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1 Introduction

Despite their poor theoretical motivation, the existence of light electroweak singlet sterile
neutrinos may point to a radical departure from the Standard Model (SM), such as extra
space-time dimensions [1–3], the existence of new protecting symmetries, such as a nearly
conserved lepton number [4, 5], or the presence of a singular seesaw mechanism [6], amongst
other possibilities. From this viewpoint, probing the existence of light sterile neutrinos is
extremely interesting. Depending on the mass and mixing parameters characterizing the
light sterile states, there can be stringent restrictions following from laboratory, astrophys-
ical and cosmological observations [7–10].

An attractive theoretical benchmark employing the type-I seesaw mechanism based
upon the SM gauge symmetry [11] assumes the existence of heavy singlet “right-handed”
neutrinos. The existence of such sterile states at the keV-MeV mass range [12] would
provide a very interesting cosmological scenario in which the oscillations of two heavier
singlet right-handed neutrinos of the seesaw mechanism produce lepton number asymme-
tries. These, in turn, induce a successful leptogenesis picture that account for the observed
baryon asymmetry of the Universe [13], while the light right-handed neutrino accounts for
cosmological dark matter [14]. Recently, interesting variant scenarios have been discussed,
see, e.g. [15].

In this paper, we examine the electromagnetic properties of Majorana neutrinos [16–
20]. These would imply, for example, the existence of a solar antineutrino flux. Analyzing
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solar neutrino data from the KamLAND experiment, one gets constraints on the Majorana
neutrino transition magnetic moments (TMMs) and solar magnetic fields [21, 22]. Likewise,
it could account [23] for the excess of electronic recoil events observed in XENON1T [24].
Here we focus on transition magnetic moments in the presence of light electroweak sin-
glet neutrinos. As a motivation, these would have an impact on experiments such as
XENON1T [25–27] and IceCube [28]. Neutrino experiments looking for coherent elastic
neutrino-nucleus scattering (CEνNS) or elastic neutrino-electron scattering (EνES) events
have been proven to be a valuable tool for investigating neutrino oscillations beyond the
standard three-neutrino picture, such as deviations from lepton unitarity [29–31], or the
presence of light sterile neutrinos [32]. Extending our previous works, here we examine var-
ious ways to probe sterile neutrino TMMs through nuclear and electron recoils in various
experiments.

For definiteness and simplicity, we assume just one light sterile neutrino. In this case,
the neutrino mass matrix and the transition magnetic moments are described by 4×4
symmetric and anti-symmetric matrices, respectively. The basic CEνNS and neutrino-
electron scattering cross-sections in the SM are taken from [33, 34]. We discuss current
experiments such as COHERENT [35, 36], TEXONO [37] and XENON1T [24], as well
as the potential of future CEνNS and EνES experiments using a 51Cr monochromatic
neutrino source [38, 39].

The paper is organized as follows. The basic formalism describing neutrino magnetic
moments in the presence of massive singlet leptons is given in section 2. Section 3 describes
various experimental ways of probing neutrino magnetic moments, several of which are new
proposals. Our estimated experimental sensitivities are presented in section 4, and a final
summary and outlook is provided in section 5.

2 Basic formalism

2.1 Neutrino magnetic moment and massive “sterile” leptons

For the case of Majorana particles, the electromagnetic interaction Hamiltonian in the mass
basis is given by [16]

HMem = −1
4ν

T
LC
−1 λ̃ σαβνLFαβ + h.c., (2.1)

where λ̃ is the complex antisymmetric matrix describing transition moments, and contains
the information on the magnetic and electric dipole moments, λ̃ = µ− id.

In this work, we will assume that neutrinos are Majorana fermions, and we will encode
the magnetic and dipole moment information in the aforementioned parameter, λ̃. We
will also assume that, in addition to the three light active neutrino states, we have extra
mass eigenstates associated to gauge singlets. For definiteness, we assume only one of such
“sterile” states, so the matrices describing the electromagnetic interaction will be 4×4,

λ̃ =


0 λ̃12 λ̃13 λ̃14
−λ̃12 0 λ̃23 λ̃24
−λ̃13 −λ̃23 0 λ̃34
−λ̃14 −λ̃24 −λ̃34 0

 . (2.2)
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Electromagnetic interactions between the (mainly) active to the (mainly) sterile massive
states are described by the last row (column) of the matrix, while the flavor transition
moments correspond to the upper-left 3×3 sub-block.1 Note that the entries λ̃ij of the
transition magnetic moment matrix shown in eq. (2.2) are complex numbers, parametrized
in terms of their moduli and the associated CP-violating phases

λ̃ij = |λ̃ij |eiζij . (2.3)

We now turn to the determination of the expressions for the effective neutrino magnetic
moment associated to the experimental setup of interest. We start with the case of solar
neutrino experiments, generalizing previous results [40, 41] to a general expression in the
mass basis (

µMν,eff

)2
(L,Eν) =

∑
j

∣∣∣∣∣∑
i

K∗αie
−i∆m2

ijL/2Eν λ̃ij

∣∣∣∣∣
2

, (2.4)

where the 3×(3+m) rectangular matrix K is the upper truncation of the (3+m)×(3+m)
unitary matrix diagonalizing the neutrinos, where m is the number of sterile neutrinos [11].
We also assume that the charged leptons are in their mass-diagonal basis. The indices i
and j run over the total number of neutrino mass eigenstates. The large baseline-distance
for the case of solar neutrinos makes the interference terms vanish. Therefore, we can
generalize the three-neutrino expression in ref. [42] to our case of interest, where we take
just four neutrino species (m=1),

(µMν, sol)2 = Pe1(|λ̃12|2 + |λ̃13|2 + |λ̃14|2) + Pe2(|λ̃12|2 + |λ̃23|2 + |λ̃24|2) (2.5)
+Pe3(|λ̃13|2 + |λ̃23|2 + |λ̃34|2) + Pe4(|λ̃14|2 + |λ̃24|2 + |λ̃34|2) ,

where Pei corresponds to the solar neutrino transition probability from the originally cre-
ated νe state to the mass eigenstate νi (see ref. [23]).

