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1 Introduction

Recently the XENON1T experiment has reported an excess of O(keV) electronic recoil
events over known Standard Model (SM) background with a statistical significance of
∼ 3σ [1]. The excess is peaked around the 2 and 3 keV energy bins in a 1–7 keV recoil energy
window. The XENON collaboration has been unable to exclude the β decay of Tritium as
a background responsible for the surplus events. Even a trace amount of fewer than three
3H atoms per kg of XENON is enough to fit the excess with a 3.2σ significance [1]. Despite
viable SM explanations regarding unresolved backgrounds [2–4], it remains a reasonable
possibility that this excess is a hint of new physics beyond the SM. The experimental
analysis takes the latter into account and considers the possibility that the excess can be
due to a solar axion or a solar neutrino with a sizeable magnetic moment being absorbed
by target electrons. However, both of these scenarios are in tension with stellar cooling
constraints [5–10].
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In the SM, the neutrino-electron scattering as a source of electron recoils, generically
originates from the exchange of the SM gauge bosons W± and Z0 [11–13]. Nonzero mag-
netic moments of neutrinos can also provide some additional contributions to the low energy
neutrino-electron scattering via electromagnetic (EM) interactions [14–18]. However, the
precise value of the neutrino magnetic moment is unknown and it is predicted to be very
small in the SM, proportional to the neutrino masses for Dirac neutrinos [17, 19]. The non-
standard interactions of the SM neutrinos induce large neutrino magnetic moments which
can account for the XENON1T excess events [20–25]. In order to avoid large corrections
to neutrino masses induced by large neutrino magnetic moments, some new symmetries
can be introduced [21, 26]. Moreover, there are many theoretical attempts to interpret
the XENON1T signal assuming new physics beyond the SM such as, boosted dark mat-
ter [27–32], dark radiation [33, 34], anomalous magnetic moment of muon [23, 35], inelastic
DM-electron scattering [36–41], axion-like DM [10, 42]. Besides, there are some proposals
using a gauged U(1)X extention of the SM, where a gauge boson Z ′ contributes to dark
matter (DM) [43–51]. A detailed study of electron-neutrino scattering in the framework of
U(1)X was presented in [52].

In this article, we argue that the sterile neutrino DM can account for the low-energy
excess at XENON1T, while evading cosmological and astrophysical bounds. Right-handed
sterile neutrinos are introduced to resolve different theoretical problems in the SM and
simultaneously can be served as a viable DM candidates, see for example refs. [53–55].
Sterile neutrinos as a warm DM with masses at keV scale may constitute all or a part
of galactic DM halo [56, 56–61]. They can satisfy the bounds from structure formation
and the free streaming length of DM at early epochs [55, 57, 60], and also explain the
deviation of number of effective neutrinos measured from cosmic microwave background
(CMB) [55, 62]. Moreover, the presence of sterile neutrinos might explain the baryon
asymmetry of the Universe [63, 64]. As soon as finding any evidences for the sterile neutrino
DM and its properties one can gain insightful information about the thermal history of the
early Universe and the production mechanism of these particles [55, 65].

We present an effective model based on the fundamental symmetries and particle
content of the SM, in order to describe the relevant effective interactions of right-handed
sterile neutrinos with SM particles at low energies. In this scenario three massive sterile
neutrinos are introduced, the SM gauge symmetric four-fermion interactions giving rise
to new effective interactions between sterile neutrinos and SM gauge bosons. Using these
effective interactions, we calculate the scattering cross sections between sterile neutrinos
and electrons at the XENON detector. We will show that inelastic scattering of sterile
neutrino DM from Xenon electrons is able to successfully reconstruct the XENON1T event
rate. The interaction of sterile neutrinos with electrons for explaining the XENON1T
excess has been recently studied in [66, 67], where an incoming flux of solar neutrinos up
scatters to an outgoing state of sterile neutrinos. In contrast to the case of incoming sterile
neutrinos, their results do not rely on the nature of sterile neutrinos as DM particles.

This paper is organized as follows. In the next section we explain the framework
for sterile neutrino interactions with other SM particles. Then we calculate the possible
interaction with electrons (section 3) which might lead to the excess of events for XENON1T
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electron recoil at low energy. In section 4 we compute the recoil energy of electrons due to
sterile neutrino interactions either being in the initial state or in the final state. Moreover,
we discuss the possible bounds on the parameters of our effective model. Finally, we discuss
our results and conclude in section 6.

2 Sterile neutrino and charged lepton couplings

Chiral gauge symmetries and spontaneous/explicit breaking of these symmetries are key
concepts to understand the hierarchy pattern of fermion masses in the SM, and furthermore
play crucial role in developing possible scenarios beyond the SM for the fundamental par-
ticle physics. As demonstrated by neutrino oscillation phenomenon [68], apart from being
Dirac or Majorana type, neutrinos are massive particles. This fact can imply the existence
of the right-handed neutrinos and raises the questions of how chiral gauge symmetries have
been broken to generate neutrino masses.

There are many possibilities with various degree of complexity to capture such a new
physics where more unknown particles with different masses, interaction, spin and strength
might be included in the model. The seesaw mechanism is one of the most economical
solution to neutrino mass problem which is implemented in three tree-level ideas so-called
as type-I [69–74], type-II [75] and type-III [76]. In some of the models in order to avoid very
small tree-level Yukawa term, new discrete symmetries or continuous global symmetries are
assumed [77, 78]. Another way is to extend the SM with new gauge symmetries such as
U(1)B−L [79–82] , or U(1)R [83], such symmetry extensions in the gauge group may lead to
introducing several new beyond SM gauge bosons. Moreover left-right symmetric models
with direct right-handed neutrino interactions and SM gauge group SU(2)L×SU(2)R×U(1)
are among the attractive extensions of the SM [84–86].

On the other hand, the theoretical inconsistency [87–90] between the SM bilinear
Lagrangian of the chiral gauged fermions and the natural UV cutoff of unknown dynamics or
quantum gravity requires that an effective field theory possesses quadrilinear four-fermion
interactions (operators) of the Nambu-Jona-Lasinio (NJL) type [91] at high-energy scales.
On the basis of only SM gauge symmetries, four-fermion operators of SM left- and right-
handed fermions (ψL , ψR) in the charge sector “Q” and flavor family “f ” are introduced [53,
54, 92–96] ∑

f=1,2,3
G
[
ψ̄f
L
ψf
R
ψ̄f
R
ψf
L

]
Qi=0,−1,2/3,−1/3

, (2.1)

and three SM gauge-singlet right-handed neutrinos ψf
R

= νfR
1 are in the sector Q = 0,

playing the role of warm dark matter. There are two fixed points (scaling domains) for
the effective coupling G in (2.1). One is the strong coupling ultraviolet (UV) fixed point
at characteristic energy TeV, where SM gauge symmetries are preserved by composite par-
ticles [93]. A phenomenological study of such composite particles at the LHC is recently
presented in [97]. Another one is the weak-coupling infrared (IR) fixed point at the elec-
troweak scale ∼ 246GeV, where the low-energy SM model is realized. The SM gauge

1It is not excluded that they are all identical or related.
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symmetries are spontaneously broken, top quark, W± and Z0 gauge bosons acquire their
masses [98]. The hierarchy massive spectra of SM Dirac fermions are resulted from the
explicit symmetry breaking due to the family mixing, and the seesaw mechanism leads to
Majorana neutrino masses [92].

