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We scrutinize the XENON1T electron recoil excess in the scalar-singlet-extended dark matter
effective field theory. We confront it with various astrophysical and laboratory constraints both
in a general setup and in the more specific, recently proposed, variant with leptophilic Z2-odd
mediators. The latter also provide mass to the light leptons via suppressed Z2 breaking, a structure
that is well fitting with the nature of the observed excess and the discrete symmetry leads to non-
standard dark-matter interactions. We find that the excess can be explained by neutrino–electron
interactions, linked with the neutrino and electron masses, while dark-matter–electron scattering
does not lead to statistically significant improvement. We analyze the parameter space preferred by
the anomaly and find severe constraints that can only be avoided in certain corners of parameter
space. Potentially problematic bounds on electron couplings from Big-Bang Nucleosynthesis can be
circumvented via a late phase transition in the new scalar sector.

I. INTRODUCTION AND SETUP

Recently, the XENON1T collaboration reported new
results from an analysis of low-energy electronic recoil
data [1]. In the energy range between 1− 5 keV the col-
laboration observes an excess of events that could point
towards new physics. An interpretation of the data in
terms of solar axions, or a neutrino magnetic moment
finds substantial statistical improvements over the back-
ground model with significances above 3σ. A more mun-
dane explanation is also possible. With the current un-
derstanding of the experiment, a contamination with tri-
tium, which could contribute to the excess via its beta
decays, cannot be excluded and it is clearly premature
to celebrate the discovery of physics beyond the Stan-
dard Model (SM). Nevertheless, the excess has attracted
attention and it is of great interest to scrutinize alterna-
tive explanations and identify independent experimental
probes that could confirm or refute them. As the excess
is observed in a handful of bins above the threshold only
theories that predict a highly localized energy deposit or
an IR-dominated recoil energy spectrum can account for
the observation. The proposed solutions include but are
not limited to new interactions of neutrinos [2–7], the
absorption of keV-scale dark matter (DM) [8–12], scat-
tering induced by a new U(1) [13, 14], semi-relativistic or
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boosted DM [15–19], axions [20, 21], inelastic DM scat-
tering [22–26], large neutrino magnetic moment [27–29]
or more exotic explanations [30–34]. It is also an inter-
esting possibility that the energy deposit is in the form of
photons since the XENON1T analysis does not differen-
tiate between photons and electron recoils [35]. However,
nuclear excitations, which naturally lead to such a signal,
are not a viable solution since the energy scale does not
match the observations [36, 37].

In this article, we characterize the XENON1T excess in
an effective field theory (EFT) description of a dark sec-
tor, recently proposed in [38], which naturally includes
the appropriate ingredients for its explanation, namely
modified neutrino interactions with electrons via a po-
tentially light new scalar sector, coupling most promi-
nently to the light fermion generations. The overarching
framework is provided by the scalar-mediator extended
DM EFT (eDMeft) [39, 40], which corresponds to a
systematic EFT incarnation of simplified DM models,
with a modest number of new free parameters. In the
variant employed here, a spontaneously broken Z2 sym-
metry is included, that on the one hand leads to inter-
esting DM signatures [38], and on the other allows to
address the smallness of first-generation fermion masses
via small symmetry-breaking effects, as detailed below.
This automatically induces non-trivial couplings of the
new scalar with these fermions and thereby allows to re-
late the XENON1T excess with the observed electron and
neutrino masses. While the setup features in general a
suppression of the DM direct-detection (DD) cross sec-
tion due to the Z2 symmetry, the leptophilic variant we
will consider below is completely unconstrained from DD
limits via nucleon interactions and thus invites searches
employing electronic recoil.
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The paper is organized as follows. In the remainder
of this section we detail the setup sketched above. In
Section II we provide our fit to the XENON1T electron
recoil excess, first assuming neutrino-electron scattering
as its origin and then exploring in addition the option of
DM-scattering. Here, we will also examine whether the
correct relic abundance can be achieved consistently with
the tentative XENON1T signal. Subsequently, in Section
III, we will confront the explanation with stringent limits
on new electron and neutrino interactions from terrestrial
and astrophysical constraints, considering also the fully
agnostic case of freely modified couplings in a simple EFT
and characterizing viable regions. In Section V, we will
show how our extended scalar sector allows to circum-
vent stringent constraints from Big-Bang Nucleosynthe-
sis (BBN) via a late phase transition before presenting
our conclusions in Section VI.

A. General Setup

We consider the leptophilic variant of the eDMeft
recently put forward in [38], which corresponds to the
SM field content augmented with a fermionic DM sin-
glet χ and a real, CP even scalar mediator S, with the
assumption that S and the right-handed first lepton gen-
eration are odd under a Z2 parity. In this model, the
first-generation leptons obtain masses from the vacuum
expectation value (vev) of S.

We will here extend the scalar sector by assuming two
different Z2 symmetries, one shared by the neutrinos,
the other by the electron, that are then broken by vevs
of two distinct scalars Sν,e and allow to simultaneously
address tiny neutrino masses and small charged-lepton
masses. As we will show in Section V, this richer scalar
sector can also lead to a delayed coupling of the electrons
to the lighter mediator in the thermal evolution of the
universe, which will make possible to address the recoil
excess with moderately sizable electron couplings, while
avoiding bounds from physics of the early universe.

The corresponding Lagrangian reads [38]

LSχeff = LSM′ +
1

2

(
∂µS`∂µS` − µ2

`S2
`

)
+ χ̄i/∂χ−mχχ̄χ

− λ`
4
S4
` − λνe S2

νS2
e − λHS` |H|2S2

` (1)

− 1

Λ

[
(ySν )ij L̄

i
LH̃ν

j
R Sν + (ySe )i L̄

i
LHeR Se + h.c.