For short-baseline experiments, and assuming very small mixing between active and
sterile states, one can just assume at detectors the presence of pure νe and νµ beams. In
this case, the full analytical expressions for the effective neutrino magnetic moments for
νe and νµ in the mass basis are lengthy. For the reader’s convenience, we give them in
the form (

µMνe

)2
=
∑
κ

Λ̃2
κC

κ
νe(θij , ζij , δij) ,(

µMνµ

)2
=
∑
κ

Λ̃2
κC

κ
νµ(θij , ζij , δij) ,

(2.6)

where the index κ runs over the 21 components listed in table 1 (for α = e) and table 2
(for α = µ). Here, Λ̃2

k has dimensions of µ2
B and represents the product of two TMMs (all

possible combinations of |λ̃ij ||λ̃i′j′ |), and Cκνα(θij , ζij , δij) denotes the associated coefficients.
At this point, we should stress that the expressions in eq. (2.6) remain the same for the case
of antineutrinos. Notice that, when the sterile neutrino parameters are neglected, eq. (2.6)

1As an academic note, we mention that in the (now unphysical) limit where the “active” and “ster-
ile” masses coincide, this interaction would correspond to the often discussed “Dirac” neutrino magnetic
moment.
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Λ̃2
κ Cκνe(θij , ζij , δij)

|λ̃12|2 c2
13c

2
14

|λ̃13|2 c2
14(c2

12c
2
13 + s2

13)

|λ̃14|2 c2
12c

2
13c

2
14 + s2

14

|λ̃23|2 c2
14(s2

12c
2
13 + s2

13)

|λ̃24|2 s2
12c

2
13c

2
14 + s2

14

|λ̃34|2 c2
14s

2
13 + s2

14

|λ̃12||λ̃13| −c2
14s12 sin 2θ13 cos (δ − ζ12 + ζ13)

|λ̃12||λ̃14| c13s12 sin 2θ14 cos (δ14 − ζ12 + ζ14)

|λ̃12||λ̃23| −c2
14c12 sin 2θ13 cos (δ − ζ12 + ζ23)

|λ̃12||λ̃24| −c13c12 sin 2θ14 cos (δ14 − ζ12 + ζ24)

|λ̃12||λ̃34| 0

|λ̃13||λ̃14| −s13 sin 2θ14 cos (δ − δ14 + ζ13 − ζ14)

|λ̃13||λ̃23| −c2
13c

2
14 sin 2θ12 cos (ζ13 − ζ23)

|λ̃13||λ̃24| 0

|λ̃13||λ̃34| c12c13 sin 2θ14 cos (δ14 − ζ13 + ζ34)

|λ̃14||λ̃23| 0

|λ̃14||λ̃24| c2
13c

2
14 sin 2θ12 cos (ζ14 − ζ24)

|λ̃14||λ̃34| c12c
2
14 sin 2θ13 cos (δ − ζ14 + ζ34)

|λ̃23||λ̃24| s13 sin 2θ14 cos (δ − δ14 + ζ23 − ζ24)

|λ̃23||λ̃34| −c13s12 sin 2θ14 cos (δ14 − ζ23 + ζ34)

|λ̃24||λ̃34| c2
14s12 sin 2θ13 cos (δ − ζ24 + ζ34)

Table 1. TMMs and the corresponding coefficients entering in the expression of the effective
magnetic moment in eq. (2.6) for electron neutrinos.

reduces to the three-neutrino mixing expression obtained in ref. [43]. Since we are interested
in TMMs from active to sterile states, in the following calculations we will concentrate only
on the relevant terms containing λ̃i4. Thus, ignoring the active-active terms with λ̃12, λ̃13
and λ̃23 as well as the cross terms λ̃i4λ̃j4, the effective magnetic moment responsible for
νe → νs and ν̄e → νs transitions reduces to(

µMνe→νs

)2
= |λ̃14|2

(
c2

12c
2
13c

2
14 + s2

14

)
+ |λ̃24|2

(
s2

12c
2
13c

2
14 + s2

14

)
+ |λ̃34|2

(
s2

13c
2
14 + s2

14

)
.

(2.7)
Here, cij = cos θij and sij = sin θij , with θij being the different neutrino mixing angles and
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Λ̃2 Cνµ(θij , ζij , δij)

|λ̃12|2 c24s14s23s24 sin 2θ13 cos (δ − δ14) + c2
24
(
c2

23 + s2
13s

2
23
)

+ c2
13s

2
14s

2
24

|λ̃13|2
c2

24

[
c23s13s23 sin 2θ12 cos δ + c2

23s
2
12 + s2

23

(
c2

12s
2
13 + c2

13

)]
+c13s14 sin 2θ24

[
c12c23s12 cos δ14 +

(
c2

12 − 1
)
s13s23 cos (δ − δ14)

]
+ s2

14s
2
24

(
c2

12c
2
13 + s2

13

)

|λ̃14|2
c2

24

[
c23s13s23 sin 2θ12 cos δ + c2

23s
2
12 + c2

12s
2
13s

2
23

]
+ c12c13s14 sin 2θ24 [c23s12 cos δ14 + c12s13s23 cos (δ − δ14)] + s2

24

(
c2

12c
2
13s

2
14 + c2

14

)

|λ̃23|2
c2

24

[
−c23s13s23 sin 2θ12 cos δ + s2

23

(
c2

13 + s2
12s

2
13

)
+ c2

12c
2
23

]
− c13s14 sin 2θ24

[
c12c23s12 cos δ14 −

(
s2

12 − 1
)
s13s23 cos (δ − δ14)

]
+ s2

14s
2
24

(
c2

13s
2
12 + s2

13

)

|λ̃24|2
c2

24

[
−c23s13s23 sin 2θ12 cos δ + c2

12c
2
23 + s2

12s
2
13s

2
23

]
+ c13s12s14 sin 2θ24 [s12s13s23 cos (δ − δ14)− c12c23 cos δ14] + s2

24

(
c2

13s
2
12s

2
14 + c2

14

)
|λ̃34|2 −c24s14s24s23 sin 2θ13 cos (δ − δ14) + c2

13c
2
24s

2
23 + s2

24
(
c2

14 + s2
13s

2
14
)

|λ̃12||λ̃13|

−s12
[
− c2

13s14s23 sin 2θ24 cos (δ14 − ζ12 + ζ13)

