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The recent Xenon1T excess can be explained by solar neutrino scattering with electron via a light me-
diator, either scalar or vector, in addition to many other explanations from the dark sector. Since only 
the recoil electron is observable, a keV sterile neutrino instead of an active neutrino can appear in the 
final state. The sterile neutrino allows pseudoscalar mediator to explain the Xenon1T excess which was 
thought impossible. In addition, nonzero recoil energy lower bound arises from the sterile neutrino mass, 
which can be used to testify if the sterile neutrino is massive or not. We also briefly discuss the case of 
sterile neutrino final state with light Z ′ mediator.

© 2020 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The recent Xenon1T data contains a low-energy peak excess in 
the electron recoil spectrum [1]. Although it is possible to explain 
this peak excess with residual tritium background [1,2], more data 
or independent measurement is needed before making a decisive 
conclusion. It is too soon to call this Xenon1T signal an anomaly. 
On the other hand, this low energy peak can also be explained 
with new physics beyond the Standard Model (SM).

The largest category is dark sector which contains several possi-
bilities. To explain the observed low-energy excess with dark mat-
ter (DM), [3] pointed out that the DM has to move faster, v � 0.05, 
than the conventional non-relativistic DM confined in our galaxy, 
which typically has velocity v ∼ 10−3 (O(100 km/s). This is fol-
lowed by many attempts in various scenarios, including boosted 
DM [4], cosmic-ray boosted DM [5–7], inelastic cosmic-ray boosted 
DM [8], warm DM decay [9], DM heated in the Sun [10], inelastic 
DM-electron scattering from heavy to light [11,12], inelastic DM-
electron scattering from light to heavy [13], 2 → 4 annihilating 
DM [14], 3 → 2 Co-SIMP DM [15], shinning DM emitting photon 
to fake electron recoil with Rayleigh operator [16], electromagnetic 
de-excitation [17], Migdal effect with electron signal from nuclei 
recoil [18], mirror DM [19], and Hydrogen atom decay [20]. There 
is also some discussion about using collider search to supplement 
the direct detection [21]. Although the solar axion explanation is in 

E-mail addresses: gesf@sjtu.edu.cn (S.-F. Ge), ppasquini@sjtu.edu.cn (P. Pasquini), 
shengjie.physics@gmail.com (J. Sheng).
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0370-2693/© 2020 Published by Elsevier B.V. This is an open access article under the CC
tension with astrophysical constraints [1,22], reexamination shows 
new possibility [23–26] and axion-like-particle (ALP) dark matter 
is much less constrained [24,27,28]. The light boson category also 
includes relaxion [29] and dark photon [30–33].

The electron recoil by solar neutrinos is also a major cate-
gory. Large magnetic momentum from the Majorana nature of 
neutrinos [34,35] has also being used to explain the Xenon1T ex-
cess [1,36,37]. In addition to the photon mediator, either a light 
scalar [36,38] or Z ′ [36,38–41] is needed. Although the neutrino 
charge radius [36] and muon magnetic momentum [42] was addi-
tionally studied, they can only provide a quite flat recoil spectrum 
and hence cannot explain the Xenon1T excess. It is a common fea-
ture of having light mediators for the solar neutrino explanations. 
Both scalar and vector mediators have been discussed. And it is 
explicitly claimed that the pseudoscalar mediator does not work 
[38] due to lack of low recoil enhancement [29,38], which is not 
necessarily true.

We propose a new possibility with sterile neutrino in the fi-
nal state, in addition to the light mediator. It allows pseudoscalar 
to provide a 1/Tr enhancement at low energy and hence can ex-
plain the Xenon1T excess. In addition, the finite mass of the sterile 
neutrino leads to a sharp cutoff on the lower side of the electron 
recoil spectrum for fixed neutrino energy. This provides the DM 
direct detection experiments a chance of not just probing the exis-
tence of DM but also measuring the companion particle mass. The 
same scenario also applies for a light Z ′ mediator as we briefly 
discuss at end.
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2. Sterile neutrino and light mediator