]
− y`χS2

` + yHχ |H|2
Λ

χ̄LχR + h.c. ,

where a summation over ` = ν, e is understood and LL
are the left-handed SU(2)L lepton doublets, eR, ν

e
R are

the right-handed electron and right-handed neutrinos,
while H is the Higgs doublet. The latter develops a vev,
|〈H〉| ≡ v/

√
2 ' 174 GeV, triggering electroweak symme-

try breaking (EWSB). In unitary gauge, the Higgs field is

expanded around the vev as H ' 1/
√

2(0, v+h)T , where

h is the physical Higgs boson with mass mh ≈ 125 GeV.
Finally, LSM′ denotes the SM Lagrangian without the
Yukawa couplings of the electron (and the neutrinos),
see Eq. (2) below. Importantly, also the mediators de-
velop small vevs |〈S`〉| ≡ v` � v, which break the Z`2
symmetries, ` = ν, e, carried by all the right-handed neu-
trinos and the right-handed electron, respectively, and
thereby generate masses for the light leptons. Even
though we work in the EFT framework in order to focus
on the broad characteristics of the XENON1T excess, we
present two explicit UV completions that can lead to the
crucial terms in the Lagrangian (1) in Appendix A.

The mixing with the Higgs via the |H|2S2
` operators

has to be small and this effect will not be considered in
the following. Note that the conventional DM interaction
S` χ̄χ is still generated with coefficient ∼ 2y`χv`/Λ which
will remain relevant for our analysis. Finally, we take the
coefficient of the operator |H|2χ̄χ to be negligibly small,
such as to evade direct detection constraints and limits
from invisible Higgs decays [41].

B. Fermion Masses, Scalar Mixing, and Free
Parameters

In the following we will study the fermion and scalar
mass spectrum of the setup and summarize its relevant
free parameters. The fermion mass terms after elec-
troweak and Z`2 breaking read

L ⊃ −
∑
`=e,ν

¯̀
L
v√
2

(
Y H` +

v`
Λ
Y S`

)
`R ≡ −

∑
`=e,ν

¯̀
LM

``R ,

(2)
where `L,R = eL,R, νL,R are three-vectors in flavor space
and the Yukawa matrices

Y He =

0 ye12 ye13

0 ye22 ye23

0 ye32 ye33

 , Y Se =

(ySe )1 0 0
(ySe )2 0 0
(ySe )3 0 0

 ,

Y Hν = 0 , Y Sν =

(ySν )11 (ySν )12 (ySν )31

(ySν )21 (ySν )22 (ySν )32

(ySν )31 (ySν )32 (ySν )33

 ,

(3)

reflect the Z`2 assignments. Without breaking of the lat-
ter symmetry via v` > 0, the electron and the neutri-
nos would remain massless, corresponding to vanishing
eigenvalues of Y H` . On the other hand, a small break-
ing of vν ∼ O(eV) and ve ∼ O(MeV) is sufficient to
generate mν ∼ 0.1 eV and me ∼ 0.5 MeV with natural
(yS` ) . O(1) and Λ & 1 TeV. We note that to explain
the XENONT1T excess in light of various constraints, it
will later be necessary to somewhat deviate from these
natural scales, remaining with a partly explanation of
light-fermion masses.

We now perform a rotation to the mass basis

Mν = UνLM
ν
diagU

ν †
R , Mν

diag = diag(mν1 ,mν2 ,mν3) ,

Me = UeLM
e
diagU

e †
R , Me

diag = diag(me,mµ,mτ ) ,

(4)
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with UeL = UνL VPMNS, to obtain the couplings of the
physical leptons to the Higgs boson and the scalar medi-
ators [38]

L ⊃ −
∑
`=e,ν

¯̀
L

(
Ŷ H` + v`/Λ Ŷ

S
`√

2
h+

v Ŷ S`√
2Λ
S`
)
`R , (5)

where Ŷ s` = U ` †L Y s` U
`
R, s = H,S; ` = ν, e, and (with

some abuse of notation) we denote the mass eigenstates
by the same spinors ` = e, ν. The Yukawa matrices in
the mass basis can be expressed as

Ŷ S` =

√
2Λ

vv`
M `

diag U
` †
R CS` U

`
R ,

Ŷ H` =

√
2

v
M `

diag U
` †
R CH` U `R ,

(6)

where CSe = diag(1, 0, 0) , CSν = diag(1, 1, 1) , CHe =
diag(0, 1, 1) , CHν = 0, and the unitary rotations of the
left-handed lepton fields drop out since they share the
same Z`2 charges and their couplings (with a fixed right-
handed lepton) are thus aligned with the corresponding
mass terms. While this is not true for the right handed
leptons, which could introduce flavor-changing neutral
currents (FCNCs), here we just chose the Yukawa ma-
trices starting from M `

diag, such that UeR = 1, avoiding

FCNCs [38]. We thus finally arrive at

Ŷ Sν =

√
2Λ

vvν
diag(mν1 ,mν2 ,mν3) ,

Ŷ Se =

√
2Λ

vve
diag(me, 0, 0) ,

Ŷ Hν = 0 ,

Ŷ He =

√
2

v
diag(0,mµ,mτ ) .

(7)

In consequence, the µ and τ interact with the Higgs bo-
son as in the SM while the electron couples instead only
to Se, with strength determined by the free parameter ve,
which can be traded for ySe /Λ ≡ (Ŷ Se )11/Λ. Similarly, vν
can be traded e.g. for yS1 /Λ, where ySi /Λ ≡ (Ŷ Sν )ii/Λ.

In addition to fermion mixing, the scalar potential
term ∼ λνe leads to a mixing between the scalar sin-
glets after they obtain their vevs |〈S`〉| = v`, described
by an angle θ as(

s
S

)
=

(
cos θ sin θ
− sin θ cos θ

)(
Sν
Se

)
, (8)

with

tan 2θ =
4λνevνve
M2
ν −M2

e

, (9)

where M2
` = µ2

` + 3λ`v
2
` + 2λνe v

2
νv

2
e/v

2
` . The resulting

physical masses read

m2
s/S =

1

2
(M2

ν +M2
e )± M2

ν −M2
e

2 cos 2θ
. (10)

Note that, as suggested by the lightness of neutrino
masses compared to the charged lepton masses, we will
always assume vν � ve and accordingly Mν �Me. This
leads to ms ≈ Mν , mS ≈ Me, as well as cos θ ≈ 1,
sin θ � 1.