+
(
s2

14s
2
24 − c2

24s
2
23

)
sin 2θ13 cos (δ − ζ12 + ζ13) + s2

13s14s23 sin 2θ24 cos (2δ − δ14 − ζ12 + ζ13)
]

− 2c12c23c24 [c13c24s23 cos (ζ12 − ζ13)− s13s14s24 cos (δ − δ14 − ζ12 + ζ13)]

|λ̃12||λ̃14| −2c14s24 {s12 [c24s13s23 cos (δ − ζ12 + ζ14) + c13s14s24 cos (δ14 − ζ12 + ζ14)]− c12c23c24 cos (ζ12 − ζ14)}

|λ̃12||λ̃23|

c12c
2
13s14s23 sin 2θ24 cos (δ14 − ζ12 + ζ23)

+ c13
[
2c12s13

(
c2

24s
2
23 − s2

14s
2
24

)
cos (δ − ζ12 + ζ23) + c2

24s12 cos (ζ12 − ζ23) sin 2θ23
]

− s13s14 sin 2θ24 [c23s12 cos (δ − δ14 − ζ12 + ζ23) + c12s13s23 cos (2δ − δ14 − ζ12 + ζ23)]

|λ̃12||λ̃24| 2c14s24 {c12 [c24s13s23 cos (δ − ζ12 + ζ24) + c13s14s24 cos (δ14 − ζ12 + ζ24)] + c23c24s12 cos (ζ12 − ζ24)}

|λ̃12||λ̃34| 0

|λ̃13||λ̃14| 2c14s24 [s13s14s24 cos (δ − δ14 + ζ13 − ζ14)− c13c24s23 cos (ζ13 − ζ14)]

|λ̃13||λ̃23|

[
−2c13c24s13s14s23s24 cos (δ − δ14) + c2

24

(
c2

23 − s2
13s

2
23

)
− c2

13s
2
14s

2
24

]
sin 2θ12 cos (ζ13 − ζ23)

+ 2c23c24c
2
12 [c24s13s23 cos (δ − ζ13 + ζ23) + c13s14s24 cos (δ14 − ζ13 + ζ23)]

− 2c23c24s
2
12 [c24s13s23 cos (δ + ζ13 − ζ23) + c13s14s24 cos (δ14 + ζ13 − ζ23)]

|λ̃13||λ̃24| 0

|λ̃13||λ̃34| −2c14s24 {c12 [c24s13s23 cos (δ − ζ13 + ζ34) + c13s14s24 cos (δ14 − ζ13 + ζ34)] + c23c24s12 cos (ζ13 − ζ34)}

|λ̃14||λ̃23| 0

|λ̃14||λ̃24|

[
2c13c24s13s14s23s24 cos (δ − δ14) + c2

24

(
s2

13s
2
23 − c2

23

)
+ c2

13s
2
14s

2
24

]
sin 2θ12 cos (ζ14 − ζ24)

− 2c23c24c
2
12 [c24s13s23 cos (δ − ζ14 + ζ24) + c13s14s24 cos (δ14 − ζ14 + ζ24)]

+ 2c23c24s
2
12 [c24s13s23 cos (δ + ζ14 − ζ24) + c13s14s24 cos (δ14 + ζ14 − ζ24)]

|λ̃14||λ̃34|

− c12c
2
13s14s23 sin 2θ24 cos (δ14 − ζ14 + ζ34)

−c13
[
2c12s13

(
c2

24s
2
23 − s2

14s
2
24

)
cos (δ − ζ14 + ζ34) + c2

24s12 cos (ζ14 − ζ34) sin 2θ23
]

+s13s14 sin 2θ24 [c23s12 cos (δ − δ14 − ζ14 + ζ34) + c12s13s23 cos (2δ − δ14 − ζ14 + ζ34)]

|λ̃23||λ̃24| 2c14s24 [c13c24s23 cos (ζ23 − ζ24)− s13s14s24 cos (δ − δ14 + ζ23 − ζ24)]

|λ̃23||λ̃34| 2c14s24 {s12 [c24s13s23 cos (δ − ζ23 + ζ34) + c13s14s24 cos (δ14 − ζ23 + ζ34)]− c12c23c24 cos (ζ23 − ζ34)}

|λ̃24||λ̃34|

s12
[
− c2

13s14s23 sin 2θ24 cos (δ14 − ζ24 + ζ34) +
(
s2

14s
2
24 − c2

24s
2
23

)
sin 2θ13 cos (δ − ζ24 + ζ34)

+ s2
13s14s23 sin 2θ24 cos (2δ − δ14 − ζ24 + ζ34)

]
+ 2c12c23c24 [c13c24s23 cos (ζ24 − ζ34)− s13s14s24 cos (δ − δ14 − ζ24 + ζ34)]

Table 2. TMMs and corresponding coefficients for the calculation of eq. (2.6) for muon neutrinos.
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δij denoting the corresponding CP violating phases present in the four-neutrino mixing
matrix. Similarly, for the case of νµ → νs or ν̄µ → νs transitions, we get(

µMνµ→νs

)2
= |λ̃14|2

[
c2

24

(
sin 2θ12s13c23s23 cos δ + s2

12c
2
23 + c2

12s
2
13s

2
23

)
+ c12c13s14 sin 2θ24 [s12c23 cos δ14 + c12s13s23 cos (δ − δ14)] + s2

24

(
c2

12c
2
13s

2
14 + c2

14

) ]
+ |λ̃24|2

[
c2

24

(
− sin 2θ12s13c23s23 cos δ + c2

12c
2
23 + s2

12s
2
13s

2
23

)
+ s12c13s14 sin 2θ24 [s12s13s23 cos (δ − δ14)− c12c23 cos δ14] + s2

24

(
s2

12c
2
13s

2
14 + c2

14

) ]
+ |λ̃34|2

[
− sin 2θ13s23s14c24s24 cos (δ − δ14) + c2

13s
2
23c

2
24 + s2

24

(
s2

13s
2
14 + c2

14

) ]
.