Let us consider a light scalar mediator with both neutrino and 
electron,

Lint = ν̄(yν
S + γ5 yν

P )φνs + ē(ye
S + γ5 ye

P )eφ + h.c., (1)

with both scalar and pseudoscalar couplings to keep general. This 
kind of coupling can arise from the mixing of scalar φ with the 
SM Higgs. The Yukawa term requires a right-handed neutrino that 
has no SM gauge interactions and hence is a sterile neutrino. It is 
possible for this sterile neutrino to obtain a Majorana mass term. 
The sterile neutrino νs has mass ms ∼ O (100 keV) and the scalar 
mediator φ has mass mφ � 30 keV.

When scattering with electron, the light mediator would intro-
duce a 1/(q2 − m2

φ) propagator. If the mediator is light enough, 
m2

φ � q2 = 2me Tr , 1/Tr enhancement at low energy naturally ap-
pears. The Xenon1T peak excess, Tr ≈ (2 ∼ 3) keV, corresponds to 
mφ � (40 ∼ 60) keV. Nevertheless, whether the differential cross 
section has such feature or not is still subject to the scattering 
matrix element |M|2 [44],

4me(2me Tr + m2
s )

(yν
S ye

S)
2(2me + Tr) + (yν

P ye
P )2Tr

(2me Tr + m2
φ)2

. (2)

The first term in the numerator is the scalar contribution while the 
second one comes from the pseudoscalar coupling. The difference 
formally emerges from the electron spinor trace.

Scalar : |M|2 ∝ Tr
[
(/pe + me)(/p

′
e + me)

]
, (3a)

Pseudoscalar : |M|2 ∝ Tr
[
(/pe + me)γ5(/p

′
e + me)γ5

]
. (3b)

Due to the presence of γ5, the scalar matrix element (3a) be-
comes 4(m2

e + pe · p′
e) while the pseudoscalar one is 4(m2

e − pe · p′
e)

instead. With pe · p′
e = me(Tr + me). Hence, the scalar and pseu-

doscalar terms become 4me(2me + Tr) and 4me Tr , respectively. The 
pseudoscalar terms scales linearly with Tr while the scalar one is 
almost flat.

The scalar and pseudoscalar couplings contribute separately. To 
see the features of this new interaction in (2) more clearly, let us 
first omit the mediator mass mφ and take 2me � Tr into consid-
eration. For a light sterile neutrino, 2me Tr � m2

s , the scalar term 
has 1/Tr peak while the pseudoscalar one becomes almost inde-
pendent of the electron recoil energy. For light final state such as 
the active neutrinos in the SM, the pseudoscalar mediator can not 
explain the Xenon1T excess [38,45].

Nevertheless, this conclusion is not necessarily true in the pres-
ence of final-state sterile neutrino. For m2

s � 2me Tr , the prefactor 
2me Tr + m2

s ≈ m2
s in (2) no longer has linear dependence on the 

electron recoil energy Tr but becomes almost flat. This introduces 
1/Tr to the pseudoscalar contribution and enhance the scalar one 
to 1/T 2

r . In addition to the energy recoil peak introduced by a light 
mediator that one usually expects, a massive final state can do the 
same thing. The scenario of hidden neutrino in the final state [39]
with mass at sub-eV scale and a Z ′ mediator is quite different from 
the one we consider here.

From the scattering matrix element |M|2 to the differential 
cross section dσ/dTr ,

(2me Tr + m2
s )

(yν
S ye

S)
2(2me + Tr) + (yν

P ye
P )2Tr

8π E2
ν(2me Tr + m2

φ)2
, (4)

no extra Tr is introduced. We show the electron recoil energy 
spectrum in Fig. 1 which clearly demonstrates a surging peak at 
low energy. The SM contribution is mainly from the heavy Z and 
W mediators with flat recoil spectrum [46]. The blue curve for 
Fig. 1. The electron recoil energy spectrum for the SM background and sterile neu-
trino final state with scalar mediator.

scalar and massless neutrino in the final state roughly overlaps 
with the dashed curve for pseudoscalar curve with ms = 100 keV
due to the 1/Tr dependence as we elaborated above. If the final-
state neutrino is also massive, the scalar contribution receives one 
more 1/Tr enhancement and leads to the black curve in Fig. 1, 
which shows clearly the effect of a massive sterile neutrino in ex-
plaining the low-energy recoil signal observed by Xenon1T.