The relevant feature of this model for the present article is that in the IR low energy
domain one-particle-irreducible (1PI) interacting vertices between left- and right-handed
fermions are induced by the four-fermion operators (2.1). These lead to additional right-
handed currents coupling to SM bosons W± and Z0 in the neutrino sector [53, 99] and the
quark sector [94, 96]. These 1PI left-right mixing vertices vanish at low energies, giving
rise to the chiral (parity-violated) symmetries of SM. However, they do not vanish at high
energies, implying that the parity symmetry could be restored at high energy scale [54, 100].
Recently, the effective operators of right-handed currents have been considered for studying
LHC physics [101], the circular polarization of cosmic photons due to right-handed neutrino
DM candidate is also considered in [74].

We consider right-handed sterile neutrinos as the DM candidate effectively couple
to the SM gauge bosons via the right-handed charged and neutral current interactions
as [53, 54, 96]

L ⊃ GR(gw/
√

2) ¯̀
Rγ

µν`RW
−
µ + FR(gw/

√
2) ν̄`Rγµν`RZµ + h.c. (2.2)

where GF /
√

2 = g2
w/8M2

W and ν`R stands for the right-handed neutrino in the same family
of the charged lepton ¯̀

R, ν`R and `R can be considered as a right-handed doublet (ν`R, `R) in
gauge interacting basis. Summation over three lepton families ` is performed in eq. (2.2) and
no flavour-changing-neutral-current (FCNC) interactions occur. The GR and FR represent
effective coupling vertices, in the momentum space, given by (see figure 1)

ΓµW = i
GR(p1, p2)√

2
γµgwPR , ΓµZ = i

FR(p1, p2)√
2

γµgwPR . (2.3)

They are complex functions of momenta (p1, p2), and should be suppressed at low energies,
as required by SM precision measurements and cosmological constraints. At the electroweak
scale v = (GF

√
2)−1/2 ≈ 246GeV, GR ≈ FR ∝ (v/Λcut)2. The UV cutoff Λcut is the scale at

which the four-fermion operators (2.1) representing unknown new physics become relevant.
In terms of mass eigenstates (N l

R, lR), gauge eigenstates ν`R = (UνR)`l′N l′
R and `R =

(U `R)`l′ l′R, where UνR and U `R are 3 × 3 unitary matrices in family flavor space, the 1PI
interactions (2.2) take the following form

L ⊃ GR(gw/
√

2) [(U `R)†UνR]ll′ l̄RγµN l′
RW

−
µ + FR(gw/

√
2) N̄ l

Rγ
µN l

RZµ + h.c. (2.4)

and flavor mixing matrix [(U `R)†UνR] appears in charged current interaction, while neutral
current one remains diagonal in lepton family flavor space. The off-diagonal elements of
mixing matrix [(U `R)†UνR] shows interactions between different flavour families through the
charged current channel, for example N e

R − τR. This in fact gives the flavour oscillations
of the sterile neutrinos [93]. The mixing matrix [(U `R)†UνR] is not the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [(U `L)†UνL] in the sector of left-handed leptons and neu-
trinos. That is due to the transformations from the mass eigenstates (lL, νlL) to the gauge
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Figure 1. The Feynman diagram of the effective right-handed current couplings in eq. (2.4). Left:
the effective vertex of sterile neutrino and lepton coupling toW− with the mixing matrix [(U `R)†UνR].
Right: the effective vertex of sterile neutrino and anti-sterile neutrino coupling to Z0.

Figure 2. The effective electromagnetic (EM) interaction vertex of normal and sterile neutrinos.
The PMNS mixing matrix (UνLU `L) associates to the SM coupling vertex ν̄Lγµ`LWµ. This effective
vertex leads to the dominate radiative decay of right-handed sterile neutrino Nl → νl + γ.

eigenstates ν`L = (UνL)`l′νl′L and `L = (U `L)`l′ l′L. Since there is no information about the
mixing matrix [(U `R)†UνR], we assume in this article that off-diagonal mixing elements are
very small, namely [(U `R)†UνR]ll′ ≈ δll

′ . It is a reasonable assumption due to the hierarchy
structure of charged lepton masses and thus the diagonal element values of order of unity
have been absorbed in the GR coupling.

The sterile neutrinos via interaction (2.4) at loop level can interact with photons which
is given by Feynman diagram in figure 2, where SM gauge boson W and charged lepton
are present in the loop. In fact, this is an EM channel of SM neutrino and sterile neutrino
interaction. It can be represented as an effective operator

(UνLU `L)ll′ ν̄lLΛµl′N
l′
RAµ + h.c., (2.5)

where Aµ is the electromagnetic field and (UνLU `L) is the PMNS mixing matrix associating
to the SM vertex ν̄lγµPL`lWµ in the loop. In the momentum space, the 1PI vertex Λµ is
given by

Λµl′(q) = i
eg2
wGRml′

16π2

[
(C0 + 2C1)pµ1 + (C0 + 2C2)kµ1

]
. (2.6)
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Here pµ1 and kµ1 denote the four-momenta of incoming sterile neutrino and outgoing SM
neutrinos, respectively. The coefficients C0, C1 and C2 are the three-point Passarino-
Veltman functions [102],

Ci ≡ Ci(m2
N , q

2,m2
ν ;mW ,ml,ml)

q2→0−−−→ Ci(m2
N , 0,m2

ν ;mW ,ml,ml) ∝ m−2
W , (2.7)

where i = 0, 1, 2 and zero momentum transfer limit q2 = (k1 − p1)2 → 0 (appendix A)
is a good approximation for the evaluation of the loop integral at the low energy regime
leading to Ci ∝ m−2

W . To compute these functions we use the Package-X program [103].
The effective operator in eq. (2.5) represents a novel electromagnetic property of normal
neutrino and sterile neutrino coupling to photon, stemming from the effective right-handed
current coupling in eq. (2.4). The same type operator in the quark sector can be obtained,
and they associate to the effective Dirac mass operator ν̄LNR (q̄LqR) of neutrino (quark) by
the Ward-Takahashi identity [92]. This is different from the effective operator ν̄σµννFµν

of neutrino electromagnetic moment, which has been intensively discussed so far in the
literature [14, 17, 19, 84, 104, 105]. Under the CP transformation of field Aµ → −Aµ

and four-momentum pµ → pµ [105], it can be shown that the effective vertex Λµl′ → −Λl′µ
and Ci(q2) are CP invariant. Therefore the effective operator of eq. (2.5) is CP invariant,
except the CP phases in the PMNS and [(U `R)†UνR] mixing matrices, both are approximately
considered as an identity matrix in this article.