(2.8)

Assuming a small active-sterile neutrino mixing, sin2 θi4 ≤ 0.01, the last two expressions
simplify considerably and read(

µMνe→νs

)2
≈ |λ̃14|2 c2

13c
2
12 + |λ̃24|2 c2

13s
2
12 + |λ̃34|2 s2

13 , (2.9)(
µMνµ→νs

)2
≈ |λ̃14|2

(
c23s13s23 sin 2θ12 cos δ + c2

23s
2
12 + c2

12s
2
13s

2
23

)
+ |λ̃24|2

(
−c23s13s23 sin 2θ12 cos δ + c2

23c
2
12 + s2

12s
2
13s

2
23

)
+ |λ̃34|2c2

13s
2
23 .

(2.10)

In what follows, for our analysis involving reactor neutrino experiments (ν̄e source)
or 51Cr experiments (νe source), the effective neutrino magnetic moment will be given
by eq. (2.9). Similarly, for the analysis of the COHERENT experiment involving pion-
decay-at-rest neutrinos, eq. (2.9) is relevant for the νe component of the SNS beam and
eq. (2.10) for the νµ or ν̄µ components. Before closing this discussion, we comment on the
phase counting. As shown in ref. [44], for the case of n Majorana neutrinos the number
of physical phases is n(n− 2), hence we have in general 8 physical phases expected in the
present study (see tables 1 and 2).

2.2 CEνNS and neutrino-electron scattering in the SM

Assuming only SM interactions, the differential CEνNS cross-section for the nuclear recoil
energy Er, is written as [45]( dσ

dEr

)
SM

= G2
FM

π
(QV )2

[
1− Er

Eν
− MEr

2E2
ν

]
, (2.11)

where GF , Eν , and M stand for the Fermi constant, the incident neutrino energy, and the
nuclear mass, respectively. Here QVW denotes the weak charge, defined as [46]

QV =
[(1

2 − 2 sin2 θW

)
ZFp(Q2)− 1

2NFn(Q2)
]
, (2.12)

with the weak mixing angle being sin2 θW = 0.2312. It is noteworthy that the main
uncertainty in the theoretical CEνNS calculation arises from nuclear physics effects, which
may limit the experimental sensitivity for searches of physics beyond the SM (for a detailed
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analysis, see ref. [47]). In the latter expression, nuclear structure corrections are taken into
account through the nuclear form factors for protons Fp(Q2) and neutrons Fn(Q2). The
magnitude of the momentum transfer is Q =

√
2MEr. We employ the Helm parame-

trization2

Fp,n(Q2) = 3j1(QR0)
QR0

exp(−Q2s2/2), (2.13)

where j1(x) = sin(x)/x2 − cos(x)/x is the spherical Bessel function of order one, and
R2

0 = 5
3(R2

p,n − 3s2) with Rp,n the proton and neutron r.m.s. radii and s = 0.9 fm the
surface thickness.

Turning to elastic neutrino electron scattering, EνES, for a given neutrino flavor α =
e, µ, τ , the corresponding SM differential cross-section as a function of the electron recoil
energy is given as

(dσνα−e−
dEr

)free

SM
= 2G2

Fme

π

[
g2
L + g2

R

(
1− Er

Eν

)2
− gLgR

meEr
E2
ν

]
, (2.14)

where we assume the free-electron approximation and me is the electron mass. Here,
the left-handed, gL = (gV + gA) /2, and right-handed couplings, gR = (gV − gA) /2, are
expressed in terms of the vector and axial vector couplings with

gV =− 1/2 + 2 sin2 θW + δαe ,

gA =− 1/2 + δαe .
(2.15)

The cross-section for antineutrino scattering off electrons is obtained by exchanging gL ↔
gR. Notice that the factor δαe in eq. (2.15) is present only when electron (anti)neutrinos are
involved. In this case, the cross-section receives contributions from both neutral-current
and charged-current interactions, unlike the case of α = µ, τ , where the interaction is purely
neutral-current.

As we mentioned, eq. (2.14) applies to EνES with free electrons. To take into account
electron binding effects in the target material of a given experiment, we weight the free
EνES cross-section by adopting the step approximation [49]3

(dσνα−e−
dEr

)
SM

= 1
Z

Z∑
i=1

Θ(Er −Bi)
(dσνα−e−

dEr

)free

SM
, (2.16)

where Bi is the binding energy of the ith atomic (sub)shell. This way, one suppresses the
free EνEScross-section and quantifies the impact of the atomic ionization energy levels.
This calculation takes into account only those electrons that can be ionized by an energy
deposition Er, the modifications become important below a few keV recoil energies.

2Following ref. [35], for the COHERENT-CsI detector we adopt the Klein-Nystrand (KN) form factor
FKN = 3 j1(QRA)

QRA

[
1 + (Qak)2]−1, where RA = 1.23×A1/3 and ak = 0.7 fm [48].

3Note that we normalize the suppression factor to unity.
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2.3 Sterile neutrino dipole portal

Recently, there has been some interest in the transition of an active neutrino to a massive
sterile state, induced by a magnetic coupling. Assuming a spin 1/2 nucleus, the corre-
sponding CEνNS cross-section reads4 [33]

dσνN→νsN
dEr

= αemµ
2
ν,effZ

2
[

1
Er
− 1
Eν
− m2

4
2EνErM

(
1− Er

2Eν
+ M

2Eν

)
+m4

4(Er −M)
8E2

νE
2
rM

2

]
F 2
p (Q2) ,

(2.17)
where αem is the fine structure constant and m4 is the sterile neutrino mass. For a spinless
nucleus the differential cross-section remains essentially unchanged, i.e.

dσ(spin=1/2)
dEr

−
dσ(spin=0)

dEr
= m2

4
8ME2

ν

(
1 + m2

4
MEr

)
− Er

4E2
ν

. (2.18)

For the case of the free-electron EνES via the neutrino dipole portal, the corresponding
cross-section is trivially obtained from eq. (2.17) with the substitutions M → me and
Z2F 2

p (Q2)→ 1, as [25, 26]

(dσνe−→νse−
dEr

)free
= αemµ

2
ν,eff

[
1
Er
− 1
Eν
− m2

4
2EνErme

(
1− Er

2Eν
+ me

2Eν

)
+ m4

4(Er −me)
8E2

νE
2
rm

2
e

]
.

(2.19)

As in the SM case, the EνES cross-section is weighted with the step function in eq. (2.16).
Note that for both, CEνNS and EνES, we recover the usual expressions for the conventional
neutrino magnetic moment cross-section as m4 approaches zero [40].