The sterile neutrino as DM can also introduce a peak in the 
low energy recoil spectrum [43]. The mass of the sterile neutrino 
in the initial state is converted to kinetic energy of the final-state 
particles. With sterile neutrino mass, ms � 40 keV, the electron 
recoil energy receives a natural upper limit at the keV scale and 
hence a peak. In this scenario, there is no need to involve a light 
mediator and the SM Z boson mediation is enough to explain the 
low energy peak.

3. Solar neutrino

We used the NuPro package [47] to simulate the evolution 
[48,50] of solar neutrinos [49,51,52]. The solar neutrinos are pro-
duced from the pp chain and CNO cycle nuclear reactions accord-
ing to which the neutrino fluxes can be predicted [53]. In total, 
there are 6 continuous fluxes (pp, 13N, 16O, 17N, 8B, and hep) 
and 3 monoenergetic ones (the 7B flux has 10.44% at 384 keV and 
89.56% at 862 keV, as well as pep at 1.44 MeV). The fluxes without 
flavor transition have been illustrated with solid lines in the upper 
panel of Fig. 2. Depending on the solar matter density, composi-
tion, and temperature, the production rate varies inside the Sun. 
Due to the extremely high density inside the Sun, solar neutrinos 
evolve adiabatically when propagating out and the transition prob-
ability Pee depends on the neutrino production location. The solar 
neutrino fluxes that arrive at detector on the Earth is then the 
one convoluted with transition probabilities, illustrated as dashed 
lines in Fig. 2. These effects have been properly taken into account 
in NuPro. The lower panel of Fig. 2 shows the transition proba-
bilities for different fluxes. Between different fluxes, the transition 
probability varies a lot, especially for the high energy part. In our 
simulation, the neutrino parameters are assigned to the best-fit 
values from the latest global fits [54,55].

4. Xenon1T electron recoil signal

The Fig. 3 shows the signal event rates for both scalar and 
pseudoscalar mediators. The Xenon1T excess is observed in the 
Science Run 1 (SR1) data set with 0.65 ton·year exposure. Al-
though the recoil energy spectrum has a sharp peak at low energy, 
we have to consider the finite energy resolution and the detec-
tion efficiency [1]. The energy resolution can be parametrized as 
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Fig. 2. The solar neutrino fluxes and the transition probabilities.

Fig. 3. The electron recoil event rate at Xenon1T.

σTr = a/
√

Tr/keV + b with a = 31.71 ± 0.65 and b = 0.15 ± 0.02
[56]. For simplicity, we just use the central values of a and b. 
We assign ms = 150 keV for the scalar mediator and ms = 100 keV
for the pseudoscalar. In both cases, mφ = 0 keV can explain the 
Xenon1T signal.

It should be emphasized that the signal spectrum in Fig. 3
drops faster for a massive sterile neutrino than the massless case. 
This is because the recoil energy can receive a nonzero lower limit 
for a massive sterile neutrino final state as indicated in Fig. 1, 
T −

r ≤ Tr ≤ T +
r with,

T ±
r = 1

2s

{
(s + m2

e − m2
s )E0 (5)

± |p0|
√[

s − (me + ms)2
] [

s − (me − ms)2
]} − me.

The center-of-mass energy is, s = me(me +2Eν), E0 = Eν +me , and 
|p0| = Eν . For massless final-state neutrino, T −

r = me and conse-
quently Tr ≥ 0. In the presence of massive sterile neutrino final 
state, there is no recoil signal below T −

r − me . It is then possi-
ble to experimentally justify if the final state companion particle is 
massless or not. From the gap size low recoil spectrum shape, we 
may infer the companion particle mass. The electron recoil signal 
of DM direct detection experiment can not only probe the exis-
tence of DM but also the mass of the companion particle. This is 
not easy at the conventional detectors and new concept detection 
techniques may help.

