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XENON1T Excess and Solar Axion 13

FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.

This is the most sensitive search to date for an en-
hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance over
3� for this search under the background model B0. We
thus set an upper limit on the couplings gae and  as a
function of particle mass.

These upper limits (90% C.L.) are shown in Fig. 10,
along with the sensitivity band in green (1�) and yel-
low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.

• Electronic Recoil Excess       
  1-5 keV

• solar axion explanation  
  the Sun  T ~ keV 
  

• Production  in the Sun 

• Detection  in XENON 
a + e → e 
a + Xe → Xe + γ 
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Solar Axion Production

• Production 
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Axions with masses in the multi-meV mass range can play a noticeable role in stellar
evolution, in particular in the cooling of compact objects such as red-giant cores [27, 28],
white dwarfs [29–32], supernova cores [34–37] and neutron stars [38, 39]. In fact, the most
restrictive limits on the axion couplings to nucleons, photons and electrons come from the
reasonable agreement of astronomical observations with standard stellar-cooling mechanisms:
photon surface cooling and neutrino emission from dense cores. Axion emission can speed
up enormously stellar cooling and spoil badly this agreement — hence the strong and robust
bounds — but it can also be used to reduce slight discrepancies between observations and
predictions. Such are the cases for white dwarfs [32, 40, 41] and red-giant stars in the
globular cluster M5 [28], where small discrepancies can be mitigated by introducing axions
with a Yukawa coupling to electrons gae ∼ 10−13, a natural value for meV-mass axions. Let
us recall that in all mentioned cases, the preference for anomalous cooling is statistically not
very significant and might be due to unaccounted systematics or neglected standard effects.
Clearly, the situation will benefit from direct experimental verification and here, the Sun and
IAXO might be our best allies.

A prime theoretical input for helioscopes is the solar axion flux. The solar interior
is a well-understood weakly coupled plasma which permits relatively precise calculations
of axion production reactions. The most important parameters that determine the axion
flux are the axion-two-photon coupling and the axion-electron coupling. The first drives
the Primakoff production of axions in photon collisions with charged particles of the solar
plasma, γ + q → a + q, and has been thoroughly studied [71–73]. The Primakoff flux is
dominant in hadronic axion models such as the KSVZ [6, 7] where the axion-electron coupling
is absent at tree level. In generic models, the axion-electron coupling can appear at tree level,
and in grand unified theories (GUTs) is unavoidable. The axion-electron coupling drives a
number of reactions of comparable importance that completely overshadow the Primakoff
flux in non-hadronic axion models. The most important are the ABC reactions: Atomic
axio-recombination [74–76] and Atomic axio-deexcitation, axio-Bremsstrahlung in electron-
Ion [72, 77, 78] or electron-electron collisions [72], Compton scattering [79–81], see figure 1
for a sample of Feynman diagrams.
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Figure 1. ABC reactions responsible for the solar axion flux in non-hadronic axion models.

The axion flux from ABC processes has received less attention than the Primakoff. After
its identification by Krauss, Moody and Wilczek [78] it became clear that electron-Ion (mostly
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The XENON1T collaboration has observed an excess in electronic recoil events below 5 keV
over the known background, which could originate from beyond-the-Standard-Model physics. The
solar axion is a well-motivated model that has been proposed to explain the excess, though it has
tension with astrophysical observations. The axions traveled from the Sun can be absorbed by the
electrons in the xenon atoms via the axion-electron coupling. Meanwhile, they can also scatter
with the atoms through the inverse Primako↵ process via the axion-photon coupling, which emits
a photon and mimics the electronic recoil signals. We found that the latter process cannot be
neglected. After including the keV photon produced via inverse Primako↵ in the detection, the
tension with the astrophysical constraints can be significantly reduced. We also explore scenarios
involving additional new physics to further alleviate the tension with the astrophysical bounds.