Moreover, for the case of massive final state neutrinos, one might consider the inter-
ference term between magnetic and weak interactions. Neglecting the incident neutrino
mass, the corresponding cross-section for ν̄e − e− scattering can been written as [50]

(dσν̄ee−→νse−
dEr

)interf
= αemGF m4√

2Eνme

Re

∑
j,n

e−i
∆m2

jn
L

2Eν UejU
∗
en λ̃j4

(
me

Eν
− Er
Eν

)
ZV ∗n4 +

(
2− Er

Eν

)
ZA∗n4

 ,
(2.20)

where ZV,Ajk = UejU
∗
ek + δjkg̃V,A with g̃V = −1/2 + 2 sin2 θW and g̃A = −1/2.5 From the

latter expression it can be deduced that the cross-section is proportional to m4
me

sin 2θ14
for incident νe or ν̄e. Similarly, for incident νµ or ν̄µ, the cross-section is proportional to
m4
me
c14s

2
24. For the case of CEνNS, the interference cross-section can be obtained via the

substitutions: λ̃ij → λ̃ijZFp(q2), me →M , g̃V → QV and g̃A → QA.6

A few comments regarding the interference cross-section are in order. First, for sterile
mixings of the order of sin2 θi4 ' 10−1, the interference effect will be tiny. Moreover, due

4Subdominant contributions due to a nuclear magnetic moment are neglected.
5For νe − e− scattering, the replacement g̃A → −g̃A and the appropriate complex conjugation of the

mixing matrix elements should be made.
6The axial weak charge QA vanishes for spin-zero nuclei and of the order of ∼ 1/A for nuclei with

non-zero spin.
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to its 1/Eν dependence, the cross-section is suppressed for neutrino energies above a few
MeV, since from the kinematics one always has Eν larger than m4. Hence, experiments
exposed to very low-energy neutrinos as the 51Cr source experiment we will discuss later,
will be more sensitive to the interference effects than a reactor antineutrino experiment
or a π-DAR based experiment, that will have negligible sensitivity. We finally note that
the contribution from the CEνNS cross-section to this process can be safely ignored, as it
is suppressed by the nuclear mass. As an example, for the COHERENT experiment and
m4 = 50MeV (m4 = 50 keV), the interference-induced event rates are suppressed by seven
(five) orders of magnitude compared to the purely magnetic-induced events.

2.4 Event rates

In what follows, we simulate the expected signal for various CEνNS and EνES experimental
probes. The differential event rate is written as

dN
dEr

= NT × E ×A(Er)
∫ Emax

ν

Emin
ν

dσ
dER

(Eν , Er)
dφ

dEν
(Eν) dEν , (2.21)

where NT denotes the number of targets (nuclei or electrons) per kg, E is the exposure in
units of kg.yr and A(Er) represents the efficiency. The differential cross-section is given
by eqs. (2.11) and (2.14) for SM interactions only, or eqs. (2.17) and (2.19) for the new
physics scenario under consideration, while dφ/dEν is the relevant neutrino flux for each
experiment (see section 3). Finally, the upper integration limit is flux-dependent, while
the lower integration limit is different for each process and given by

Emin
ν = 1

2

(
Er +

√
E2
r + 2MEr

)
≈
√
MEr/2, SM CEνNS,

Emin
ν ≈

√
MEr/2

(
1 + m2

4
2MEr

)
, dipole portal CEνNS,

Emin
ν = 1

2

(
Er +

√
E2
r + 2meEr

)
, SM EνES,

Emin
ν = 1

2

(
Er +

√
E2
r + 2meEr

)(
1 + m2

4
2meEr

)
, dipole portal EνES.

(2.22)

Notice that the limits corresponding to the sterile neutrino dipole interaction reduce to the
SM ones in the limit of vanishing m4.

3 Experimental tests of neutrino magnetic moments

In this section, we explore the sensitivities of various present and future CEνNS and EνES
experiments to the sterile neutrino TMMs. We present a brief discussion on each experi-
mental facility, describing all the necessary experimental inputs for our analysis. We must
notice that, for the first three cases in this section, we describe in detail experiments that
already have reported their data, while the last sub-section will be devoted to the future
proposals that could show a better sensitivity to the neutrino magnetic moment.
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3.1 XENON1T

The low-energy electron recoil data sample recorded with the XENON1T experiment [24]
has prompted a plethora of works attempting to interpret the anomaly. In particular, these
data have been discussed within the framework of flavor transition magnetic moments in
ref. [23]. In the present paper we consider the sterile dipole portal, as discussed in [25–
27]. Before addressing the various novel experimental setups of the coming subsections
and their physics possibilities, we first calibrate our procedures with previous studies on
XENON1T. Besides confirming these earlier results, here we include the step function
correction commented in eq. (2.16) and previously ignored in the literature, since its impact
is particularly relevant in the 1–7 keV region of the XENON1T excess. Although the most
relevant solar neutrino fluxes to consider are the pp and the 7Be neutrinos, in our calculation
we include the full solar neutrino spectrum from ref. [51]. For the reconstructed energy E,
we assume a Gaussian resolution function with σ = a

√
E + bE and a = 0.310

√
keV and

b = 0.0037 keV [24]. We also take into account the experimental exposure and efficiency
provided by the XENON1T collaboration [24]. For the statistical analysis, we adopt the
χ2 function [52]

χ2(S) =
29∑
i=1

(
N exp
i −N theor

i (S)
σi

)2

+
(

a1 − 1
0.03

)2
+
(

a2 − 1
0.026

)2
, (3.1)

where N exp
i is the observed number of events and N theor

i is the theoretical number of new
physics events including backgrounds B0. We include all the experimental data and errors
from the data release in ref. [24]. We also allow the overall normalization of the background
(a2) and the efficiency (a1) to float with a Gaussian error of 2.6% and 3%, respectively.

The above XENON1T exercise has motivated us to explore the sterile neutrino dipole
portal scenario within a broader context, using currently available low-energy CEνNS and
EνES data, to which we now turn.