5. Interplay with the SM counterparts

In previous discussions, the SM and new physics contributions 
are essentially independent of each other. Here we try to compare 
these two contributions by first comparing their sizes and then 
briefly discuss the possible interference between them.

With the integration limits T ±
r in (6), we can readily obtain the 

total cross section,

σ = (yν
S ye

S)
2

16πme E2
ν

[
2me log

T +
r

T −
r

− m2
s

(
1

T +
r

− 1

T −
r

)]

+ (yν
P ye

P )2

32πm2
e E2

ν

[
2me(T +

r − T −
r ) + m2

s log
T +

r

T −
r

]
. (6)

A basic feature is the integration limits T ±
r scales with neutrino 

energy Eν almost linearly for large neutrino energy. Consequently, 
the total cross section is suppressed for Eν � me, ms with a 1/Eν

scaling. This behavior is quite different from the SM counterpart 
[46] which increases linearly with neutrino energy.

In earlier discussions, the SM diagram with active neutrino νe

in the final state does not interfere with the sterile neutrino con-
tribution due to different final states, one is active neutrino and 
the other sterile neutrino. This is based on the assumption of ig-
noring the active-sterile mixing which is always achievable since 
the existence of sterile neutrino has not been established by neu-
trino oscillation experiments [57–59], although the decay of a keV 
neutrino could explain the LSND and MiniBooNE excess [60].

One may imagine the situation that the active-sterile mixing 
can introduce flavor-changing neutral current in neutrino interac-
tions. Then, even for the SM interactions, both neutral and charged 
currents, the sterile neutrino can appear in the final state. For both 
cases, the scattering matrix element with Z/W mediator is sup-
pressed by the active-sterile mixing θas , Ms

Z/W ≈ θasMSM
Z/W . The 

corresponding interference term is then of the order θasMSM
Z/W Mφ

where Mφ is the scalar-mediated contribution. As indicated in 
Fig. 1, the contribution of these two contributions is roughly the 
same when explaining the Xenon1T excess, |MSM

Z/W |2 ∼ |Mas
φ |2. 

The interference term is then controlled by the active-sterile mix-
ing θas and can be easily suppressed.

The sterile neutrino scenario has implementations in both neu-
trino oscillation [57–59] and dark matter [61,62]. The keV sterile 
neutrino discussed in this paper belongs to the dark matter cate-
gory and hence is largely unconstrained by the neutrino oscillation 
experiments. The strongest constraint comes from meson decay ex-
periments and for electron neutrino it is of order |yν | � 10−3
S,P
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Fig. 4. The electron recoil energy spectrum for the SM background and sterile neu-
trino final state with scalar mediator.

[63–66]. At the same time, Big Bang Nucleosynthesis requires that 
|ye

S | � 5 × 10−10 [67] if the scalar mediator is kept in thermal 
equilibrium with the primordial plasma before T ∼ 1 MeV, which 
would decrease the deuterium abundance. The combined bound is 
|yν

S ye
S | � 5 × 10−13 which our parameter choice satisfies.

6. Vector mediator

The same scenario of sterile neutrino in the final state also 
works with a light vector boson mediator. Since the recoil energy 
gap arises from kinematics, its application is not limited to the 
scalar force.

For simplicity, we consider only the situation where Z ′ couples 
to the left-handed neutrinos,

Lint = gν
L νγ μ P Lνs Z ′

μ + e(ge
V − ge

Aγ5)γ
μe Z ′

μ. (7)

On the other hand, the electron coupling can have either vector or 
axial-vector current coupling with Z ′ . The corresponding differen-
tial cross section is,

dσ

dTr
= (gν

L ge
V ,A)2

2π E2
ν

[
2me(2E2

ν + T 2
r − Tr(2Eν ± me))

(2Trme + m2
Z ′)2

−m2
s (2Eν − Tr ± me)