Axions are pseudo-goldston bosons which natu-
rally arise from the beyond-the-Standard-Model (BSM)
physics scenarios [1–3]. Due to an approximate shift sym-
metry, they can be naturally light. Typically, they are
very weakly coupled to other particles, which makes them
a good candidate of dark matter or dark sector particles.
The phenomenology of the axions is rich and they give
unique signals in cosmology, astrophysics, and particle
physics [4–8].

XENON1T, a dual-phase Liquid Xenon detector, is one
of the leading experiments looking for dark matter. Due
to its large volume and low backgrounds, the XENON1T
is also sensitive to other rare processes potentially related
to the BSM physics. Recently, the XENON1T collabo-
ration reported their searches for low-energy electronic
recoil, with an excess in the range of 1-5 keV, which can-
not be accounted for by the known backgrounds [9]. The
XENON1T collaboration has also performed a fit to the
excess using the solar axion model [10]. Since the report
from XENON1T collaboration, there have been active
speculations about the explanation of the excess [11–38].

It is tempting to explain the XENON1T excess using
the solar axions since the axion energy spectrum nat-
urally matches the excess. The axions are produced
in the Sun from several processes, including the Pri-
mako↵ process � + Ze ! Ze + a; the Atomic axion-
recombination and de-excitation, Bremsstrahlung, and
Compton scattering processes (ABC); and the nuclear
transitions. Hence, the axion-photon ga� , axion-electron
gae and axion-nucleon gan couplings enter in the produc-
tion. With its tiny coupling to photons, the keV axions
have a long lifetime and can travel from the Sun to the
XENON1T. For the processes in the detector which can
give the signal, XENON1T [9] considered only the axion-
electron coupling. In this case, the axions could be ab-
sorbed by the electrons in xenon atoms.

The relevant axion couplings can be summarized in the

following Lagrangian,

L � �gae
@µa

2me
ē�µ�5e�

1

4
ga�aFµ⌫ F̃

µ⌫ . (1)

Fµ⌫ is the field strength of photon, and its dual F̃µ⌫ =
1

2
✏µ⌫↵�F↵� . However, the parameter space of the solar

axion interpretation of the excess is in tension with he
astrophysical observations of stellar evolution including
the White Dwarfs (WD) and the Horizontal Branch (HB)
stars in the globular clusters (GC) [9, 22].

a
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Xe Xe
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XENON1T

Figure 1. The solar axion induced photon signal through the
inverse Primako↵ process.

In this letter, we take into account the fact that at
keV energy range, the current XENON1T experiment
can hardly distinguish the detector response of photons
from that of electronic recoils. Hence, instead of elec-
tronic recoil, the low-energy photons generated through
the inverse Primako↵ scattering between solar axion and
the xenon atoms in the detector can mimic the electronic
signal, as shown in Fig. 1. Using inverse Primako↵ pro-
cess to detect axion is proposed in the cryogenic experi-
ments via Bragg scattering [39–41], and is applied by the
SOLAX, COSME, CUORE, CDMS and EDELWEISS
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Stellar Constraints
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FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches with arrows denoting excluded regions, and
the predicted values from the benchmark QCD axion models
DFSZ and KSVZ. The ‘stellar cooling’ region is the 2-� con-
tour of a global fit to several studies that interpreted anoma-
lous cooling in stars as a possible axion signal [93].

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [30]
and Gemma [95], along with astrophysical limits from the
cooling of globular clusters [32] and white dwarfs [94]. Ar-
rows denote excluded regions. The upper boundary of the
interval from this work is about the same as that from Borex-
ino and Gemma. If we interpret the low-energy excess as a
neutrino magnetic moment signal, its 90% confidence interval
is excluded by the astrophysical constraints.