3.2 COHERENT

The COHERENT collaboration has reported the CEνNS detection in CsI [35] and liquid
argon (LAr) [36] detectors. In this case, for the incoming neutrino flux, we consider the
Michel spectrum, which describes the νe, νµ, and ν̄µ energy spectra generated from pion
decay at rest (π-DAR) for the Spallation Neutron Source (SNS) [53]. The π-DAR flux is
normalized to η = rNPOT/4πL2, where L is the baseline, while NPOT and r denote the
number of protons on target (POT) and the number of neutrinos per flavor per POT, re-
spectively.7 For the 14.57 kg CsI detector, we calculate the theoretical signal as a function
of the nuclear recoil energy in keVnr. To convert this signal into the electron-equivalent
energy space, keVee, we use the new energy-dependent quenching factor, recently reported
in ref. [54] (for its impact on physics beyond the SM, see ref. [55]). Finally, using the light
yield LY = 13.348 PE/keVee [56], the signal is converted into a photoelectron (PE) spec-
trum, which we compare to the experimental data. We proceed in an analogous way for the

7The values for COHERENT-CsI and CENNS-10 detectors are taken from refs. [35, 36].
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case of the 24 kg CENNS-10 detector subsystem of COHERENT (hereafter COHERENT-
LAr). We first evaluate the expected signal in keVee using the reported quenching factor,
QF = 0.246 + 7.8× 10−4 keV−1

nr Er. Afterwards, following ref. [57], the signal is converted
into the reconstructed energy, E, using a normalized Gaussian function with resolution
power σ/E = 0.58/

√
E(keVee).

For our statistical analysis, we consider the experimental CEνNS data from the
COHERENT-CsI and COHERENT-LAr measurements. Concerning the CsI detector, we
base our statistical analysis on the χ2 function [35]

χ2(S) =
15∑
i=4

N exp
i −NCEνNS

i (S)[1 + a1]−Bi
0n[1 + a2]√

N exp
i +B0n

i + 2Bss
i

2

+
(

a1
σa1

)2
+
(

a2
σa2

)2
, (3.2)

with N exp
i and NCEνNS

i being the measured and theoretical signal for the ith bin, respec-
tively. The analysis is restricted to the 12 bins from i = 4 to i = 15, corresponding
to 6 ≤ PE ≤ 30. B0n

i is the beam-on prompt neutron background, while Bss
i denotes

the steady-state background events taken from the AC-ON data [56]. As explained in
refs. [35, 55], the nuisance parameters a1 and a2 quantify the systematic uncertainties of
the signal and background rate, respectively, with σa1 = 12.8% and σa2 = 25%.

Concerning the COHERENT-LAr data, we focus on the analysis-A of COHER-
ENT [36], with our sensitivity analysis based on the χ2 function defined in ref. [58]

χ2(S) =
12∑
i=1

(
N exp
i − ηCEνNSN

CEνNS
i (S)− ηPBRNB

PBRN
i − ηLBRNB

LBRN
i

)2

(σexp
i )2 +

[
σBRNES

(
BPBRN
i +BLBRN

i

)]2 (3.3)

+
(
ηCEνNS − 1
σCEνNS

)2
+
(
ηPBRN − 1
σPBRN

)2
+
(
ηLBRN − 1
σLBRN

)2
.

Here we consider 12 bins in the range [0, 120] keVee of the reconstructed energy, with
10 keVee size each. N exp

i denotes the measured signal with uncertainty σexpi , BRNES
corresponds to the Beam Related Neutron Energy Shape, while PBRN and LBRN stand
for the Prompt and Late Beam-Related Neutron Background data with σPBRN = 32% and
σLBRN = 100%, respectively, taken from ref. [57]. The Beam Related Neutron Energy
Shape (BRNES) uncertainty σBRNES (1.7%) and the systematic uncertainty of the signal
rate σCEνNS (13.4%) are taken from ref. [58].

3.3 TEXONO

The TEXONO collaboration has reported a measurement of elastic neutrino-electron scat-
tering (EνES) using a 187 kg CsI(Tl) detector at the Kuo-Sheng Nuclear reactor [37]. In
this case, we consider the reactor antineutrino distribution from [59], normalized to a total
neutrino flux of 6.4 × 1012 cm−2 s−1. For energies below 2MeV we adopt the theoretical
estimations from ref. [60]. Our theoretical neutrino signal expected at the detector is ex-
pressed in units of events/(kg · day ·MeV) and compared with the experimental data. Our
statistical analysis follows from the χ2 function

χ2(S) =
10∑
i=1

(
Nmeas
i −Nnew

i (S)[1 + a]
σstati

)2

+
(

a
σsys

)2

, (3.4)
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with Nmeas
i standing for the detected events. We consider the reported 10 bins distributed

over the recoil energy range [3, 8]MeV as well as their associated statistical errors, σstati , as
reported in ref. [37]. Systematic uncertainties are introduced through a penalty term with
σsys = 20%. As the first step in our procedure, we reproduce the TEXONO limit on the
effective electron antineutrino reactor magnetic moment, µν̄e ≤ 2.2 × 10−10µB, ensuring
that our statistical analysis is well-calibrated with TEXONO collaboration.

3.4 CEνNS and EνES with a 51Cr source

We are now motivated to explore the prospects of probing new physics phenomena using
the intense beam of a low-energy monochromatic νe 51Cr source through either CEνNS or
EνES processes. Indeed, the very low detection thresholds aimed at these facilities, make
them ideal for neutrino magnetic moment searches. We first focus on a recent proposal
for measuring CEνNS using a 5 MCi 51Cr source and various kg-scale detectors with sub-
keV capabilities [38]. In accordance with the proposal, we consider a cylindrical 2000 cm3

detector for different choices of target material such as Si, Ge, sapphire (Al2O3) and calcium
tungstate (CaWO4). The detector will be placed 25 cm from the source, what would imply
an average neutrino flux of 1.1 × 1013 cm−2 s−1. We estimate a target mass of 4.66, 10.6,
7.96, and 12.12 kg for Si, Ge, Al2O3, and CaWO4, respectively. A fixed threshold of
Ethres
r = 8 eVnr is considered. In our simulation, we include separately the contributions

from the four lines with neutrino energies (427, 432, 747, 752) keV that come from the
51Cr decay. Their relative strength is (9, 1, 81, 9)%. The exposure time is expected to be
2 half-lives i.e., 55.4 days [38].

