlike laboratory limits, these can

be evaded by assuming for instance a novel decay channel for χ.
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the bound, depending on specific values of mS and mχ, is set (see figure 4). We assume

yN/A ' yχ, i.e. similar size of the S coupling to quarks and fermions, such that

yχ ≡
v

MN
y1y3 .

[
10−5, 10−4

]
(3.9)

approximatively holds. Having now a feeling for the numbers in eq. (3.7) , we continue the

diagonalization. Performing a rotation in the 1-3 plane by an angle θeN = y1 v/MN � 1

and using this expression as well as eq. (3.9) we can relate the mixing angle with the upper

limit from CEνNS experiments

θeN '
[
10−5, 10−4

]
y3

. (3.10)

Clearly, y3 must not be tiny as otherwise the large mixing would pose a problem for

MN . O(TeV). We can safely assume y3 = O(1) because it parametrizes the strength of

the interaction between three hidden particles and moreover S does not mix with the SM

Higgs. By inserting v = 174 GeV in eq. (3.9) we obtain the relation

MN ' y1

[
106, 107

]
GeV . (3.11)

The seesaw contribution to the neutrino mass from mixing between νe and NR is then

mν ∼
y2

1v
2

MN
' y1

[
10−3, 10−2

]
GeV , (3.12)

which gives the upper bound on y1 from neutrino mass considerations

y1 .
[
10−8, 10−7

]
. (3.13)

From eqs. (3.11) and (3.13) we infer that the MN values which can contribute to this

neutrino mass generation are in the O(10−2−1) GeV mass range. Finally, we need to check

if the mixing given in eq. (3.10) is compatible with such masses. To this end, we again

employ the limits from refs. [55–57] and infer that MN = O(1) GeV is fully consistent,

whereas the smaller values are marginally allowed, i.e. in tension with the constraints

from neutrinoless double beta decay experiments, big bang nucleosynthesis as well as the

PS191 [59] beam dump experiment. Interestingly, GeV-scale MN will be testable at some

upcoming experiments such as DUNE [60], SHiP [61], FASER [62–64], NA62 [65] and

MATHUSLA [66].

In summary, parameters that are compatible with all available laboratory constraints

and give an observable signal in coherent scattering experiments, give a neutrino mass

of order ( mν

0.1 eV

)
≈ (1− x)

( y1

10−7.25

)2
(

GeV

MN

)
+ x

( y2

10−8.75

)2
(

MeV

mχ

)
, (3.14)

which is compatible with observation. Here, x ∈ [0, 1] denotes relative contribution to the

active neutrino mass from χ and NR.
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4 χ as dark matter particle

Limits on mS from terrestrial experiments as well as astrophysics were discussed in sec-

tion 2. This section is devoted to the evaluation of the cosmic abundance of χ. As a first

observation, we note that the smallness of mχ relative to the electroweak scale implies

that the production of DM from freeze-out might not yield desired results and signifies the

preference for non-thermal production. Note further that within our framework there is

no possibility for χ to decay into a pair of electrons or neutrinos. However, there could be

tree-level (χ → 3ν) and radiative decays (χ → νγ). From the expressions for the decay

rates of these processes [50, 67] we infer that in order to ensure χ stability, θeχ . 4.8 · 10−9

for mχ = 5 MeV. The implied tiny value of y2 does not jeopardize our new physics scenario

at CEνNS experiments because the rate for νN → χN depends on y1 and y3 couplings,

but not on y2. Note however from eq. (3.14) that neutrino mass will be dominated by MN

in this case.

If χ is the DM particle, CEνNS experiments would yield an entirely novel method

for searching (MeV-scale) DM. Note that dark matter in CEνNS experiments was dis-

cussed already in [68, 69], where kinetically mixed dark photons decay into DM pairs

which subsequently scatters at CEνNS experiments (note that the neutrino sources of

those experiments also generate photons). Here, we will propose a novel framework by

demonstrating that the DM particle can be produced directly via CEνNS and the effects

of such process are imprinted in the measurable recoils of the nuclei. Interestingly, this

would resemble DM search in direct detection experiments because in both cases the ob-

servable signal is the nuclear recoil. While nuclear recoil in direct detection experiments

stems from DM-nucleus interaction, in CEνNS such effect is caused by neutrinos. Thus,

the main goal would be to distinguish between the SM coherent neutrino scattering events

and “new physics” events in which χ is produced. We have shown in section 2 that the

distributions of the recoil energy corresponding to these two cases can be vastly different

and it is possible to discriminate between them. These arguments strongly motivate the

search for DM at CEνNS experiments if χ can indeed play the role of DM. Hence, in what

follows we will discuss if and how χ can be produced in right amounts. We rely on the

UV complete model introduced in section 3 which was already shown to be successful in

generating non-vanishing neutrino masses.