The mixing will induce suppressed couplings between
the electron and the light mediator s (as well as between
the neutrinos and the heavy S), given by

Ls =− s v√
2Λ

(
cθy
S
i ν̄

i
Lν

i
R + sθy

S
e ēLeR

)
,

LS =− S v√
2Λ

(
cθy
S
e ēLeR − sθySi ν̄iLνiR

)
,

(11)

where cθ ≡ cos θ, sθ ≡ sin θ.
Before moving on, we are now in a position to sum-

marize the free parameters of our setup, relevant for our
study, which are

• the mediator masses ms,S ≈Mν,e

• the Se−Yukawa coupling ySe /Λ

• the Sν−Yukawa coupling yS1 /Λ

• the mixing portal λνe ,

as well as, in the dark sector,

• the DM mass mχ

• the bi-quadratic DM portal coupling y`χ/Λ ,

where the remaining Yukawa couplings are given by (7).

II. FITTING THE XENON1T EXCESS

A. Modified Neutrino Interactions

We start by assuming that the χ-scattering induced
electron recoil is negligible. In this case, the excess can
be explained by modified neutrino scattering with elec-
trons, in our model mediated by s and S. As we will
see observational constraints prefer ms � mS such that
neutrino-electron scattering can to good approximation
be described by s-exchange alone. The differential cross
section for the new-physics signal reads [42]

dσνe
dEr

=
(ysey

s
ν)2

4π(2meEr +m2
s)

2

m2
eEr
E2
ν

, (12)

where me is the electron mass, Eν the energy of the in-
coming neutrino, Er the electron recoil energy, and we
denoted the couplings of the electrons and the first neu-
trino to the light (and heavy) mediators s (and S) by

yse ≡ sθ
v√
2Λ

ySe , ysν ≡ cθ
v√
2Λ

yS1 ,

ySe ≡ cθ
v√
2Λ

ySe , ySν ≡ −sθ
v√
2Λ

yS1 .
(13)
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FIG. 1. Comparison between an exemplary differential event
rate for a scalar with ms = 60 eV and

√
yseysν = 7.9×10−7 and

the data as reported by [1]. The full differential event rate is
shown in blue while the pure signal (background) contribution
is depicted in orange (red).

The true differential event rate is then given by convolut-
ing the differential cross section and the incident neutrino
flux φν and weighting by the number of electrons per unit
mass Ne

dR

dEr
= Ne

∫
dEν

dσνe
dEr

dφν
dEν

. (14)

At the energies relevant for the XENON1T excess the
neutrino flux is dominated by pp neutrinos from the sun.
We use the observed value of the pp-flux from [43] and
employ the parameterization of the spectrum from [44].
Here we have assumed a universal interaction between s
and the different neutrino flavors such that oscillation
effects do not affect the scattering rate, on which we
will comment more further below. To make connection
with the observed rate experimental effects have to be
included. The limited detector resolution is taken into
account via a gaussian smearing function with an energy
dependent resolution. As suggested in [45] we take the
ansatz

σ(E)/E =
a√
E

+ b (15)

and assume that the resolution varies between ≈ 30% at
Er = 1 keV and ≈ 6% at 30 keV. Finally, the detector ef-
ficiency reported in the experimental paper [1] is applied.
We adopt the best fit background model from the exper-
imental publication but allow the normalization to vary
within the 1σ allowed range. In order to assess the im-
pact of a light scalar on the electron neutrino scattering
we perform a χ2 analysis of the signal and background
model in light of the observed data.

We find that a coupling of√
yse y

s
ν ≈ 7.9× 10−7 (16)

is preferred with very little dependence on ms for masses
smaller than ≈ 20 keV. An exemplary comparison be-
tween the signal associated with the best fit point for
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FIG. 2. Comparison between the best fit differential event
rate for a DM particle with mχ = 10 GeV and σeχ = 1.25 ×
10−39 cm2 and the data. The style is similar to Fig. 1 and for
better visibility we also show the signal rate enhanced by a
factor of 5 as an orange dashed line.

ms = 60 eV and the data is shown in Fig. 1. This choice
of parameters corresponds to χ2

best = 38.9 compared to
χ2
bd = 47.1 for the background-only hypothesis.
Our results are in good qualitative agreement with

those in [2–4] which study a related set-up and we will
confront them with a comprehensive set of complemen-
tary experimental constraints in Section III.

B. DM Scattering and Relic Abundance

DM can scatter on the electrons in the detector and
could account for the excess. Beyond that, our model
contains in any case a DM candidate and thus it is in-
teresting to check whether the correct relic abundance
can be achieved simultaneously with an explanation of
the XENON1T excess. These observables are correlated
with each other also in case of the neutrino explanation,
via the mediator couplings to SM fermions.

A naive estimate of the maximum recoil energy possi-
ble in non-relativistic DM-electron collisions leads to

Er,max =
2µ2

χ,e

me
v2
max ≈ 2× 10−6me , (17)

where µχ,e is the reduced mass of the system and v the
velocity of the DM. For mDM�me and after taking into
account that the velocity is limited by the local escape
velocity of our galaxy vesc = O(10−3 c) this leads to an
estimate of Er,max ≈ 1 eV and thus much below the en-
ergy scale required to account for the signal. However,
it is crucial to note that the electrons form part of a
bound system, the xenon atom. Therefore, the momen-
tum of the electron is not zero but could take an arbitrary
value. The typical momentum of the bound electron is
expected to be O(αemme) which is still small but allows
for a larger energy transfer in the DM-electron scattering
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process [46]. The differential event rate is given by

dR

dEr
=
nXeρχ
mχ

d〈σχe〉
dEr

(18)