In a previous work [61], we have examined the potential of a 51Cr-LXe detector in prob-
ing new neutral gauge bosons through EνES measurements. We considered three different
experimental configurations described in ref. [39], i.e. (A, B, C): with initial radioactivity
R0

Cr51 = (5, 5, 10) MCi and a time interval of (100, 50, 50) days, respectively. In this work,
we employ the same configuration and a cylindrical LXe detector, located at a distance of
1 m from the source, with a height and diameter of 1.38 m, which corresponds to a total
mass of about 6 tonnes [62]. The neutrino flux expected at a detector with this geometry
is calculated as described in ref. [39].

Due to the lack of experimental data for estimating the sensitivity reach for this type
of experiments, we employ a simplified statistical analysis based on the χ2 function

χ2(S) =
n∑
i=1

(
NSM
i −Nnew

i (S)[1 + a]
σstati

)2

+
(

a
σsys

)2

, (3.5)

with σstati =
√
NSM
i +Nbg

i . Here we have assumed a fixed background as large as 20% of
the SM rate, i.e. Nbg

i = σbgN
SM
i with σbg = 20%, while the systematic uncertainty is also

taken to be σsys = 20%. For the case of CEνNS, we consider n = 12 bins within the range
[Ethres

r , Emax
r ] where Emax

r is the maximum recoil energy for each nuclear target. For EνES
we take 5 keVee wide bins in the range [1, 601] keVee (see ref. [39]).
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Figure 1. Signal at XENON1T (top left) assuming µνµ = 6 × 10−11 µB
51, TEXONO (top right)

assuming µν̄e = 1 × 10−10 µB and Cr-LXe (bottom) assuming µνe = 2 × 10−11 µB. All cases
correspond to a sterile neutrino with mass m4=10 keV.

4 Results

Here we present the results of the analysis described in the previous section. We have
studied the sensitivity of current and future CEνNS and EνES experiments to the so-
called dipole neutrino portal.

Focusing first on the EνES experiments, we concentrate on the solar, reactor, and
51Cr neutrino fluxes, relevant for the XENON1T, TEXONO, and 51Cr-LXe experiments,
respectively. For the aforementioned experiments, we illustrate in figure 1 the effect of
a neutrino dipole moment assuming the production of a 10 keV sterile neutrino. In par-
ticular, the recent XENON1T excess is shown in the top left panel of figure 1, where we
present our results assuming the case of a νµ (see ref. [26] for the ντ coupling) with the in-
dicated benchmark value of effective neutrino magnetic moment and sterile neutrino mass.
Although there are small differences with the corresponding results of ref. [25], they are
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understandable because the authors did not consider the effect of the step function. Still,
their analysis is consistent with the present one, because most of the corrections from the
step function are washed out by the XENON1T efficiency. Since the effect of the step func-
tion is more pronounced for low threshold experiments, one should stress its importance for
studies involving spectral features at low-energy recoils. In the top right panel in figure 1
we show the case of TEXONO, where the reported data points are plotted and compared
with the sterile neutrino dipole moment expected signal. Although the effect is visible for
these parameters, the statistical uncertainties are still large in this kind of measurements.
Finally, in the bottom panel of figure 1 we show the number of events expected in the SM,
as well as in the sterile dipole portal, assuming the three different configurations (A, B, C)
of the 51Cr-LXe detector described previously. Comparing our SM prediction with other
reported studies, such as the one in ref. [39], we find they essentially agree, except for the
extra corrections associated to bound electrons incorporated in our present work.

We turn now our attention to the CEνNS case. The upper panel of figure 2 illustrates
the expected signal assuming a magnetic moment of µνµ = 2×10−9µB and a sterile neutrino
mass m4 = 10 keV at the CsI (left) and LAr (right) detector subsystems of COHERENT.8

In the lower panel, we present the corresponding result for the proposed 51Cr CEνNS
experiment described above, assuming µνe = 2× 10−11µB and various detector materials.
Notice that, for the case of the proposed 51Cr-type experiment, we have used a neutrino
magnetic moment strength that is two orders of magnitude lower compared to the assumed
value for COHERENT. This is possible thanks to the extremely low detection threshold
achievable with these future detectors. However, a 51Cr neutrino source experiment will
be restricted to sub-MeV neutrino masses, while for the higher energy π-DAR neutrinos at
COHERENT, the sensitivity holds up to masses m4 . mµ/2 ' 50MeV.

As a first step, assuming the neutrino magnetic moment as an effective parameter, we
perform a sensitivity analysis for all the CEνNS and EνES experiments discussed above. A
summary of our results is depicted in figure 3, where we show current limits and projected
sensitivities at 90% C.L. One sees that, for this case, the allowed sterile dipole moment
required to account for the XENON1T excess lies in the range 2 × 10−11 . µνµ . 8 ×
10−11µB, for a sterile neutrino mass up to 150 keV. Note also that our analysis of the
XENON1T excess data for the case of the νµ → νs transition agrees well with ref. [25]
and is shown here for comparison. Also shown, is the corresponding result derived in this
work for the νe → νs transition. As expected, the latter is consistent with a lower effective
magnetic moment due to higher statistics. Indeed, the low-energy solar neutrino flux
arriving at the Earth, to which XENON1T is mostly sensitive, contains more νe compared
to νµ. For the ντ → νs transition, see ref. [26].

Encouraged by these results, we now proceed with the analysis of CEνNS and EνES
data in novel experimental setups that could probe the above parameter space. As can
be seen in figure 3, the COHERENT data rules out the region with µνµ & 3 × 10−9µB
and m4 . 50MeV, with the CsI detector performing slightly better compared to LAr.9

8This value is allowed by the recent analyses of COHERENT-CsI [55] and COHERENT-LAr [63].
9Only νµ → νs transitions are assumed for the analysis of COHERENT data. The new CsI data

recently reported by the COHERENT collaboration [64] will modify these constraints. However, since the
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Figure 2. Signal at COHERENT-CsI detector (top left), COHERENT-LAr detector (top right)
assuming a transition magnetic moment µνµ = 2 × 10−9 µB and at a 51Cr CEνNS experiment
(bottom) assuming a transition magnetic moment µνe = 2 × 10−11 µB. All cases correspond to a
sterile neutrino with mass m4=10 keV.