The time dependence of events in the (1, 7) keV region
in SR1 was investigated. The rate evolution does not
show a clear preference for one hypothesis over the others
for several reasons. For one, the event rates have large
uncertainties as a result of the limited statistics and short
exposure time. Additionally, the expected time evolution
of the solar signals (axion and ⌫ magnetic moment) is a
subtle ⇠ 7% (peak-to-peak) rate modulation from the
change in Earth-Sun distance; such a small e↵ect is not
observable with our exposure. Similarly, the expected
exponential decay of the tritium rate cannot be observed
due to its long half-life with respect to the duration of
SR1. Therefore, none of the hypotheses is rejected on
the grounds of time dependence.

Since the excess events have energies near our 1 keV
threshold, where the e�ciency is ⇠ 10%, we consid-
ered higher analysis thresholds to check the impact of
this choice on the results. With the excess most promi-
nent between 2 and 3 keV, where the respective detec-
tion e�ciencies are ⇠ 80% and 94%, changing the analy-
sis threshold has little impact unless set high enough so
as to remove the events in question. This is not well-
motivated, given the high e�ciency in the region of the
excess. For all thresholds considered (namely, 1.0, 1.6,
2.0, 3.0 keV), the solar axion model gives the best fit to
the data. We hence conclude that our choice of analysis
threshold impacts neither the presence nor interpretation
of the low-energy excess.

We also checked data from Science Run 2 (SR2), an
R&D science run that followed SR1, in an attempt to
understand the observed excess. Many purification up-
grades were implemented during SR2, including the re-
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• keV photon ionizes Xe.  
XENON can hardly distinguish photon signal from Electron Recoil

2

collaborations [42–47]. However, it is not included in the
liquid time projection chamber type experiments previ-
ously. We show that, after including both the electronic
recoil and the inverse Primako↵ process, the tension be-
tween the solar axion explanation and the astrophysical
constraints is significantly reduced.

To further alleviate the astrophysical bounds, we
proposed two models: (1) U(1) Baryon gauge bosons
and (2) DM density-dependent interactions. The letter
is structured as follows: we first describe the detection
using the inverse Primako↵ process, and after consid-
ering the astrophysics and terrestrial constraints, we
present the fit to the data of XENON1T. We then
discuss the possible extensions of new physics to further
alleviate the tension between the constraints and the
XENON1T fit. We conclude in the end.

Detection from inverse Primako↵ process.— In
this section, we compute the contribution to the elec-
tronic recoil from the inverse Primako↵ process

a+Xe ! � +Xe,

where Xe represents the xenon nucleus. The di↵erential
cross section is given by [39, 41, 48]:

d�invPrim

a!�

d⌦
=

↵

16⇡
g2a�

q2

k2

�
4� q2/k2

�
F 2

a (q
2), (2)

where ↵ is the fine structure constant, k is the momentum
of the incoming axion and q is the momentum transfer.
In the limit of small axion mass, ma ⌧ |k|, the energy
of the outgoing photon is also approximately |k|. Fa is
the form factor characterizing the screening e↵ect of the
electric charge of the nucleus. It can be written as

Fa(q
2) = Zk2/(r�2

0
+ q2), (3)

where Z = 54 is the atomic number of xenon and r0 is
the screening length [39], that can be determined numer-
ically. We take eq. (3) and fit the form factors reported in
Ref. [49] and obtain r�1

0
= 4.04 keV = (49 pm)�1, which

is close to the reciprocal of the xenon atomic radii 108
pm [50].

Next, we calculate the event rate from solar axions with
both the inverse Primako↵ process and the axioelectric
e↵ect. The cross section of the latter process is given by
[51, 52]

�ae = �pe

g2
ae
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3E2

a

16⇡↵m2
e

 
1� �2/3

a

3

!
, (4)

where �pe is the photoelectric cross-section [53] and �a is
the axion velocity. We will focus on the low energy excess
(. 5 keV) throughout this letter, hence only consider the
contributions to solar axion flux from the ABC process,
�ABC

a , and the Primako↵ process, �Prim

a , and neglect that
from nuclear transition of 57Fe. The ABC flux originates

from the axion-electron coupling and is given by �ABC

a /
g2ae [54]. The Primako↵ flux is given by [55]

d�Prim

a

dEa
= 6⇥ 1010cm�2s�1keV�1⇥

⇣ ga�
10�10GeV

⌘2✓ Ea

keV

◆2.481

e�Ea/(1.205keV). (5)