where NXe is the number of xenon atoms per unit mass in
the detector and ρχ ≈ 0.3 GeV/cm3 the local DM density.
For the velocity averaged differential cross section we rely
on the results of [47, 48]. In the heavy mediator limit1 it
can be parametrized as

d〈σχe〉
dEr

=
σχe
2me

∫
dv

f(v)

v

∫
dq a2

0qK(Er, q) , (19)

where σχe is the cross section for scattering on a free

electron with a momentum transfer a−1
0 = αemme, while

f(v) denotes the velocity distribution of the DM at
Earth. The atomic physics is encoded in the excitation
factor K which has originally been computed in [47]. In
order to estimate the implications of a DM signal we
consider the averaged cross sections reported in [48] and
perform a fit to the signal using the same assumptions
about the detector as before. The best fit recoil rate
we found is shown in Fig. 2. As can be seen the sig-
nal rises very steeply at low energies such that the peak
occurs at ≈ 1.5 keV instead of the ≈ 2.5 keV needed
to reproduce the data. It is interesting to note that
the fit shows some improvement if a small DM signal
is added. The best fit corresponds to mχ = 10 GeV and
σχe ≈ 1.25 × 10−39cm2, which could for instance be ex-
plained by an MeV scale mediator with an O(1) coupling
to DM and ySe ≈ 10−5. However, the statistical improve-
ment only amounts to marginally more than 1σ. There-
fore, the DM-electron-scattering hypothesis does not pro-
vide a convincing explanations of the observation and we
do not entertain this possibility further; similar conclu-
sions were reached for example in [10]. A better fit with
DM requires a flatter recoil spectrum. This could for
instance be achieved if a relativistic or semi-relativistic
DM sub-population [15, 16, 19] contribute to the signal or
if the interaction has additional momentum dependence
[10]. Nevertheless, it is interesting to ask whether the
observed DM relic density can be accounted for in our
framework.

Assuming production via freeze-out, the correct relic
abundance can be achieved if the thermally averaged
annihilation cross-section is O(10−26 cm3 s−1). In our
model the main annihilation channels for the DM are
into e+e− and SS final states.2 The cross-section for the

1 A light mediator leads to a much stronger energy dependence of
the signal and is expected to provide a worse fit of the signal
than a heavy mediator.

2 Here we neglect the corresponding contributions involving the
light mediator s for simplicity, which will not lead to qualitative
changes.

10−6 10−5 10−4 10−3 10−2 10−1 100

mχ [GeV]

10−12

10−11

10−10

10−9

10−8

10−7

y
e χ

FIG. 3. Isocontours of correct DM relic density assuming
production through freeze-in and considering the assignations
of model parameters for BM1 (red) and BM2 (black). The
reheating temperature TR has been set to 100 GeV.

former channel can be estimated as (see, e.g. [40]):

〈σv〉ee ≈
1

8π

v2v2
e

Λ4

(yeχ)2(ySe )2m2
χ

(m2
S − 4m2

χ)2
v2
χ

≈ 10−5σ0
v

( ve
5 GeV

)2
(

1 GeV

mχ

)2(
10 TeV

Λ

)4

(yeχ)2(ySe )2 ,

(20)

where vχ is the DM velocity (the cross-section is p-wave
suppressed), while σ0

v = 2 × 10−26 cm3 s−1. A similar
estimate for the cross-section into the SS final state leads
to:

〈σv〉(χ̄χ→ SS) ≈ 10−3 σ0
v

(
10 TeV

Λ

)2

(yeχ)2. (21)

While the former cross section is way too small in case
the XENON1T excess should be explained consistently,
the second cross section could in principle lead to a viable
scenario, however only in case Λ is lowered to the TeV
scale. Values yeχ & 1 would be nevertheless required.

An alternative production mechanism that is more eas-
ily realized within the setup at hand is freeze-in. In this
case y`χ � 1 and the DM interactions are so weak that
thermal equilibrium has never been realized in the early
Universe. Then the relic density can be built up from
a negligible initial value, by SS(ss) → χ̄χ inverse anni-
hilation processes and, for sufficiently light χ, S → χ̄χ
decays. Since it is realized via a D = 5 operator, the an-
nihilation process leads to a UV dominated rate. Hence
the relic density is sensitive to the largest temperature
and we need to specify our assumed value for the reheat-
ing temperature TR. In order not to exceed the validity of
our EFT we limit ourselves to TR below the new physics
scale Λ.

We compute the relic density with the freeze-in module
of the public code micrOMEGAs 5 [49] which takes the
full momentum dependence of the annihilation and decay
rates into account. Fig. 3 shows isocontours of Ωχh

2 =
0.12 in the (mχ, y

e
χ) plane for the two benchmark models
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101 102 103 104 105 106 107 108 109
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10−16

10−14
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y
S
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e
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HB
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SN - e
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(g-2)e

e+e− → Sγ

FIG. 4. Constraints in the mS/s−yS/se -plane from [50] and our
own analysis, including our two BM points. For a discussion
of the various limits and their shading see the main text.

101 103 105 107 109

ms [eV]

10−6

10−5

10−4

10−3

10−2

10−1

100

y
s ν BM1

BM2

SN - ν

BBN - ν

CMB - ν

Mesons

h→ inv.

FIG. 5. Constraints in the ms − ysν-plane including our two
BM points. Note that the heavier mediator has too small
couplings to appear.

described in the next section, assuming yνχ = yeχ. In our
computation we have adopted TR = 100 GeV. The DM
relic density depends, besides (mχ, y

e
χ), on mS and ve.

The values of these two parameters are comparable for
our benchmarks (mS ∼ 5 MeV, ve ∼ 5 GeV), so that the
two contours in Fig. 3 are rather close to each other and
align in the high and low mass limit.

III. TERRESTRIAL AND ASTROPHYSICAL
CONSTRAINTS

We now confront the neutrino-scattering explanation
of the XENON1T excess with various experimental con-
straints (in our specific setup and in a more general
EFT), which are collected in Figs 4 and 5 for the scalar-
couplings to electrons and neutrinos, respectively.