To this end, we have presented a scenario relevant for studying the electron recoil in
XENON1T experiment. There are three massive sterile neutrinos N e

R (me
N ), N

µ
R (mµ

N ) and
N τ
R (mτ

N ). They effectively interact with SM charged leptons eR, µR and τR, respectively,
through the SM gauge bosons W± and Z0 of weak interaction. Effective EM interaction
of sterile neutrinos with SM left-handed neutrinos νeL, ν

µ
L and ντL is through the SM pho-

ton γ. The effective coupling strength GR at low energies is a theoretical parameter to
be determined experimentally. In such a scenario, four-fermion operators of eq. (2.1) in-
duce right-handed current couplings [92–94]. We do not need to add any fiducial beyond
the SM gauge boson, such as WR,W

′, Z ′ or light particles, except right-hand neutrinos.
In the following, we first constrain the coupling strength GR from SM precision measure-
ments, cosmological and astrophysical observations, then apply this scenario to compute
the relevant observable quantities in XENON1T experiment.

2.1 Sterile neutrino DM and coupling constraints

It is essential that the contribution of right-handed sterile neutrinos to the total decay
width of the W gauge boson not to exceed the experimental accuracy of W decay width,
4.2 × 10−2 GeV. This gives a weak constraint on the right-handed current coupling as
GR . 6× 10−3 [74]. A more tighter constraint can be obtained from the radiative decay of
massive neutrinos [106, 107]. It will be shown that the dominate decay channel of massive
sterile neutrinos N l

R is the radiative decay process (figure 2) with the corresponding rate as

Γ(N l
R → νlL + γ) =

(
α g4

w

1024π4

)
m2
l (ml

N )3G2
R

[
(C0 + 2C1)2 + (C0 + 2C2)(C0 + 2C1)

]
.

(2.8)
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For different sterile neutrinos at low energy scale we have

Γ(N e
R → νeL + γ) = 1.57× 10−19s−1

( GR
10−4

)2 ( me

511 keV

)2 ( M e
N

100 keV

)3
, (2.9)

Γ(Nµ
R → νµL + γ) = 6.70× 10−15s−1

( GR
10−4

)2 ( mµ

106MeV

)2
(

Mµ
N

100 keV

)3

, (2.10)

Γ(N τ
R → ντL + γ) = 1.87× 10−12s−1

( GR
10−4

)2 ( mτ

1.77GeV

)2 ( M τ
N

100 keV

)3
, (2.11)

showing that decay rates get larger values for heavier sterile neutrinos and more massive
internal leptons. Suppose that sterile neutrinos N e

R, N
µ
R and N τ

R are DM candidates require
that their lifetimes to be at least 4.4 × 1017 sec of Universe age. This yields further
constraints on GR for each type of sterile neutrinos as

GR . 3.8× 10−4
(511 keV

me

)(100 keV
me
N

)3/2

, (2.12)

GR . 1.84× 10−6
(

106 MeV
mµ

)(
100 keV
mµ
N

)3/2

, (2.13)

GR . 1.1× 10−7
(1.77 GeV

mτ

)(100 keV
mτ
N

)3/2

. (2.14)

In the seesaw mechanism, there is a transition between active SM neutrinos and sterile
neutrinos which is induced by a “mixing angle”. This mixing would impact on the relic
abundance of sterile neutrinos indirectly through the interaction of generated active neu-
trinos with thermal bath of SM particles [56, 65, 106]. However in the model presented
here, there is an effective interaction between right-handed sterile neutrinos and SM gauge
bosons (2.4) leading to the effective scattering of sterile neutrinos from SM particles (fig-
ure 2). These interactions contain the effective coupling to right-handed currents (see
diagrams in figure 1), and can be compared to those effective interactions in seesaw model,
which are induced by the mixing angle and follows by a conversion process between active
and sterile neutrinos. If one replaces the right-handed coupling GR in eq. (2.8) by active-
sterile mixing angle θNν , the only deviation from the radiative decay rate obtained in the
context of seesaw model [60, 104, 106, 108], is the appearance of m2

`M
3
N instead of M5

N .
This specific property results from the effective couplings (2.4) and (2.5) of right-handed
sterile neutrinos to SM sector. Although in seesaw model the radiative decay channel
N → ν+γ is a sub-dominant process and the lifetime of sterile neutrino DM is determined
by N → νlν̄ανα [106, 109], the latter is absent in the context of our model and the radiative
decay of sterile neutrinos turns out to be the dominant decay channel.

There are various theoretical frames explaining sterile neutrino with keV-scale masses
which can provide the relic density of DM [110, 111]. We estimate the relic density of
sterile neutrinos by using the interaction rate and the Hubble rate during the radiation
dominated era [112–116]

ΓN = nN 〈σv〉 ≈ G2
FG2

RT
5 , H =

√
4π3gρ

45
T 2

MPl
≈ 1.66g1/2

ρ

T 2

MPl
, (2.15)
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where the energy density degrees of freedom is shown by gρ [117] and nN denotes the sterile
neutrino number density. When ΓN ≈ H, sterile neutrinos decouple at temperature

TN ≈ 10 GeV
(

10−6

GR

)2/3

g1/6
ρ , (2.16)

note that SM neutrinos decoupled at Tν ≈ 1 MeV. Since the interaction of sterile neutrinos
is weaker than SM neutrinos, they decoupled earlier than SM types in the early Universe.
The number density of sterile neutrinos is obtained as

ρN = mNnN = mNYNnγ , (2.17)

where YN = nN/nγ is the fraction of density of sterile neutrinos relative to the density of
photons. Therefore the relic abundance of keV neutrinos produced during the radiation
dominated epoch can be found as [116]

ΩNh
2 ≈ 76.4

[ 3gN
4gs(TN )

](
mN

keV

)
, (2.18)

which gN is the sterile neutrino degrees of freedom and gs denotes the entropy density
number of relativistic degrees of freedom of thermal bath particles [117]. DM relic density
presented in eq. (2.18) obviously demands entropy dilution process after freeze-out, to
bring down the abundance consistent with the current DM relic density obtained from
CMB observations ΩDMh

2 = 0.120 ± 0.001 [118]. If the coupling limit does not match
with the DM produced in the radiation dominated era, a possible matter dominated or
kination scenario can explain the mismatch of the relic abundance [57, 119]. Besides, there
is another possibility which can be considered. Then we might consider the oscillation of
keV sterile neutrino to heavier sterile neutrinos after its decoupling [92], analogous to the
SM neutrino oscillation. Sterile neutrinos decay to the SM particles, leading to keV DM
relic abundance observed today. Moreover, considering sterile neutrinos may influence on
the extra number of effective neutrinos ∆Neff decoupled from the thermal bath in the early
Universe [55]. The parameter ∆Neff is constrained by CMB [118]. Its exact value in our
scenario also depends on the cosmic history before the big bang nucleosynthesis and after
the inflationary era [55, 62] which is unknown then we will not consider its computation
here.