Concerning the potential of future dipole moment probes, we also show the sensitivity
region for the next generation CENNS-750 detector with 610 kg fiducial mass and 3 years
of data aquisition [65].10 For the case of EνES, the current restrictions are coming from the
TEXONO experiment, and one sees how µν̄e & 3× 10−10µB is excluded, i.e. the constraint
is improved by one order of magnitude for the neutrino dipole moment coupling, compared
to COHERENT results. However, there is a sharp sensitivity loss at m4 ∼ 10MeV, due to
the kinematic cut imposed by the low energy of reactor neutrinos.

Finally, we now turn to the expected sensitivities for a 51Cr source neutrino flux.
Both for the case of CEνNS and EνES measurements, they would lead to a breakthrough

experimental threshold remains the same as in the previous run, and the TMM signal is governed mainly
by the low-energy behavior, we expect that the improvement will be rather mild.

10The backgrounds are taken from the estimations of ref. [30].
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Figure 3. Sensitivity of CEνNS and EνES experiments to the effective sterile neutrino transi-
tion magnetic moments. Relevant limits from other experiments are shown for comparison. Solid
(dashed) lines correspond to current (future) experiments (see text).

sensitivity reach of a neutrino magnetic moment in the region µνe ∼ 10−12µB. As in the
case of reactor neutrinos, the very low energy of the emitted neutrinos at the 51Cr decay
leads to a loss of sensitivity for m4 & 750 keV. We also note that the EνES 51Cr-LXe
case was found to be the only experimental setup where the interference cross-section is
non-negligible with respect to the purely magnetic one.

Before closing this discussion, we wish to emphasize the complementarity of the bounds
derived here from the analysis of CEνNS and EνES experiments, with those from oscil-
lation experiments.11 For the case of the νµ → νs channel in COHERENT, complemen-
tary constraints and sensitivities come from MiniBooNE [66], NOMAD [34], IceCube [28],
Borexino [25] and DUNE near detector (ND) [67, 68]. One can see that, though not placing
severe constraints on the neutrino magnetic moment, the current and future COHERENT
data cover a large portion of the previously unexplored parameter space, overlapping with
regions already probed by the aforementioned large scale experiments. We should also
mention that, although not visible, COHERENT-CsI is competitive to CHARM-II con-
straints [28], while the latter will be completely overridden by the future CENNS-750
experiment. Finally, also shown is the sensitivity obtained from the νs → νγ decay in
ref. [69], which is clearly complementary to the CENNS-750 and 51Cr CEνNS experiments
studied here. Similarly, for the case of TEXONO and 51Cr-based CEνNS and EνES ex-
periments (νe → νs transitions), the relevant experiments would be XENON1T, SHiP and
DUNE ND. Using this one may compare our results in figure 3 for the proposed Chromium
experiments with the relevant sensitivities from SHiP [34] as well as DUNE ND [67, 68].

11Only limits from laboratory experiments are discussed. For astrophysical limits, see ref. [34].
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One sees that there is no overlap with the CEνNS and EνES experiments. In contrast, the
51Cr-LXe setup discussed here can provide an independent test of the region indicated by
the XENON1T excess.12 However, we emphasize that one should really use eq. (2.5) for the
effective magnetic moment for solar neutrino experiments. Only such general λ-formalism
provides a basis for making such comparisons.

Having presented our results for effective neutrino magnetic moments, we now explore
the current and future sensitivities of the aforementioned CEνNS and EνES experiments
for the TMMs, as expressed within the general formalism discussed in section 2. As empha-
sized at the Introduction, in contrast to the simple effective magnetic moment description,
the adoption of the more general TMMs formalism allows for a direct comparison of the
attainable sensitivities at different types of experiments in terms of the same fundamen-
tal parameters, λ̃ij . Moreover, adopting this general formalism allows the full data set of
experiments exposed to a neutrino source with multiple flavors to be used in combined
analyses. Hence, for COHERENT and XENON1T, we do not need to consider one non-
zero effective magnetic moment µνα (α = e, µ, τ) at a time. In what follows, all relevant
µνα will be assumed non-vanishing and will be expressed in terms of the basic TMMs λij .
We present our results for a simplified case, assuming only one non-vanishing TMM λ̃ij at
a time, and neglecting the associated CP phases (for a discussion on the impact of the CP
phases see ref. [43]). The current constraints and future sensitivities are shown in figure 4,
where one sees the same qualitative behavior as in the case of effective dipole moments.

5 Conclusions and outlook

Motivated by the XENON1T excess and by the intrinsic interest in probing neutrino elec-
tromagnetic properties, we have examined the current and future experimental sensitivities
to a dipole portal interaction associated to a massive sterile neutrino with transition mag-
netic moment. We have explored such scenario for various CEνNS and EνES experimental
setups, analyzing their potential in probing the region of interest for the XENON1T excess.

Besides presenting the relevant sensitivities in terms of the usual effective magnetic
moments, we have given the first comprehensive description in terms of the fundamental
TMM parameters, see tables 1 and 2. Interference between weak and magnetic terms,
possible for massive sterile neutrinos, has been found to play no essential role in constraining
the parameters. The only exception to this was found when considering very-low energy
EνES from a 51Cr source.

Our phenomenological analysis has focused on current and future CEνNS and EνES
experiments using low-energy neutrinos from artificial neutrino sources, such as reactors
and accelerators, as well as those emerging from a 51Cr source. Our analysis shows that
the current constraints arising from the recent COHERENT CEνNS measurements on CsI
and LAr, as well as from reactor neutrino EνES measurements by TEXONO, can cover
a wider, previously unexplored, region in sterile neutrino parameters. In particular, we
have shown that the proposed 51Cr experiments can fully probe the explanation of the
XENON1T anomaly with the sterile dipole portal (see figures 3 and 4). Finally, we have

12Bounds from existing nuclear recoil XENON1T data [70] and future LHC projections [71] are weaker.
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Figure 4. Sensitivity of CEνNS and EνES experiments in terms of the general TMM description.
Note that our TMM notation provides a common basis for describing all possible experimental
setups, see text.
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also emphasized the complementarity of future low-energy CEνNS and EνES experiments
with large-scale experiments, such as DUNE ND, SHiP, Borexino, MiniBooNE, IceCube,
and NOMAD, as seen in section 4.
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