Bounds on the combination ysey
s
ν : Neutrino-

electron scattering has long been a staple signature in

experiments aiming to observed solar and reactor neu-
trinos. These experiments probe very similar physics
and place an upper bound on the combination of cou-
plings relevant for the XENON1T signal. Conventionally,
bounds on new physics that leads to a recoil spectrum
peaking at low energies are interpreted in terms of a neu-
trino magnetic moment µν . Currently, the best limits are
from Borexino and GEMMA and stand at 2.9×10−11µB
[51, 52]. This is right on the edge of the values preferred
by the XENON1T excess, µν = 1.4− 2.9× 10−11µB but
does not exclude the magnetic moment interpretation [1].
This observation is highly relevant for the light scalar me-
diation scenario under consideration here. In the energy
range where the XENON1T signal is observed the recoil
energy distribution of events that are induced by solar or
reactor neutrinos interacting via a light scalar (ms . Er)
or a magnetic moment are essentially indistinguishable.
Consequently, an interpretation of the Borexino data in
our model will lead to a constraint that is just on the
upper boundary of the preferred region. With the sig-
nal and the expected exclusion so close to each other the
exact position of the bound will depend on the details
of the experimental data and the statistical procedure.
A naive phenomenologists recast is therefore unlikely to
allow a clear comparison. Thus, we refrain from quoting
an explicit limit derived from a reinterpretation of Borex-
ino and GEMMA data and just note that the bound is
expected to be closely aligned with the upper edge of the
preferred values of

√
ysey

s
ν .

Bounds on electron couplings: Beyond the SM
forces coupling to the electron can be tested very rig-
orously with terrestrial precision experiments. In the
mass range of interest here the most stringent constraints
come from the anomalous magnetic moment of the elec-
tron ae since both the experimental measurement and
the SM prediction are incredibly precise. At 3σ the
deviation of ae from the SM expectation is limited to
δae . 1.4× 10−12 [53, 54]. A new scalar contributes [55]

δase =
(yse)

2

4π2

m2
e

m2
s

IS

(
m2
e

m2
s

)
, (22)

where the loop function is given by

IS(r) =

∫ 1

0

dz
z2(2− z)

1− z + z2r
. (23)

For ms � me this leads to yse . 10−5 while the limit
relaxes for ms ≥ me, c.f. Fig. 4. Softer terrestrial con-
straints can be derived from e+e− colliders through the
process e+e− → γs. They have the largest impact close
to ms ∼ O(1)GeV, see for example [50].

In addition, there are a number of bounds on ys,Se from
astrophysical and cosmological observations. If the mass
of the mediator is comparable or smaller than the core
temperature of a star, the emission of the scalars can
contribute to the energy loss and change the properties
and dynamics of these astrophysical systems. Strong lim-
its can be derived from red giants (RG) and horizontal
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branch stars (HB). We adopt the results of [50, 56] where
plasma mixing is considered to be the main production
mechanism of the light scalars, for a more recent analysis
of the impact of stellar cooling on new physics in other
models see [57]. In principle, for ms,S � 10 keV the
RG bound excludes couplings larger than yse ≈ 10−15.
Clearly, such a small yse would prevent a solar neutrino
interpretation of the XENON1T excess for all reason-
able values of ysν . The bounds from observations of
HB stars are less sever at low masses but take over for
ms,S & 10 keV. However, it is conceivable that these con-
straints can be circumvented in the presence of additional
new physics such as an environment-dependent mass for
the scalar [58] similar to the chameleon mechanism con-
sidered in cosmology [59, 60]. Alternatively, the coupling
of the light scalar s to electrons could depend on the mat-
ter background and may be suppressed in a high density
environment such as stellar cores. We will briefly sketch
a concrete realization of this possibility in Sec. IV. There-
fore, we consider such astrophysical bounds less robust
than the direct laboratory bounds discussed before and
in consequence draw them as lines, removing the shading
from the disfavored regions.

Another constraint for mediator masses up to
O(10) MeV is set by the supernova (SN) SN1987A, as
additional light degrees of freedom would rapidly cool
the SN in contrast to observation [61]. Due to the very
high density of the SN core the scalar mediator can be
trapped before actually leaving the core. We consider the
limits from [50], where only the resonant production via
mixing with the longitudinal component of the photon is
included and direct production through Compton scat-
tering or electron-ion recoil is neglected. This is possible
for ms < wp ∼ 20 MeV, where wp is the photon plasma
frequency [62]. The trapping regime for resonant produc-
tion is also included by using the balance of production
and absorption rate, with the requirement of the scalar
to be re-absorbed in a range of R ≈ 10 km. In this trap-
ping regime, the decay s → e+e− determines the bound
for masses MeV≤ ms ≤ 30 MeV.

In addition, there are bounds from Big Bang Nucle-
osynthesis (BBN) for additional light degrees of freedom
entering thermal equilibrium with e and γ. On top of an
increase of Neff , the entropy release from e+e− annihila-
tion is diluted in that case. This leads to a lower photon
temperature during BBN and therefore an higher baryon-
to-photon ratio, which causes a decrease of the deuterium
abundance [50]. For ms . 1 MeV The BBB bound is
largely flat and requires yse . 10−9. Even though the
BBN bound is quite robust it can be circumvented in our
setup. A late time phase transitions in the new physics
sector can prevent the mixing of s and S in the early Uni-
verse and thus remove the coupling between the lighter
scalar and the electrons at the relevant temperatures. We
will comment more on this possibility in the next section.

Bounds on neutrino couplings: New physics inter-
acting with neutrinos is harder to test than in the case of
electrons and we expect the bounds to be less constrain-

ing. Robust terrestrial constraints arise from searches
for new meson decays such as K−/D−/π− → e−sν [63].
Alternatively, also decays to µ− can be considered. We
show the strongest combination of those in Fig. 5 as-
suming a flavor universal coupling. In case of flavor non-
universality, the bounds for electron couplings are slightly
stronger.