3 Neutrino-electron scattering

3.1 SM neutrino-electron scattering

In the low energy regime of the SM, when the momentum carried by intermediate vector
bosons W± and Z0 are much less than their masses, the effective Lagrangian describing
the neutrino-electron scattering via the charged current (CC) or neutral current (NC) are
given by

LCCeff = −2
√

2GF
(
[ν̄eγµPLue][ūeγµPLνe]

)
, (3.1)

LNCeff = −
√

2GF
∑

α=e,µτ

(
ūeγβ(gαLPL + gαRPR)ue

)
[ν̄αγβPLνα] , (3.2)

– 8 –
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where PR,L = 1
2(1±γ5), and gαR = 2 sin2 θW±1 with ′′+′′ for electron neutrino flavour α = e,

and ′′−′′ for α = τ, µ and gαL = 2 sin2 θW for all the neutrino flavours α = e, µ, τ . Note
that sin2 θW = 0.23 represents the weak mixing angle. The corresponding cross section of
the neutrino-electron scattering induced by these low-energy current interactions is given
by [11, 13, 120, 121]

dσeνα→eναSM

dEr
= 2G2

Fme

π

[
(gαL)2 + (gαR)2

(
1− Er

Eν

)2
− gαRgαL

meEr
E2
ν

]
, (3.3)

where Er is the recoil energy of electron in the detector and Eν is the energy of incoming
neutrinos.2

3.2 Sterile neutrino-electron scatterings

We compute the contribution of sterile neutrinos to the electron recoil event. In the model
presented in section 2, sterile neutrino interactions with electrons give rise to additional
contributions to the recoil process. The effective Lagrangian describing the low energy
scattering between sterile neutrinos and electrons regarding effective vertices presented in
figure 1, are given by

LSCCeff = −2
√

2GF
(
[N̄γµGRPRue][ūeγµPLνe] + [N̄γµGRPRue][ūeγµGRPRN ]

)
(3.5)

= −2
√

2GF
(
[N̄γµGRPRue][ūeγµPLνe]

)
+GFO(G2

R)

and

LSNCeff = −
√

2GF
(
ūeγβ(gLPL + gRPR)ue

)
[FRN̄γβPRN ] . (3.6)

In principle there are two possibilities in which sterile neutrinos can participate in the
electron recoil event;

I) Sterile neutrinos may appear as incoming particle contributing to the galactic DM
halo where initial flux of sterile neutrinos can be inferred from the local density of
DM, in this case our final states are recoiled electrons and SM neutrinos.

II) Sterile neutrinos may appear as outgoing particle whether or not dark matter is made
of sterile neutrinos, in this case initial flux is provided by solar neutrinos leading to
emission of sterile neutrinos after recoil events.

In general, scattering processes can be divided into two types; elastic and inelastic. It is
crucially important to clarify, in which types of scattering processes and also scattering
channels, sterile neutrinos can produce recoil signal in the desired energy range detected
by XENON1T experiment. It has been recently shown that an elastic scattering process

2Note that this cross section can be also re-written in terms of gV and gA where gV,A = 1
2 (gR ± gL) as

dσSM
dEr

= G2
Fme

2π

[
(gV + gA)2 + (gV − gA)2(1 − Er

Eν
)2 + (g2

A − g2
V )2meEr

E2
ν

]
. (3.4)
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between a DM particle and electron, only if DM satisfies velocity vDM ∼ 0.1 and mass
mDM & 0.1MeV, can produce the electron recoil excess in the energy range of O(keV ) [29,
122, 123]. While such a high velocity is far above the local escape velocity of the Milky
Way ∼ 10−3, it is argued that a long range attractive force might accelerate DM towards
the Earth and boosted to high velocities near the Earth surface [30]. In contrast to the
elastic scattering where the kinetic energy of a non-relativistic light DM is not sufficient
to produce recoil electron at keV scale, an inelastic DM-electron scattering thanks to the
momentum transfer in the order of ∼ mDM leads to the electron kinetic energy Te ≈
m2
DM/2me = 2.45 keV(mDM/50 keV)2 at the final state [36, 122–126].
The DM inelastic scattering from atomic electrons may lead to electron ionization or

electronic excitation, and DM-nuclear scattering may cause molecular dissociation [127–
129]. For electron ionization, the total energy EN of an incoming sterile neutrino must
be larger than the energy of a bound electron in level i, this defines a threshold condition
for the process to occur in the various bound states (see eq. 4.2). It has been shown that
the scattering from bound electrons leads to larger recoil than the free electron case [124,
128]. In fact the effect of bound electrons in atomic shells is important at low-energy
electronic recoil around a few keV and causes some deviations from the approximation of
free electron [128–133].

In the following we consider inelastic scattering of the sterile neutrinos with electrons
taking into account effective interactions given by eqs. (3.5) and (3.6).

3.2.1 Nee→ νee

The differential cross section of Ne → νee corresponding to the first diagram in figure 3,
is obtained as follows

dσ(Nee→ eνe)
dEr

= 2G2
F

π

G2
Rme

|~pN |2
EN

[
EN + m2

N

2me

]
, (3.7)

where |~pN | = (E2
N −m2

N )1/2 is the momentum of sterile neutrinos. We assume that the
sterile neutrinos as DM have the same velocity as in the standard halo model vN ≈ 220km/s
and EN ∼ mN , for sterile neutrinos with masses in O(keV) range

dσ(Nee→ eνe)
dEr

≈ 1.94× 10−53
( GR

10−6

)2
(

10−3

vN

)2

cm2
[
keV−1

]
, (3.8)

obviously right hand side of eq. (3.7) is independent of the recoil energy Er and only provide
a flat recoil spectrum which can not be used to explain XENON1T excess at low energy.

3.2.2 N`e→ N`e

If we consider the elastic scattering between sterile neutrinos and electrons (second diagram
in figure 3), the differential cross section is given by

dσ(N`e→ N`e)
dEr

= G2
F

2π
G2
Rme

|~pN |2
[
(geL)2(EN − Er)2 + (geR)2E2

N − geLgeR(m2
N −meEr)

]
. (3.9)
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Figure 3. Feynman diagrams corresponding to sterile neutrino-electron scattering through both
the charged current and neutral current. In these diagrams time flows from left to right.

Since in such an elastic scattering, there is not enough momentum transfer provided by non-
relativistic keV mass sterile neutrinos, it is not possible to produce observable signal from
the electron recoil in N e → N e process. Note that an extra contribution to N e → N e

originates from W exchange which is at higher order O(G4
R) and we ignore it here.

3.2.3 N`e→ ν`e (EM Channel)

Here we consider electron-neutrino scattering via electromagnetic (EM) channel [14, 105].
The neutrino magnetic-moment µν contribution to the electron-neutrino scattering process
is given by [19]

dσ(eνe → eνe)
dEr

= πα2

m2
e

( 1
Er
− 1
Eν

)(
µν
µB

)2
, (3.10)

where µB is the Bohr Magneton. For neutrino-electron scattering the magnetic moment
contribution is dominant over the standard electroweak contribution at low recoil energies.
However, a strict astrophysical bound on the neutrino magnetic moment is provided by
the observation of properties of globular cluster stars and stellar cooling process µν .
10−12µB [8, 134, 135]. The upper bound for the neutrino magnetic moment gives dσ/dEr ≈
10−45cm2keV−1(keV/Er), it is claimed in ref. [1] that this 1/Er enhancement at low energy
could provide an explanation for XENON1T excess but with less statistical significance
compared to other alternative possibilities.