Given the solar axion flux �a, the di↵erential event
rate after including both axioelectric and inverse Pri-
mako↵ processes in the detection is given by

dR

dEr
=

NA

A

✓
d�ABC

a

dE
(Er) +

d�Prim

a

dE
(Er)

◆

⇥
�
�invPrim

a!� (Er) + �ae(Er)
�
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where NA is Avogadro constant, and Er represents the
electronic recoil energy, which is faked by photons in the
inverse Primako↵ process.
To compare with the results reported by the

XENON1T collaboration, we further smear the di↵er-
ential event rate with a Gaussian with its variance sat-
isfying �/Er = a/

p
Er + b. A numerical fit to the data

of XENON1T energy resolution [56] yields a = 35.9929
keV1/2 and b = �0.2084. After the smearing, we apply
the detector e�ciency [9].
Fig. 2 shows two examples of the di↵erential event

rate of the electronic recoils given di↵erent values of
gae and ga� . In the case that gae = 0, the spectrum
is only determined by the detection of �Prim

a through
the inverse Primako↵ process. It is clear that with gae
switched o↵, solar axions can still account for the low
energy excess, although the fit is not as good as that
allowing both gae and ga� to be non-zero.

Constraints from astrophysics and terrestrial ex-

periments.— The most severe constraints on the solar
axion explanation of the XENON1T excess is from the
astrophysical observations of the stellar cooling in the
HB and red-giant branch (RGB) stars, which we review
below.
Axions with sizable ga� and gae couplings speed up

the burning of the H-core for RGB and that of the He-
core for HB. The lifetime of the stars in the two phases
is proportional to their observed numbers. Therefore,
one can use the R-parameter, the ratio of the number
of HB stars to that of RGB stars, R ⌘ NHB/NRGB, to
constrain the stellar cooling due to axions. Ref. [57] re-
ported the averaged R-parameter over 39 globular clus-
ters with Rav = 1.39 ± 0.03. Assuming gae = 0, ga� is
constrained to be ga� < 6.6 ⇥ 10�11 GeV�1 with 95%
C.L. For non-zero gae, Ref. [58] presented two theoret-
ical models which give slightly di↵erent predictions of
the R-parameter. In Fig. 3, we adopted the resulting
95% C.L. constraints on gae � ga� plane for both models
from Fig. 4 of [58]. We further discuss the bound de-
pendence on He mass fraction of the globular clusters in
the Appendix. The bremsstrahlung energy loss from the

2

collaborations [42–47]. However, it is not included in the
liquid time projection chamber type experiments previ-
ously. We show that, after including both the electronic
recoil and the inverse Primako↵ process, the tension be-
tween the solar axion explanation and the astrophysical
constraints is significantly reduced.

To further alleviate the astrophysical bounds, we
proposed two models: (1) U(1) Baryon gauge bosons
and (2) DM density-dependent interactions. The letter
is structured as follows: we first describe the detection
using the inverse Primako↵ process, and after consid-
ering the astrophysics and terrestrial constraints, we
present the fit to the data of XENON1T. We then
discuss the possible extensions of new physics to further
alleviate the tension between the constraints and the
XENON1T fit. We conclude in the end.

Detection from inverse Primako↵ process.— In
this section, we compute the contribution to the elec-
tronic recoil from the inverse Primako↵ process
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where Xe represents the xenon nucleus. The di↵erential
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where ↵ is the fine structure constant, k is the momentum
of the incoming axion and q is the momentum transfer.
In the limit of small axion mass, ma ⌧ |k|, the energy
of the outgoing photon is also approximately |k|. Fa is
the form factor characterizing the screening e↵ect of the
electric charge of the nucleus. It can be written as
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where Z = 54 is the atomic number of xenon and r0 is
the screening length [39], that can be determined numer-
ically. We take eq. (3) and fit the form factors reported in
Ref. [49] and obtain r�1

0
= 4.04 keV = (49 pm)�1, which

is close to the reciprocal of the xenon atomic radii 108
pm [50].