For mh > ms & 1 GeV limits on the decay width of
Higgs to invisible states via h → sνν give the strongest
bound on ysν [63]. In Fig. 4 we use the latest ATLAS
result of BR(h→ inv.) < 0.13 [64].

The observation of MeV-scale neutrinos originat-
ing from SN1987A constraints the neutrino self-
interaction [65]. Scattering of the SN-neutrinos with the
CνB via the new mediator shifts their energy to signif-
icantly lower values and potentially brings them below
the detection threshold. In addition the SN neutrinos
get deflected which delays their arrival on earth. An
early bound was derived in [66], we show the one from
[65] in Fig. 5, where the recent limits on the neutrino
masses were used.

The model could also have an impact on the amount of
radiation in the Universe which can be tested by BBN. In
particular the right-handed neutrinos are dangerous since
fully thermalized each of them will contribute ∆Neff = 1
while the upper bound stands at ≈ 0.2 [67]. Therefore,
only the region of parameter space were the right-handed
neutrinos do not reach thermal equilibrium before the
left-handed ones decouple from the SM bath are allowed
by cosmology. Even if the initial population of νR is
negligible we can produce them in neutrino-antineutrino
scattering via t-channel s exchange. A good estimate for
thermalization can be obtained by requiring that the pro-
duction rate γ does exceed the Hubble rate H prior to
neutrino decoupling which happens at about 2− 3 MeV.
In our model the thermally averaged production rate
reads

γ ≈ 〈σv〉 × nν ≈
(ysν)4

512π
T, (24)

where nν is the equilibrium number density of neutri-
nos and 〈σv〉 is the thermally averaged νR production
cross section. By equating the rate and H we find
ysν . 6.3× 10−5 for ms � 2 MeV. For larger masses the
bound weakens. The contribution of s is less pronounced
than in the case of electrons since the absence of a νR
bath prevents the direct production of s. We note that
this bound can be avoided if an additional mass terms for
the right-handed neutrinos makes them too heavy to con-
tribute to Neff . This can be realized rather straightfor-
wardly in our setup by increasing vν such as to generate
a more sizable Dirac-mass term that then leads to viable
neutrino masses via see-saw suppression in the presence
of large Majorana masses for the right-handed neutrinos.
This would provide a hybrid explanation for the small-
ness of neutrino masses, which will however require a
refined analysis, that goes beyond the scope of this work.

Finally, there are constraints from CMB. If the inter-
action rate of neutrinos is high enough they cannot be
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treated as a free-streaming gas and the impact of their in-
teractions has be to included in the Boltzmann equations
governing the evolution of the primordial perturbations.
For a heavy mediator this leads to an upper bound on the
interaction strength of (ysν/ms)

2 ≤ (0.06 GeV)−2 [68]. In
order for this estimate to be valid we need ms � 10 eV
and, therefore, the limit becomes unreliable towards the
lower end of the mass range considered here. 3

Benchmark models: In order to confront our model
for the XENON1T excess with these astrophysical and
laboratory constraints, let us define two different bench-
marks (BMs) that both deliver a good fit to the anomaly
as in Eq. (16). While we require roughly natural scales
for the model, we are mainly led by the goal to avoid the
most severe experimental bounds. The BMs are defined
by the independent input parameters

BM Mν Me ySν ySe Λ λνe
BM1 18.5 keV 5 MeV 1×10−4 0.005 10 TeV 3×10−4

BM2 60 eV 10 MeV 0.06 0.005 10 TeV 0.001

which lead to the vevs (vν , ve) = (26.5 keV, 5.3 GeV) and
(vν , ve) = (50 eV, 5.9 GeV) for BM1 and BM2, respec-
tively, as well as to the (derived) physical couplings

BM ysν yse ySν ySe
BM1 1.8×10−6 −4.5×10−7 8.3×10−9 9×10−5

BM2 0.001 −5×10−10 6×10−9 8×10−5

with mixing angles s1
θ = −5× 10−3 and s2

θ = −6× 10−6.
We note that in defining these benchmarks we followed
two different assumptions regarding the neutrino masses,
that are both consistent with the values above. 1) We as-
sumed an ‘inverted’ neutrino-mass hierarchy with mν3 �
mν1 ∼ mν2 ∼ 0.05 eV. In this case actually both ν1,2

couple to the mediator s with similar strength ysν , while
the interaction of the lightest neutrino is negligible, see
Eq. (7). Since ν1,2 contain almost all the electron-flavor
content and couple universally to s, basically no flux from
the sun will be lost when considering neutrino-electron
scattering in XENON1T and the analysis as described
above remains valid. 2) A ‘normal’ hierarchy with
mν1 ∼ mν2 ∼ 0.05 eV � mν3 , would also be consistent
with the same BMs, where we now assume that both
chiralities of the heaviest state ν3 are even under the
Zν2 symmetry, such that it does not couple to s (while
again the electron-neutrino content is almost entirely in
the universally coupling eigenstates).

For both BMs, we arrive at a prediction for the
strength of the anomaly of

yse y
s
ν ≈ −(5− 7)× 10−13 , (25)

in line with the best-fit value obtained before in Eq. (16).4

3 Alternative limits on very light mediators are also available [68]
but they only become applicable at even smaller masses.

4 Moreover, both BMs satisfy the positive-definiteness condition
MνMe > 2λνevνve, ensuring a proper potential minimum.

10−16 10−13 10−10 10−7 10−4 10−1

yse

10−6

10−5

10−4

10−3

10−2

10−1

y
s ν

BM2

HB

RG

SN - ν

SN - e

Xenon1t

BBN - ν

BBN - e

Mesons

(g-2)e

FIG. 6. Constraints in the yse−ysν-plane for a 60 eV mediator
(as in BM2) and the 1σ preferred region from our fit to the
XENON1T excess. The BBN bound on the electron coupling,
indicated by the hatched region, can be circumvent by a late
time phase transition.

Finally, the couplings associated with BM1 (BM2) are
displayed in red (black) in the landscape of collected

bounds on y
s/S
e and ysν in Fig. 4 and Fig. 5, respectively.