In the following, we consider the sterile neutrino EM scattering from electrons through
lepton loop correction (see figure 4), namely through the effective EM vertex of eq. (2.5)
or figure 2. To find the cross section of Ne→ νle regarding leptons l = e, µ, τ at loop level
of the same family of SM and sterile neutrinos, we use eq. (A.7) and the kinematics used
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Figure 4. Sterile neutrino-electron inelastic (EM channel) scattering.

for its derivation. Then the differential cross section is given by

dσ(N`e→ νle)
dEr

=
(

m2
l

8πme q4 p2
N

) (
α g2

w GR
4π

)2

(2mNmν + 2meEr +M2
N )× (3.11){

(2C1 + C0)2 [me(2meEN +M2
N )(EN − Er))]+

(2C2 + C0)2 [me(2MNEr +M2
N )(EN − Er)]+

(2C1 + C0)(2C2 + C0) [2m2
e(E2

N + E2
r − 2ENEr) +mem

2
N (EN − Er)]

}
.

The recoil energy transfers to an electron through the inelastic scattering of sterile neutrino
q2 = (k1−p1)2 = 2meEr (appendix A). Here we assume vanishing neutrino mass mν ≈ 0 in
favour of the sterile neutrino and electron masses. To give more insight at the low energy
scale, eq. (3.11) can be approximated as

dσN`e→νle
dEr

∝
(

αGFGRm`

4π3/2vNErm
1/2
e

)2

(M2
N + 2meEr) . (3.12)

3.2.4 νee→ Nee

The cross section of neutrino-electron scattering when a sterile neutrino contribution as an
outgoing particle is

dσ(νee→ Nee)
dEr

=
(
G2
FG2

R|~pN |2

2πEνE2
N

) [
m2
N + 2meEr

]
(2meEν −m2

N )
me(Er + |~pN |) + Eν(|~pN | − EN ) +m2

N

, (3.13)

here EN = Eν−Er is the energy of outgoing sterile neutrinos in terms of the energy of stan-
dard model neutrinos Eν and the recoil energy of electrons Er, and |~pN | =

√
E2
N −m2

N . Our
estimation shows this process will not provide a significant contribution to the XENON1T
excess (see appendix B for the outgoing process). We will not compute the cross section
for the process ν`e→ N`e at one loop level like section 3.2.3 when the mediator is photon.
Since it will not give a large enough cross section to explain the excess.
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4 Calculation the electronic recoil events

We consider two different possibilities for the sterile neutrino interacting with electrons in
the XENON detector which might explain the reported anomaly.

4.1 Incoming sterile neutrino

The differential number of events in reconstructed electron recoil energy Erec, for the in-
elastic scattering of sterile neutrino DM with electrons per unit detector mass as observed
by XENON1T is

dR

dErec
= NT

ρDM
mN

∫
dEr

∫ vesc

vmin
dv v f(v) dσtot

dEr
ε(Er)G(Erec, Er) . (4.1)

Here ρDM is the local DM density, mN is the mass of the sterile neutrino, f(v) is the
DM halo velocity distribution in the lab frame, ε(Er) is the detector response efficiency
and dσtot/dEr is the differential cross section (see appendix B for the estimation of event
rate). We use a step-function approximation for the energy of bound electrons in XENON
atoms [1, 130, 131]

dσtot
dEr

=
54∑
i=1

Θ(Er −Bi)
dσ

dEr
, (4.2)

where the binding energy for an electron in shell i is Bi using the data of ref. [136]. In fact,
one would expect a sharp enhancement in the differential cross section when reaching to
a new atomic shell, the stepping approximation in eq. (4.2) is used to set an upper bound
here [130, 131]. This approximation is consistent with more robust calculations involving
the internal structure of the XENON nucleus [137]. Meanwhile, we use the data from
ref. [1] for the detector efficiency ε(Er) as a function of recoil energy Er. The number
of events are then smeared with a Gaussian distribution G(Erec, Er) with σ(Er)/Er =
(0.3171/

√
Er[keV ]) + 0.0015 to account for the response of the photo-multiplier tubes as a

function of the reconstructed recoil energy in the XENON1T detector [138]. For integrating
the halo velocity distribution we use closed-form analytic expressions [139–141] and assume
a standard DM halo with ρDM ' 0.4 GeV cm−3 [142], the local circular velocity v0 = 220
km/s, the most probable velocity ve = 232 km/s and the escape velocity vesc = 544
km/s. The minimum energy that includes the relevant minimum velocity is described in
appendix A.

Fitting with the XENON1T excess. We fit the XENON1T data with our model
for the incoming sterile neutrino DM scatters from electrons to the SM neutrinos using
eq. (4.1) to obtain the required number of excess events. Moreover, we consider the χ2 test
to check the reliability of our fit. As a consequence, we use [24, 30, 143]

χ2 =
∑
j

1
σ2
j

[
dRexp
dErec

− dRth
dErec

]2
, (4.3)

where σi is the variance of experimental data by XENON1T. The statistical significance
of our fit can be identified by δχ2 = χ2

min − χ2
bg where χ2

bg ' 46.5 for the background
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estimated by the XENON Collaboration [30, 143]. The parameter χ2
min is the minimum

value of χ2 in eq. (4.3) that can be found by scanning over a range of values for the coupling
GR and the sterile neutrino mass m`

N . The statistical importance of background is shown
by χ2

bg calculated from the background estimation and the measured data points by the
XENON1T experiment. To match the presence of sterile neutrino DM with the data of
XENON1T excess one requires δχ ' 3.2 which is reported by the experiment [1]. The
scattering processes of incoming sterile neutrinos given by the cross sections in eqs. (3.7)
and (3.9), do not have 1/Er enhancement factor to reproduce event excess at low energy
recoil spectrum. However, they may have a spectrum at higher energies assuming a large
enough coupling that is constrained by DM lifetime in eq. (2.12). Then, in practice we can
not have any observational effect from these processes in XENON1T experiment.

However, the sterile neutrino loop interaction described in figure 4 and computed in
eq. (3.11), besides giving enhancement recoil energy factors at low energy, due to the
presence of the internal loop leptons masses enhance the cross section. Consequently, it
can provide the sufficient event rate for specific choices of coupling and mass.

The value of chi-squared for the fitting parameters used in figures 5a, 5b and 5c when
we include all measured data points are χ2|e ' 38.3, χ2|µ ' 38.3 and χ2|τ ' 38.4 that
implies δχ|e ' 2.9, δχ|µ ' 2.9, and δχ|τ ' 2.8, respectively. These results are obtained by
considering the first data point around 1 keV reported by the experiment. If one assumes
some deviation from that data point due to the low resolution of detector at low energies,
then it is possible to increase the GR values to get a better fit by considering the minimum of
chi-squared. These values respect the bound from lifetime of sterile neutrinos in eqs. (2.12)–
(2.14) as DM candidate. The value of relic abundance does not put a strong bound on the
sterile neutrino since to satisfy the relic density constraint one can consider a nonstandard
cosmology scenario which was dominated prior to big bang nucleosynthesis [55, 65].