Next, we calculate the event rate from solar axions with
both the inverse Primako↵ process and the axioelectric
e↵ect. The cross section of the latter process is given by
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where �pe is the photoelectric cross-section [53] and �a is
the axion velocity. We will focus on the low energy excess
(. 5 keV) throughout this letter, hence only consider the
contributions to solar axion flux from the ABC process,
�ABC

a , and the Primako↵ process, �Prim

a , and neglect that
from nuclear transition of 57Fe. The ABC flux originates

from the axion-electron coupling and is given by �ABC
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g2ae [54]. The Primako↵ flux is given by [55]
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where NA is Avogadro constant, and Er represents the
electronic recoil energy, which is faked by photons in the
inverse Primako↵ process.
To compare with the results reported by the

XENON1T collaboration, we further smear the di↵er-
ential event rate with a Gaussian with its variance sat-
isfying �/Er = a/

p
Er + b. A numerical fit to the data

of XENON1T energy resolution [56] yields a = 35.9929
keV1/2 and b = �0.2084. After the smearing, we apply
the detector e�ciency [9].
Fig. 2 shows two examples of the di↵erential event

rate of the electronic recoils given di↵erent values of
gae and ga� . In the case that gae = 0, the spectrum
is only determined by the detection of �Prim

a through
the inverse Primako↵ process. It is clear that with gae
switched o↵, solar axions can still account for the low
energy excess, although the fit is not as good as that
allowing both gae and ga� to be non-zero.

Constraints from astrophysics and terrestrial ex-

periments.— The most severe constraints on the solar
axion explanation of the XENON1T excess is from the
astrophysical observations of the stellar cooling in the
HB and red-giant branch (RGB) stars, which we review
below.
Axions with sizable ga� and gae couplings speed up

the burning of the H-core for RGB and that of the He-
core for HB. The lifetime of the stars in the two phases
is proportional to their observed numbers. Therefore,
one can use the R-parameter, the ratio of the number
of HB stars to that of RGB stars, R ⌘ NHB/NRGB, to
constrain the stellar cooling due to axions. Ref. [57] re-
ported the averaged R-parameter over 39 globular clus-
ters with Rav = 1.39 ± 0.03. Assuming gae = 0, ga� is
constrained to be ga� < 6.6 ⇥ 10�11 GeV�1 with 95%
C.L. For non-zero gae, Ref. [58] presented two theoret-
ical models which give slightly di↵erent predictions of
the R-parameter. In Fig. 3, we adopted the resulting
95% C.L. constraints on gae � ga� plane for both models
from Fig. 4 of [58]. We further discuss the bound de-
pendence on He mass fraction of the globular clusters in
the Appendix. The bremsstrahlung energy loss from the
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Figure 2. Fit to electronic recoil energy spectrum with ga�
only (top) and both ga� and gae allowed (bottom).

axion-electron coupling a↵ects the white dwarf luminos-
ity function (WDLF) and constrain gae . 2.8⇥10�13 [59].
The same cooling argument on RGB yields a constraint
of gae . 4.3⇥ 10�13 [60]. The global fit of the solar data
constrained ga� < 4.1⇥ 10�10 GeV�1 [61]. In Fig. 3, we
also show the favored gae � ga� parameter region to ex-
plain the exotic stellar cooling that hints at a new cooling
mechanism beyond the neutrino emission [22, 62].

On the terrestrial experiments side, the axion
searches from LUX [63] using axioelectric e↵ect suggest
gae < 3.5 ⇥ 10�12. Similar constraint is also shown by
PandaX [64]. The CAST experiment [65] constrains
light axions with ga� < 6.6 ⇥ 10�11 GeV�1. But this
bound can be significantly weakened if the axion mass is
about & 1 eV.