A few comments are in order. First, a value of ve >
Me, somewhat above the electron mass, leads to a cou-
pling of electrons to the heavy mediator S (ySe ∼ 10−4)
that just evades the precision bounds for the correspond-
ing mediator mass of mS ∼ 10 MeV [50]. On the other
hand, the coupling to the potentially dangerously light
s is suppressed in sθ, pushing the resulting interaction
just into the window above the SN1987a exclusion re-
gion but below the (g − 2)e limit for BM1, while BM2
can even evade BBN constraints without further ingre-
dients (at the price of a higher neutrino coupling). The
BBN constraint for electrons in BM1 can be avoided via
a late phase transition, generating the vev vν > 0 below
T ≈ 150 keV, as we discuss in the next section.
Free EFT description: Finally, we confront the gen-

eral EFT resolution to the XENONT1T anomaly via
scalar couplings to electrons and neutrinos in the cou-
plings plane with the constraints discussed above. Being
agnostic, here we just employ the effective Lagrangian
(omitting kinetic and potential terms)

Leff = −
√

2

v

[
ysν L̄

1
LHν

1
R s+ yseL̄

1
LHeR s+ h.c.

]
, (26)

which can be obtained from Eq. (1) by neglecting the
second scalar singlet, while coupling the remaining one
to both electrons and neutrinos and removing the Z2

symmetries as well as the vev of the mediator. In con-
sequence, all fermion masses are solely induced by the
Higgs and ysν,e are now completely free couplings. In
particular, Eq. (26) corresponds to a subset of operators
of the general eDMeft [39, 40].

In Fig. 6 we show the constraints and best fit region
in the yse − ysν-plane for a mediator mass of 60 eV and in
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10−16 10−13 10−10 10−7 10−4 10−1
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10−5

10−4
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y
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Xenon1t
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BBN - e
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FIG. 7. Constraints in the yse−ysν-plane for a 20 keV mediator
(as in BM1) and the 1σ preferred region from our fit to the
XENON1T excess. The BBN bound on the electron coupling,
indicated by the hatched region, can be circumvent by a late
time phase transition.

Fig. 7 for 20 keV respectively. For comparison we also
add the coupling values used in the two BMs above.

There are two regions in the couplings preferred by
the XENON1T fit, that potentially remain valid but both
need extra mechanisms to avoid bounds from BBN in the
early universe. The one around yse = O(10−9) is excluded
by the neutrino BBN bound. As discussed before, this
could be avoided by an additional mass terms for the
right-handed neutrinos. The other benchmark around
yse = O(10−6) is under pressure from the electron BBN
bound. However, here a late phase transition can remove
the interaction of the light mediator and electrons dur-
ing the relevant age of the Universe and make this point
potentially viable.

IV. EVADING ASTROPHYSICAL BOUNDS

In this section we will introduce a mechanism to al-
leviate the astrophysical bounds, based on a new scalar
singlet φ with a potential similar to the one employed
by [58]. In contrast to this work, we aim to remove the
vev of Sν and not to increase the mass of the offend-
ing field. The new scalar couples to the baryons with a
gφNN̄ operator and has a four scalar interaction with
the light, neutrinophilic scalar Sν . The relevant part of
the Lagrangian reads

L ⊃ 1

2

(
∂µφ∂

µφ−m2
φφ

2
)

+ gφNN̄ − 1

4
λφφ

4 (27)

+
1

2

(
∂µSν∂

µSν − µ̃2
νS

2
ν

)
− 1

4
λνS

4
ν − λφSφ2S2

ν

where g is the coupling between φ and baryons, here
denoted by N , λφS is a four scalar interaction, and we
have defined the effective µ̃2

ν ≡ µ2
ν + 2λνev

2
e . The term

gφNN̄ induces a background dependent contribution to

the φ potential. In a bath NN̄ → nB
γ , where γ ≈ 1 in

the non-relativistic backgrounds of interest to us. Tak-
ing m2

φ to be positive and neglecting λφS for the mo-
ment the potential develops a vacuum expectation value
vφ = g nB/m

2
φ provided that λφ is small enough. For

non-vanishing λφS the vacuum expectation value influ-
ences the Sν sector and shifts the effective µ̃2

ν term to
µ̃2 = µ̃2

ν + 2λφS(gnB/m
2
φ)2. If the new physics contribu-

tion exceeds |µ̃2
ν | the effective parameter turns positive

and the vev of Sν disappears. This removes the mixing
with the electrophilic scalar Se and shuts off the coupling
between s and the electrons that drive the astrophysical
constraints.

The mechanism looks promising but one might won-
der if parameters that achieve the desired results can be
found without violating experimental bounds. Therefore,
we will provide one working assignment of the couplings
and masses that allows to evade the astrophysical bounds
for BM2. HB stars possess a central density of about
104 g/cm3 [56]5 which induces vφ ≈ g 4×10−5MeV3/m2

φ.

Choosing mφ = 1 eV and g = 10−11 leads to vφ ≈ 400 eV.
The values for mφ and g respect bounds from searches for
a fifth force [69]. In our benchmark scenario |µ̃ν | ≈ 40 eV
which implies that λφS ≈ 0.01 is sufficient to remove the
minimum at non-zero vν . In principle, one should con-
sider the whole potential simultaneously and not treat
the potentials consecutively. However, in the case at
hand, vφ exceeds vν significantly and thus the expected
influence of Sν on φ is small for the values of the coupling
considered here. Nevertheless, we have checked explicitly
that our argument goes through with minimal corrections
if the full potential is considered.

V. AVOIDING BBN BOUNDS VIA A LATE
PHASE TRANSITION

As discussed before, without further ado, BM1 would
be excluded from BBN bounds on the electron coupling.
However, in this section we will demonstrate how our
scenario naturally realizes a late Z2 breaking phase tran-
sition delaying the coupling of the electron to the light
mediator until after BBN has completed. The scalar po-
tential of our model can lead to a rich cosmological his-
tory in which the Z`2 symmetries are broken in a stepwise
fashion [70]. For simplicity we neglect mixing between
the scalars Sν , Se and the Higgs doublet H by turning
λHS` zero. The tree-level scalar potential is then given
by

Vtree =
1

2
µ2
νS

2
ν +

1

2
µ2
eS

2
e + λνeS

2
νS

2
e +

1

4
λνS

4
ν +

1

4
λeS

4
e .