The best fit results presented in figures 5a–5c weakly depend on the sterile neutrino
mass me,µ,τ

N ∼ 90 keV of each family, but GR values are rather different and respecting
to the DM constrains obtained from eqs. (2.12)–(2.14). On the basis of these results, we
present the following physical interpretations in terms of (GR,M l

N ) values, for massive
sterile neutrinos N e

R (me
N ), N

µ
R (mµ

N ) and N τ
R (mτ

N ):

(i) If GR ∼ O(10−4), only N e
R is present today as DM component and its mass me

N ∼
90 keV, and Nµ

R and N τ
R have already decayed to SM particles, e.g., photons and SM

neutrinos;

(ii) If GR ∼ O(10−6), sterile neutrinos N e
R and Nµ

R are present today as DM particles. N τ
R

has already decayed to the SM particles. The main contribution to the XENON1T
electron recoil comes from the µ channel. This indicates mµ

N ∼ 90 keV;

(iii) If GR ∼ O(10−7), all sterile neutrinos N e
R, N

µ
R, and N τ

R are present today as DM
particles. The main contribution to the XENON1T electron recoil comes from the τ
channel. This indicates mτ

N ∼ 90 keV.

These cases are realized by assuming the mass hierarchy me
N . mµ

N . mτ
N and also neglect-

ing family mixing phenomenon. Regarding the XENON1T electron recoil data, there is a
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Figure 5. In the left panels events versus recoil energy including the error bars are shown in blue
color. The solid red line is the background model computed by XENON Collaboration [1]. The
additional recoil due to the sterile neutrino DM interaction with the Xenon electrons are shown by
green solid curve (the best fit points in the right panels are shown by light green points). To find
the minimum χ2 we scanned over the coupling GR and the sterile neutrino mass ml

N considering
different charged leptons in the loop (right panels). In case electron (upper panels), muon (middle
panels) and tau (lower panels) are in the loop of diagram of figure 4 the value of coupling and
mass of best fit points are [GR,ml

N ] ' a) [1.4 × 10−4, 90.6 keV], b) [6.4 × 10−7, 90.6 keV] and c)
[4.0 × 10−8, 90.6 keV]. The orange lines in right panels are lifetime constraint for sterile neutrinos
to be the DM candidate.
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degeneracy between three scenarios. In order to break the degeneracy and figure out which
situation was selected by the nature, we need other independent experiments/observations
to further constrain/determine the values of GR and ml

N .

4.2 Outgoing sterile neutrino

When the SM neutrino inelastically scattered off the electron producing the sterile neu-
trinos, the number of events per electron recoil energy Erec, per unit detector mass as
observed by XENON1T reads

dR

dErec
= NT

∫
dEr

∫
Eν |min

dEν
dΦν

dEν
Pν

dσtot
dEr

ε(Er)G(Erec, Er) . (4.4)

Here NT is the number of target electrons in the detector per unit mass, dΦν/dEν is the
low-energy solar neutrino differential flux on Earth per the incoming neutrino energy Eν
taken from [144, 145]. The minimum energy of neutrinos to produce the recoil energy is
denoted by Eν |min. The parameter Pν is the survival probability of one family of neutri-
nos (e.g. electron neutrino) arriving at Earth including matter effects and conversion from
the two other neutrino families [146, 147], dσtot/dEr is the analogous form of eq. (4.2) for
neutrino-electron scattering (see appendix B for the rough estimation of number of events).
Using eq. (4.4) and differential cross sections νe → Ne at tree level in eq. (3.13) and its
EM channel obtained from the Feynman diagram similar to figure 4 and eq. (3.11) with
exchanging sterile and SM neutrinos. Suppose that GR value preserves SM precision mea-
surements and astrophysical constraints (which will be discussed in the following section),
one can not get enough excess to explain XENON1T results.

5 Bounds from stellar cooling in astrophysics

It is important to check the consistency of beyond SM couplings (2.4), and (2.5) with
observed astrophysical data and to clarify the available parameter space (GR,ml

N ) required
to fit XENON1T excess data points. The right-handed current couplings (2.4), and their
induced neutrino and sterile neutrino EM coupling (2.5) have the potential to affect on the
stellar energy loss through a plasmon decay channel γ∗ → Nlν̄l. In order to prevent from
anomalous cooling during stellar evolution of the sun, red giants (RGs), horizontal branch
stars, supernova, white dwarf, and etc, [135, 148, 149], we need to put some constraints on
the model parameters.

Sterile neutrino can be easily produced only if sterile neutrino mass mN are smaller
than the plasma frequency ωp, instead, when mN > ωp the stellar cooling driven by sterile
neutrinos is highly suppressed due to kinematical reasons. The most strict astrophysical
cooling constraint can be obtained from the RGs where the core temperature of a typical RG
just before helium ignition was estimated as 18 keV [135, 149]. Obviously, this temperature
is well below our best fit mass in the range 50 keV. mN . 100 keV, causes less important
effects on the cooling process and therefore weaker constraint on GR. However, we can
estimate an upper bound on GR using the similar approach of [150] by defining an effective
transition factor from eq. (2.5) and (2.6) (see figure 2), effective transition dipole moments
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in active-sterile neutrino mixing have been previously studied in [66, 151–154]. The effective
transition magnetic moment operator µeff ν̄LσµνNRF

µν has been considered more recently
in [24, 150, 155, 156] in order to explain XENON1T excess. It was shown that while
the magnetic moment of active neutrino required to explain the XENON1T excess is µν '
2×10−11µB, the active-sterile neutrino transition moment needed for the XENON1T excess
is µeff ' 10−10µB [150].

By qualitatively comparing the neutrino and sterile neutrino EM coupling (2.5) with
the effective transition magnetic moment µeff, and the decay rate (2.8) with the decay rate
Γµeff = µ2

effm
3
N/(16π) [157], we arrive at an estimation

µeff
µB
∼ GFme

4
√

2π2GRm` ≈ 1.87× 10−12
( GR

10−2

)(
m`

1.77GeV

)
, (5.1)

in order to obtain the upper bounds on GR from astrophysical data that have imposed
the constrain on µeff. By setting the upper bound µeff using more stringent constraint on
neutrino magnetic moment µν . 2.2 × 10−12µB inferring from the RGs cooling observa-
tions [8, 150], we can specify allowed parameter region of GR for each types of the sterile neu-
trinos in order to be consistent with cooling data can be defined as (N τ

R,GR . 1.17×10−2),
(Nµ

R,GR . 0.19) and (N e
R,GR . 40.83) from eq. (5.1). These bounds are much weaker

than the DM bounds (2.12), (2.13) and (2.14) and also the range of GR values used to fit
XENON1T electron recoil excess in figures 5a–5c. This shows that our results are con-
sistent with stellar cooling data. There are various types of radiative interactions giving
contributions to the stellar cooling process [158]. While some of the astrophysical obser-
vations are subject to large uncertainties in both the measurement and the model [159],
a large region in the parameter space (GR,mN ) preserving DM constraints (2.12)–(2.14)
is offered to be consistent with both the astrophysical observation and XENON1T new
results.