Results.— In this section, we first present our fit to the
XENON1T excess and compare it with the astrophysical
constraints, as shown in Fig. 3. We scan two parame-
ters gae, ga� , and apply the method of least squares to
the XENON1T data to find the 90% C.L. contours with
(solid red) and without (dashed red) including the in-
verse Primako↵ process. In comparison, we also show the
constraints (95% C.L.) from astrophysical observables in-
cluding WDLF, the tip of RGB, and the R-parameter
(with two models), as well as the constraints from the
global fit of the solar data and the direct search at LUX.

From Fig. 3, we see that the inclusion of the inverse-

Figure 3. The 2D axion couplings parameter fit for the
Xenon1T excess after including the inverse Primako↵ process.
Our best fit (90% C.L.) to the XENON1T excess is shown in
the red shaded region with the solid boundary. In compar-
ison, a “XENON-like” analysis with only the electron recoil
included as the signal yields a fit shown in the region with the
dashed boundary. The main di↵erence is that the inclusion
of the inverse Primako↵ process allows for a region in which
ga� is relatively large while gae can be very small, reducing
the tension with the astrophysical data. Also included are
the constraints (95% C.L.) from astrophysical observables in-
cluding WDLF [59], the tip of RGB [60] and the R-parameter
(with two models) [58], as well as the constraints from the
global fit of the solar data [61], LUX [63], and PandaX [64],
with arrows denoting excluded regions. The shaded green re-
gion contains 1 � to 4 � contours favored by the anomalous
stellar cooling [22, 62].

Primako↵ process has a significant impact on the
parameter region preferred by the XENON1T data. In
particular, it opens up a parameter region in which
ga� � gae and the inverse Primako↵ process gives rise
to the observed signal. Moreover, it prefers a ga� which
is in the region of a few⇥10�10, one order of magnitude
smaller than the preferred ga� without the inclusion of
the inverse Primako↵ process, satisfying the constraints
from the global fit of the solar data, and significantly
reducing the tension with the stellar cooling bound.

Possible extensions.— From the previous discussion,
we see that even though the inclusion of the inverse Pri-
mako↵ process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the
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only (top) and both ga� and gae allowed (bottom).

axion-electron coupling a↵ects the white dwarf luminos-
ity function (WDLF) and constrain gae . 2.8⇥10�13 [59].
The same cooling argument on RGB yields a constraint
of gae . 4.3⇥ 10�13 [60]. The global fit of the solar data
constrained ga� < 4.1⇥ 10�10 GeV�1 [61]. In Fig. 3, we
also show the favored gae � ga� parameter region to ex-
plain the exotic stellar cooling that hints at a new cooling
mechanism beyond the neutrino emission [22, 62].

On the terrestrial experiments side, the axion
searches from LUX [63] using axioelectric e↵ect suggest
gae < 3.5 ⇥ 10�12. Similar constraint is also shown by
PandaX [64]. The CAST experiment [65] constrains
light axions with ga� < 6.6 ⇥ 10�11 GeV�1. But this
bound can be significantly weakened if the axion mass is
about & 1 eV.

Results.— In this section, we first present our fit to the
XENON1T excess and compare it with the astrophysical
constraints, as shown in Fig. 3. We scan two parame-
ters gae, ga� , and apply the method of least squares to
the XENON1T data to find the 90% C.L. contours with
(solid red) and without (dashed red) including the in-
verse Primako↵ process. In comparison, we also show the
constraints (95% C.L.) from astrophysical observables in-
cluding WDLF, the tip of RGB, and the R-parameter
(with two models), as well as the constraints from the
global fit of the solar data and the direct search at LUX.