In order to realize the CEνNS process shown in figure 1 we require S to interact with

quarks as well as with χ and neutrinos. The Lagrangian for these interactions reads

L ⊃ ysqqSq̄q + yχSχ̄ν , (4.1)

where ysqq ' yN/A and yχ are the couplings to quarks and leptons, respectively. We

consider the case in which neither of these couplings is weaker than O(10−6). For an UV

complete model from which eq. (4.1) stems after electroweak symmetry breaking, we refer

the reader to sections 2 and 3.

For mS . 100 MeV and ysqq ≥ O(10−6), the decay and inverse decay widths of the

process S ↔ q̄q are much larger than the value of the Hubble parameter across the relevant

temperatures. Thus, S is in thermal equilibrium with the SM bath. At the temperatures
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below the QCD phase transition (TQCD ' 200 MeV) quarks are no longer relevant degrees

of freedom. The vast majority of the formed mesons and baryons are non-relativistic

and hence effectively disappear from the SM thermal bath shortly below TQCD (the only

exception are pions which are somewhat lighter). The S ↔ q̄q interaction which was

keeping S in thermal equilibrium is not relevant below TQCD. However, even below TQCD, S

can be in thermal equilibrium through the process SS ↔ ν̄ν, provided there is a sufficiently

large Yukawa coupling yχ. Such process occurs via t-channel exchange of χ and is governed

exclusively by the second term in eq. (4.1). Note that S should decay shortly below TQCD

into χ and neutrinos in order not to violate any of the BBN predictions. For the parameter

values we will take below this is indeed the case. It is also worthwhile to mention that

the NR, introduced in section 3 to UV-complete the model, decay well above TQCD due

to their large y3 coupling. On the other hand, the stability of χ is ensured by assuming a

small value of y2 which sufficiently suppresses χ→ 3ν and χ→ νγ decays.

Above TQCD, χ is in thermal equilibrium with S and hence also with the SM bath,

due to rapid S ↔ χν processes. Whether χ remains in contact with the SM bath at lower

temperatures (after S decays) depends on the strength of the χ̄χ ↔ ν̄ν process which

occurs via t-channel exchange of S (hence is proportional to y4
χ).

In order to accurately determine the present-day abundance of χ we solve the following

Boltzmann equations [70, 71]

dYχ
dx

=
1

3H

ds

dx

[
〈σv〉χ̄χ→ν̄ν

(
Y 2
χ − (Y eq

χ )2
)
− ΓS

s

K1(mSmχx)

K2(mSmχx)

(
YS − Yχ

Y eq
S

Y eq
χ

)

+ 〈σv〉χ̄χ→SS
(
Y 2
χ − Y 2

S

(
Y eq
χ

Y eq
S

)2
)]

,

dYS
dx

=
1

3H

ds

dx

[
〈σv〉SS→ν̄ν

(
Y 2
S − (Y eq

S )2
)

+
ΓS
s

K1(mSmχx)

K2(mSmχx)

(
YS − Yχ

Y eq
S

Y eq
χ

)

− 〈σv〉χ̄χ→SS
(
Y 2
χ − Y 2

S

(
Y eq
χ

Y eq
S

)2
)]

. (4.2)

For a particle denoted with i we define the yield as Yi = ni/s (superscript eq denotes equi-

librium value), where ni and s are number and entropy density, respectively. In addition,

x = mχ/T , H is the Hubble parameter, 〈σv〉 is the thermally averaged cross section for

a given process (evaluated following ref. [72]), ΓS = y2
χmS/(8π), K1 and K2 are modified

Bessel functions. The initial conditions are Yχ(TQCD) = Y eq
χ and YS(TQCD) = Y eq

S , since

we argued above that the sizable coupling to free quarks leaves the particles in thermal

equilibrium at temperatures above TQCD.

The solution for Yχ(x) is shown in figure 7. In both panels we set mχ = 3 MeV and

show the results for yχ = {10−3, 10−4, 10−5} which are in the ballpark of testable values

at CEνNS experiments. In the (left) right panel, mS is fixed to 10 MeV (100 MeV). Much

smaller values of mS are not considered due to the requirement mχ < mS which forbids χ

to decay and is thus essential to render our DM candidate stable. We discuss and interpret

the results from the figure in what follows.
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Figure 7. In left (right) panel we show the evolution of Yχ for several different values of yχ
with fixed mχ = 3 MeV and mS = 10 MeV (mS = 100 MeV). For larger couplings, characteristic

freeze-out curves are easy to identify whereas χ is “frozen-in” for weaker χχ ↔ ν̄ν interaction. In

the latter scenario, the χ abundance is set primarily by the initial condition, i.e. not-vanishing Yχ
at TQCD.