6 Conclusions and discussion

In the original XENON1T paper [1], it is argued that solar axions can provide more sat-
isfactory interpretation while the other explanation such as neutrino magnetic moment or
even some possible systematic errors such as the energy spectrum of tritium decay obtained
less statistical significant [4]. In spite of providing more satisfactory statistical significant
by solar axions, the axion couplings required to fit the data are ruled out by several as-
trophysical bounds on stellar cooling [8–10, 160–162]. As an important example it was
recently claimed that the solar axion explanation of the XENON1T excess is in strong
tension with the RG cooling bounds [5].

In this paper, we made an attempt to understand the low-energy excess of electronic
recoils in XENON1T experiment regarding the sterile neutrino DM in the keV mass range
which can preserve different bounds. Our scenario utilizes an effective theory that couples
the right-handed sterile neutrino to the SM particles. We investigated two different cases
where sterile neutrinos can interact with Xenon electrons either as incoming or as outgoing
particles. We showed that the excess of events can be explained by inelastic scattering of
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sterile neutrinos from electrons through EM channel of eq. (3.11) in figure 4, assuming that
incoming flux of sterile neutrinos is provided by the local DM density. During this process
the mass of the initial sterile neutrino can be converted into kinetic energy of outgoing
SM neutrinos and recoil electrons in final-state. It is shown in figures 5a–5c that the
event rate observed by XENON1T can be reconstructed for the three different families of
sterile neutrinos with mass me,µ,τ

N ∼ 90 keV and different values of GR where best-fit points
preserving DM constraints (2.12)–(2.14). In the case of appearing the sterile neutrino at
final state, the solar neutrino flux arrives at detector on the Earth and scatters from Xenon
electrons, the process can not produce enough recoil event at low energy. This is due to
small values of GR limited by SM precision measurements and astrophysical tests in our
model, and also less flux of solar neutrinos compare to local density of sterile neutrino DM.

The rich phenomenology of the scenario presented in this article by introducing three
massive sterile neutrinos couple to the SM gauge bosons W± and Z0 through effective
right-handed current interaction (2.4), and its new effective EM interaction (2.5) of SM
neutrinos νlL and sterile neutrinos N l

R might explain a wide range of anomalous observa-
tional evidences [60, 163, 164] besides satisfying essential astrophysical constraints [135].
The main advantages of our model compare to large growing numbers of beyond SM mod-
els on neutrino hidden sector, is that besides having minimal numbers of free parameters,
it relies only on the fundamental symmetries and particle content of the SM. It is note-
worthy to study this model to explain the significant excess of electron-like events detected
in LSND and MiniBooNE experiments [158, 165–167]. The scattering between solar neu-
trinos and electrons taking place in Borexino experiment [168] may also provide further
restrictions on (GR,ml

N ) via SM neutrino-sterile neutrino interaction [157, 169, 170]. More-
over, in astrophysics the observed 3.5 keV line from the center of Galaxy [171, 172], can be
considered in the scenario presented in this article. We leave more detailed consideration
of different anomalies detected in experiments and observations for further investigations
in near future.

Different scenarios to explain XENON1T excess are required to be confirmed by further
investigations and more precise instruments. In addition to explain XENON1T anomaly,
the scenario presented in this article has some distinctive features which can be used to
distinguish between our scenario and other beyond SM proposals. The new effective EM
vertex (figure 2) should give non-vanishing corrections to lepton Anomalous Magnetic Mo-
ment (AMM), and CP violating phases in PMNS and [(U `R)†UνR] mixing matrices provide
some new contributions to charged lepton Electric Dipole Moments (EDMs). These new
contributions could potentially change EDM and AMM lower bounds to be within future
experimental sensitivities and more studies are needed in these directions.

In spite of the sterile neutrino-electron scattering through EM channel (figure 4), the
scattering via charged lepton coupling (left in figure 3) leads to asymmetry between left-
and right-handed recoil electrons. It can be shown that polarized scattering processes
such as N + eL/R → ν + eL/R and N + eR → ν + eL are suppressed with respect to
N + eL → ν + eR. In the limit of all particles being massless due to the conservation of
angular momentum, one can easily verify that N mainly scatters from eL giving rise to
recoil eR. In order to probe this feature experimentally, we may define the asymmetry
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quantity A = (σR − σL)/(σR + σL), where σR(σL) is the cross section of sterile neutrinos
with electrons in right-handed (left-handed) helicity state [54, 92, 100, 173]. Non-vanishing
asymmetry (A 6= 0) induced by the charged current can be served as a peculiar signature of
our model. However, we know that the measurement of the asymmetry would not be easily
achieved in practice, especially for small numbers of events. In upgrade phase of XENON
experiments or other upcoming DM experiments, if an instrument indirectly detecting the
polarization of recoil electrons is implemented then the measurement of the asymmetry
could possibly verify or falsify this feature.

In addition to EM channel of the sterile neutrino-electron scattering (3.2.3), our model
predicts other scattering channels (3.2.1), (3.2.2) and (3.2.4) which may potentially pro-
duce observable signals but not in the sensitivity range of current XENON1T experiment.
Consequently, the next generation of XENON detectors such as XENONnT [174], LZ [175],
PandaX-II [176] and DARWIN [177] can further probe the parameters space (GR,M l

N ) in
our model, which will be discussed in our future papers. Thanks to the multiton-year
exposure time of upcoming precise experiments, it may shed light on the dark matter and
low-energy neutrino physics beyond SM.
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A Kinematics of the electronic recoil and cross section

In this appendix we represent the framework for the computation of neutrino-electron
scattering using our proposed effective interaction taking into account the contribution of
sterile neutrinos. The differential cross section can be evaluated from a general formula
given by [12, 178]

dσ = (2π)4δ4(p1 + p2 − k1 − k2)

4
[
(p1 · p2)2 −m2

p1m
2
p2

]1/2 d3~k1
(2π)32Ek1

d3~k2
(2π)32Ek2

|M |2 , (A.1)

where p1 and p2 are four momenta of incoming particle and target electron, respectively,
and k1 and k2 are outgoing scattered particle and the recoil electron, respectively. The
absolute value of Feynman amplitude (figure 6) denoted by |M |.

Incoming sterile neutrino. When modeling direct detection experiments similar to
XENON1T, it is optimal to work within the Lab reference frame, where ~p2 = 0. In case
Ne → νe the energy conservation implies EN + me = Ek1 + Ek2 , p1 + p2 = k1 + k2,
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Figure 6. Scattering at a 4-vertex.