(2Trme + m2
Z ′)2

]
, (8)

where + (−) stands for vector (axial-vector) current interaction 
with non-vanishing ge

V ,A (vanishing ge
A,V ), respectively. It is in-

teresting to see that the combination of neutrino and electron 
couplings (gν

L ge
V ,A)2 appear as overall factors. The differential cross 

section has exactly the same functional form no matter Z ′ couples 
to electron with vector or axial-vector interactions. This is very dif-
ferent from the scalar versus pseudoscalar comparison. Since the 
neutrino energy Eν is much larger than the electron recoil energy 
Tr , the numerators are insensitive to Tr and the two terms of (8)
always have 1/T 2

r enhancement.
Fig. 4 shows the differential cross section as a function of the 

electron recoil energy Tr . As expected, the sterile neutrino mass 
ms places a much less significant role than the scalar case, the 
two terms of (8) have roughly the same contribution. This can be 
clearly seen as the same shape of the three sterile neutrino curves. 
The only major difference between massive and massless sterile 
neutrinos is the suppressed spectrum at the lower end for the for-
mer case. This can lead to testable effect with better resolution, 
lower threshold, and higher efficiency. The event rate spectrum at 
Xenon1T is shown in Fig. 5. The combination of massive sterile 
neutrino and light vector mediator can also explain the Xenon1T 
excess.
Fig. 5. The electron recoil event rate at Xenon1T.

7. Non-standard interactions

With light mediator coupled to both neutrino and electron, 
neutrinos can feel the matter effect that arises from the forward 
scattering with electron. This leads to nonstandard interactions for 
Z ′ mediator,

εe
es = gν

V ,A ge
V ,A

4
√

2GFm2
Z ′

∼ gν
V ,A ge

V ,A

(
108

mZ ′ [keV]
)2

. (9)

For mZ ′ = 1 ∼ 20 keV and gν
V ,A ge

V ,A = 10−13, the size of the NSI 
parameter is εe

es = 3.6 ∼ 1500 with εe
es ≡ gν

V ,A ge
V ,A/(V ccm2

Z ′ ) and 
V cc denoting the matter potential from W exchange. Previous 
works considered the diagonal elements εe

ss [68,69] or cosmologi-
cal impacts of ultra-light mediators [70] but not the active-sterile 
off-diagonal element that we discuss here. For comparison, the 
current bound on the NSI with only active neutrinos favors a small 
value |εe

ee| � 0.05 [71], but only for the part after subtracting a 
common diagonal contribution.

For scalar mediator, the matter effect appears as correction to 
the neutrino mass term [72–74]. With mφ = 20 keV, the scalar 
NSI parameters ηes = 4 × 10−17 (δM ≡ yν

S,P ye
S,P /m2

φ and ηes ≡
δM/

√
�m2

31) is quite small. For a sizable vector NSI, the correc-

tion Eν V ccεes is to the mass squared term Mν M†
ν while the matter 

potential for scalar is Mν + ηes

√
�m2

31. For roughly same size of 

scalar and vector NSI, εes V cc ∼ ηes

√
�m2

31, the relative correction 

is Eνεes V cc/Mν M†
ν � ηes

√
�m2

31/Mν since the neutrino energy is 
much larger than the neutrino mass, Eν � Mν . Then, we can safely 
omit the scalar NSI in the parameter space considered in this pa-
per.

So both the scalar and vector mediator cases are safe from the 
NSI constraints.

8. Conclusions

In contrary to the common expectation that pseudoscalar medi-
ator cannot leave significant contribution to low recoil phenomena, 
we notice a massive final-state companion fermion can introduce 
1/Tr enhancement even for pseudoscalar mediator. Although we 
propose this sterile neutrino option to explain the Xenon1T excess, 
the same scenario also applies for other situations such as a light 
relativistic DM scattering into a massive invisible fermion. This 
significantly enlarges the model spectrum. The sub-keV threshold 
detector for low recoil energy scan to testify the existence of mas-
sive companion particle is an interesting direction to pursue.
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