In both panels we observe the standard thermal freeze-out of χ for yχ = 10−3. The

interaction which keeps χ in thermal equilibrium with the SM is χ̄χ→ ν̄ν, and the strength

of this process increases by reducing mS . Hence, for smaller mS , the stronger interaction

indicates that χ stays longer in the thermal equilibrium and undergoes freeze-out at later

times (smaller temperatures) which implies smaller final abundance of χ. This is visible

from figure 7 where the final value of Yχ for yχ = 10−3 (blue line) in the left panel (lighter

S) is much smaller that the one shown in the right panel. By using the relation between

the yield and the relic abundance

Ωh2 = 2.742 · 105
( mχ

1 MeV

)
Yχ , (4.3)

it is clear from both panels of figure 7 that χ is strongly overproduced with respect to

the observed DM abundance Ωh2 ≈ 0.12 [73]. Moreover, the freeze-out temperatures are

smaller than O(1) MeV which means that any new physics contribution invoked to deplete

χ is strongly constrained by BBN considerations.

The freeze-out also occurs for mχ = 10 MeV and yχ = 10−4 (red line in the left

panel). In this case, initially, the interaction between χ and the SM is not sufficiently

strong to follow the sudden change of Y eq
χ which is induced by a rapid change of SM

degrees of freedom present in the thermal bath at T = O(10 − 100) MeV. However, Yχ
eventually reaches the equilibrium value and the freeze-out occurs leaving χ with even

larger abundance than in the previously discussed scenarios. For mχ = 100 MeV and

yχ = 10−4 (red line in the right panel) as well as for both cases with yχ = 10−5, χ does not

reach equilibrium. This means that the production occurs via “freeze-in” [74] where the

weak interaction with the SM bath leads to a gradual accumulation of χ abundance. From
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figure 7 it is obvious that the final Yχ in all “freeze-in” scenarios is chiefly set by the initial

condition (non-vanishing Yχ at QCD phase transition) and the freeze-in contribution yields

only a subdominant effect.

Even though the DM abundance is still too large, in the “freeze-in” scenarios where

χ is not in thermal equilibrium at O(1) MeV temperatures, a late-time entropy injection

episode below TQCD can reduce the χ abundance significantly. Such entropy injection can

be achieved for instance via decays of heavy scalars into the states in the thermal bath (see

ref. [31] and references therein). It is clear that Yχ needs to be diluted by O(104 − 105) in

order to meet observation. Let us note that alternatives with respect to late-time entropy

injection have also been considered. For instance, a heavier, overproduced particle could

decay into lighter states which may be DM [75, 76]. This helps because, as may be inferred

from eq. (4.3), the abundance of DM is proportional to the mass of a DM particle. A

detailed analysis of such a scenario is beyond the scope of this project as it would require

a significant extension of the Boltzmann equations given in eq. (4.2). In such extension,

the late-time entropy injection would be avoided. We also note that there may be more

models in which MeV-scale particle is produced in right amounts, without a necessity for

late-time entropy injection.

In conclusion, for the couplings that can be probed in CONUS or COHERENT (yχ ∼[
10−5, 10−4

]
), we explored whether in our model χ can be DM, i.e. produced in right

amounts in the early Universe. It turns out (see again figure 7) that this is not achievable

without extending the minimal model presented in section 3. Namely, we find that a late

time entropy injection episode is necessary to sufficiently deplete the abundance of χ and

render it a viable DM candidate.

Since χ in our model does not scatter on nuclei and electrons at tree-level, the bounds

from direct detection are not strong. Moreover, for the considered range of couplings and

masses, the CEνNS cross section is several orders of magnitude smaller than those that

can be currently tested at direct DM detection facilities for MeV-scale DM [77]. Given the

absence of the annihilation channel into e+e− pairs, the constraints from CMB [78] are

also not probing the parameter space to which CEνNS experiments are sensitive.

5 Summary and conclusions

Coherent neutrino-nucleus scattering is a new window to probe physics within and beyond

the Standard Model. We have noted here that the final state fermion does not necessarily

have to be a light active neutrino. Instead, we have entertained the possibility that an MeV-

scale fermion χ is produced in the process, which will lead to a significant modification of

the observable recoil spectrum. We have set limits on the parameters that are involved

when the interaction of the neutrino-χ pair with quarks is mediated by a light scalar.

The measurable couplings are well compatible with neutrino mass generation via low-

scale type-I seesaw mechanism where, interestingly, both χ and the newly introduced GeV-

scale fermion NR can contribute. Furthermore, χ may be the DM particle, which we have

shown to be typically requiring an injection of entropy in the early Universe after the QCD

phase transition. Such an entropy injection can be achieved by introducing a new scalar
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which decays to the states in the thermal bath at late times, diluting the dark matter to

the abundance which is in accord with present observations.

Thus, exotic physics in coherent neutrino-nucleus scattering has a variety of interesting

implications in neutrino physics and cosmology. The present analysis is only one example

of the exciting prospects that this new window to physics has given us the opportunity

to probe.
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