Ek1 = EN − Er and Ek2 = me + Er. Here Er is the recoil energy. Then assuming mν ' 0
we get

Ek1 = 2meEN +m2
N

2me + 2
(
EN −

√
E2
N −M2

N cos Θ
) , (A.2)

for the kinetic energy of the outgoing SM neutrino which implies the minimum energy of
nonrelativistic sterile neutrino and the relevant recoil energy to be

EN |min '
Er
2 + 1

2

√
E2
r + 4meEr + 2M2

N , (A.3)

and

Er '
2E2

N −M2
N

2(me + EN ) . (A.4)

The energy of scattered electron is derived as

Ek2 =
√
m2
e + E2

k1
+ (E2

N −m2
N )− 2Ek1

√
E2
N −m2

N cos Θ . (A.5)

The parameter Θ is the angle between the incoming sterile neutrino p1 and the outgoing
neutrino k1, which can be determined by

cos Θ = 1√
E2
N −m2

N

(
EN −

m2
N + 2Erme

2(EN − Er)

)
. (A.6)

Using eqs. (A.1), (A.2), (A.5) and (A.6) leads to

dσ

dEr
= |M |2

32πmep2
N

. (A.7)

Outgoing sterile neutrinos. In the case of νee → Ne we have Eν + me = EN + Ek2

and ~pν = ~k1 + ~k2 from energy momentum conservation. Then by using Ek2 = me + Er,
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Ek1 = EN = Eν − Er and pN =
√
E2
N −m2

N the following equations for the energy of
outgoing electron and the incoming SM neutrino can be obtained

Ek2 =
√
m2
e + E2

ν + (E2
N −m2

N )− 2Eν
√
E2
N −m2

N cos Θ , (A.8)

and

Ep1 = Eν = 2meEN −m2
N

2me − 2
(
EN −

√
E2
N −M2

N cos Θ
) . (A.9)

The angle between p1 and k1 reads

cos Θ = 1−
(
m2
N + 2meEr

2Eν(Eν − Er)

)
. (A.10)

The minimum energy of incoming neutrinos that causes the recoil of electron from
eq. (A.9)

Eν |min = 1
2

(
1 + m2

N

2meEr

)(
Er +

√
E2
r + 2meEr

)
, (A.11)

and Eν |max = 420 keV from the maximum of flux of neutrinos. Then we can obtain electron
recoil energy from (A.11) in terms of the energy of the incoming SM neutrinos as

Er = 1
2me(me+2Eν)

(
me[2E2

ν −m2
N ]−mem

2
N + Eν

√
4me(E2

N −m2
N )−m2

N (2meEν −m2
N )
)
.

(A.12)
In the limit of mN → 0 eqs. (A.9) and (A.10) correspond to the Compton scattering of
photons from electrons in the Lab frame [178]. Therefore the differential cross section is

dσ

dEr
= 1
πme

(
pN

8EνEN

)2 [
m2
N + 2meEr

]
|M |2

me(Er + pN ) + Eν(pN − EN ) +m2
N

. (A.13)

B Estimation of the number of excess events

Here we present an order of magnitude estimation of the rate of recoil electrons in the
detector for incoming and outgoing sterile neutrinos. The efficiency factor ε(Er) and the
Gaussian smearing function G(Er, Erec) are at the order O(1) and do not affect the esti-
mation much.

Incoming sterile neutrino. Assuming that the sterile neutrino DM inelastically scat-
tered from the Xenon electrons leading to the SM neutrinos and recoil electrons at the final
state, we estimate electronic recoil event rate by using eq. (4.1) as

dRth
dEr

≈ NT
ρDM
mN

〈
f(v)dσNe→νee

dEr

〉
≈ NT

ρDM
mN

∫
dvf(v)v

(
dσNe
dEr

)
, (B.1)

– 21 –



J
H
E
P
1
2
(
2
0
2
0
)
1
9
4

taking the scattering cross section in EM channel from eqs. (3.11) and suppose that mN ≈
100 keV, EN ' mN , vN ≈ 10−3 and pN ' mNvN . One can find the following approximate
value of the differential cross section for recoil energy around a few keV

dσ

dEr
≈ 5.6× 10−37G2

R

[ 1
cm−2keV

]
. (B.2)

Meanwhile, we assume that the density of sterile neutrinos is obtained from the local density
of DM halo as nDM = (ρDM/mN ) ≈ 1014cm−2s−1. Then our theoretical estimation for
the event rate excess relate to recoil electrons generated via the interaction with sterile
neutrinos in a sample of 1 tonne liquid XENON is

dRth
dEr

≈ NT
ρDM
mN

dσ

dEr
≈ 8.4× 1015G2

R

[ 1
tonne. year. keV

]
, (B.3)

regarding the fact that the total number of electrons in XENON target is NT ' 4 ×
1027/tonne and exposure time of data taking is around 1 year. For the integral over halo
velocity distribution we use the result of refs. [139–141]. On the other hand the event
excess that XENON collaboration reported in [1] at low energy is roughly

dRexp
dEr

≈ 50
[ 1
tonne. year. keV

]
. (B.4)

This shows that, for example in the case of incoming tau sterile neutrinos where tau leptons
are turning inside the loop in figure 4, by assuming GR ≈ 7.23×10−8, one can simply explain
this amount of event excess. Note that this value of GR is consistent with SM precision
measurements such asW− decay width and the sterile neutrino lifetime as a DM candidate
showing in eq. (2.8).

Outgoing sterile neutrino. When the sterile neutrino appears in the outgoing state,
using eq. (4.4), one can estimate the event rate as

dRth
dEr

≈ NT

〈
φν
dσνe→Ne
dEr

〉
≈ NT

∫
dEν

dφν
dEν

(
dσ

dEr

)
, (B.5)

the incoming neutrino flux is estimated by the neutrino flux from the proton-proton fusion
inside the sun that is around φν,pp ≈ 6× 1010 cm−2·s−1 and the maximum energy of neu-
trinos is 420 keV [144–146]. Then assuming mN = 100 keV and using eqs. (3.13) and (4.2)
for the tree level interaction we can obtain dσ/dEr ≈ 2 × 10−47G2

R [cm2/keV]. For the
outgoing sterile neutrino case at one loop level (the Feynman diagram similar to figure 4
and eq. (3.11) with exchanging sterile and SM neutrinos) the estimated cross section is
dσ/dEr ≈ 5.6 × 10−37G2

R [cm2/keV]. Taking into account the fact that the total number
of electrons is NT ' 4 × 1027/tonne in addition to the exposure time of the XENON1T
experiment [1]. As a consequence, one can provide an explanation for the observed ex-
cess dRexp/dEr ≈ 50 [tonne. year. keV]−1 at a few keV recoil energy, based on the scaled
physical parameters which gives

dRth
dEr

≈ 8.4× 10−1 G2
R

[ 1
tonne. year. keV

]
, (B.6)
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taking the tree level cross section νe→ Ne, and

dRth
dEr

≈ 4.2× 10−4 G2
R

[ 1
tonne. year. keV

]
, (B.7)

applying the EM channel scattering cross section νe → Ne. These estimations show
that to get an excess at the order of eq. (B.4), one requires large values for the coupling
GR because of the small flux of solar neutrinos compare to the DM local density around
the earth. These large values of GR are in conflict with SM precision measurements and
astrophysical tests. We note that, it is not essential for the outgoing sterile neutrinos to
respect the DM lifetime constraints in eqs. (2.9)–(2.11). Consequently, in our model the
outgoing sterile neutrinos can not explain the XENON1T excess.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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