(28)

5 RG stars are even denser and our argument goes through without
modification.
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To study the cosmological evolution of this potential
we add the one-loop thermal corrections given by [71]

Vthermal =
T 4

2π2

(
JB

(
m2
s

T 2

)
+ JB

(
m2
S

T 2

))
, (29)

where JB(α) =
∫∞

0
x2 ln(1 − e

√
x2+α)dx is the thermal

correction for bosonic degrees of freedom. Working in the
high-temperature limit, the thermal corrections have an-

alytical forms JB(α) = −π4

45 + π2

12α+O(α3/2). Note that,
since mixing between Sν and Se is small, we can take
approximately ms ≈Mν and mS ≈Me. Under these ap-
proximations, the critical temperature Tc2 at which a sec-
ond minimum (〈Sν〉, 〈Se〉) = (0, ve) degenerate with the
Zν2 × Ze2 preserving vacuum (〈Sν〉, 〈Se〉) = (0, 0) forms,
is given by

Tc2 =

√
−12µ2

e

2λνe + 3λe
. (30)

A second phase transition appears once the temperature
has dropped to Tc1 at which a non zero vev of Sν forms,
with

T 2
c1 =

12
(
2λνeµ

2
e − λeµ2

ν

)
λe(2λνe + 3λν)− 2λνe(2λνe + 3λe)

. (31)

For BM1 the first phase transition occurs around 500
MeV while the second phase transition occurs at 150 keV.
At this temperature most of the photon heating is com-
plete and the electron density has already dropped sig-
nificantly – and, therefore, the thermalization rates are
starting to be exponentially suppressed.

VI. CONCLUSIONS

We have investigated the excess in low energy elec-
tron recoil events reported by the XENON1T collabora-
tion. Our work is based on the Z2 symmetric extended
DM EFT which connects neutrino mass generation and
DM [38]. We find that conventional DM-electron scat-
tering only allows for a marginally better fit than the
background-only hypothesis since the signal spectrum
peaks at lower energies than observed experimentally.
Therefore, DM does not provide convincing explana-
tion of the data. However, the new neutrino and elec-
tron couplings induced by the neutrino mass mechanism
embedded in the model predict a significant neutrino-
electron scattering cross section. Including this interac-
tion in the fit improves it considerably and we find that
a light scalar with an average electron-neutrino coupling
of
√
ysey

s
ν ≈ 7.9× 10−7 is preferred by more than 2σ.

These observations motivated us to scrutinize the pa-
rameter space of the model in more detail and compare
it to limits from various other observations. In general
the parameter space that allows for a successful expla-
nation of the XENON1T excess is rather constrained.
While limits from terrestrial experiments can be avoided

comparatively easily, bounds from cosmology are more
constraining. In particular BBN bounds on a light scalar
coupling to electrons are very severe. Interestingly, the
model under consideration here naturally allows for a late
phase-transition in the early Universe which prevents the
scalar-electron coupling during BBN. However, in such a
scenario additional contribution to the right-handed neu-
trino masses are required in order to avoid their thermal-
ization prior to BBN. Once this is taken into account
we find solutions that comply with cosmological bounds.
There remains a strong tension with astrophysics bounds,
that rely on stellar cooling arguments. Nevertheless, if we
allow for the possibility of additional new physics, these
limits can be avoided by a density dependent contribu-
tion to the Sν potential that suppresses or even removes
the mixing with Se in a high density environment.

All considered, a new physics explanation of the ex-
cess is a tantalizing possibility, but in light of stringent
constraints from other observations this potential sign
of physics beyond the Standard Model should be taken
with a grain of salt. Luckily, the upcoming run of the
XENONnT experiment will be able to weigh in on this
question in the near future and either strengthen the ex-
cess or rule it out conclusively.
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Appendix A: Potential UV completions

In this appendix, we present two explicit UV comple-
tions that lead to the relevant terms in the Lagrangian (1)
after integrating out additional heavy degrees of freedom.

Model 1: 3HDM + Scalar Singlets

Consider a model with 3 electroweak doublets, the SM-
like Higgs H as well as two additional doublets He and
Hν , with Ze2 = −1 and Zν2 = −1, respectively. A minimal
Lagrangian, respecting the Z2 symmetries, reads (omit-
ting flavor indices)

L ⊃− yHe L̄LHeeR − yHν L̄LH̃ννR

− λemHeH
†HeSe − λνmHνH

†HνSν + h.c.

−m2
He |He|2 −m2

Hν |Hν |2 .
(A1)

After integrating out He and Hν at tree level, the
required Yukawa couplings, sought to explain the
XENON1T anomaly, are generated with ySe ∼ yHe λe and
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ySν ∼ yHν λν . Since we consider Λ ∼ mHe,ν ∼ 10 TeV, to-
gether with small dimensionless couplings, the scenario
is expected to be safe from further experimental con-
straints.

Model 2: Vector-Like Leptons + Scalar Singlets

As a second option, we add a set of vector-like leptons
E and N , with the quantum numbers of the right-handed
electron and neutrino, respectively (but no Z2 charge),
to the setup. The corresponding Lagrangian becomes

L ⊃− yEL̄LHER − yN L̄LH̃NR
− ySEĒLSeeR − ySN N̄LSννR + h.c.

−mEĒE −mN N̄N .

(A2)

Again, after integrating out E and N , the sought Yukawa
couplings are obtained straightforwardly with ySe ∼
yEy

S
E , ySν ∼ yNySN , and Λ ∼ mE,N . Similarly to Model 1,

we expect the setup to be phenomenologically viable
given the large suppression scale Λ.
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