From Fig. 3, we see that the inclusion of the inverse-
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Figure 3. The 2D axion couplings parameter fit for the
Xenon1T excess after including the inverse Primako↵ process.
Our best fit (90% C.L.) to the XENON1T excess is shown in
the red shaded region with the solid boundary. In compar-
ison, a “XENON-like” analysis with only the electron recoil
included as the signal yields a fit shown in the region with the
dashed boundary. The main di↵erence is that the inclusion
of the inverse Primako↵ process allows for a region in which
ga� is relatively large while gae can be very small, reducing
the tension with the astrophysical data. Also included are
the constraints (95% C.L.) from astrophysical observables in-
cluding WDLF [59], the tip of RGB [60] and the R-parameter
(with two models) [58], as well as the constraints from the
global fit of the solar data [61], LUX [63], and PandaX [64],
with arrows denoting excluded regions. The shaded green re-
gion contains 1 � to 4 � contours favored by the anomalous
stellar cooling [22, 62].

Primako↵ process has a significant impact on the
parameter region preferred by the XENON1T data. In
particular, it opens up a parameter region in which
ga� � gae and the inverse Primako↵ process gives rise
to the observed signal. Moreover, it prefers a ga� which
is in the region of a few⇥10�10, one order of magnitude
smaller than the preferred ga� without the inclusion of
the inverse Primako↵ process, satisfying the constraints
from the global fit of the solar data, and significantly
reducing the tension with the stellar cooling bound.

Possible extensions.— From the previous discussion,
we see that even though the inclusion of the inverse Pri-
mako↵ process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the

14

FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches with arrows denoting excluded regions, and
the predicted values from the benchmark QCD axion models
DFSZ and KSVZ. The ‘stellar cooling’ region is the 2-� con-
tour of a global fit to several studies that interpreted anoma-
lous cooling in stars as a possible axion signal [93].

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [30]
and Gemma [95], along with astrophysical limits from the
cooling of globular clusters [32] and white dwarfs [94]. Ar-
rows denote excluded regions. The upper boundary of the
interval from this work is about the same as that from Borex-
ino and Gemma. If we interpret the low-energy excess as a
neutrino magnetic moment signal, its 90% confidence interval
is excluded by the astrophysical constraints.

The time dependence of events in the (1, 7) keV region
in SR1 was investigated. The rate evolution does not
show a clear preference for one hypothesis over the others
for several reasons. For one, the event rates have large
uncertainties as a result of the limited statistics and short
exposure time. Additionally, the expected time evolution
of the solar signals (axion and ⌫ magnetic moment) is a
subtle ⇠ 7% (peak-to-peak) rate modulation from the
change in Earth-Sun distance; such a small e↵ect is not
observable with our exposure. Similarly, the expected
exponential decay of the tritium rate cannot be observed
due to its long half-life with respect to the duration of
SR1. Therefore, none of the hypotheses is rejected on
the grounds of time dependence.

Since the excess events have energies near our 1 keV
threshold, where the e�ciency is ⇠ 10%, we consid-
ered higher analysis thresholds to check the impact of
this choice on the results. With the excess most promi-
nent between 2 and 3 keV, where the respective detec-
tion e�ciencies are ⇠ 80% and 94%, changing the analy-
sis threshold has little impact unless set high enough so
as to remove the events in question. This is not well-
motivated, given the high e�ciency in the region of the
excess. For all thresholds considered (namely, 1.0, 1.6,
2.0, 3.0 keV), the solar axion model gives the best fit to
the data. We hence conclude that our choice of analysis
threshold impacts neither the presence nor interpretation
of the low-energy excess.

We also checked data from Science Run 2 (SR2), an
R&D science run that followed SR1, in an attempt to
understand the observed excess. Many purification up-
grades were implemented during SR2, including the re-
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we see that even though the inclusion of the inverse Pri-
mako↵ process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the
stellar cooling bound which still has not been appreci-
ated. Instead of pursuing these avenues, we will explore
a third possibility. Namely, we introduce new physics
in addition to the solar axion to help relax the tension
between the XENON1T excess and the stellar cooling
bound.

(I) One way to alleviate the astrophysical bound is us-
ing axion coupling to both photon and dark gauge boson
A0 carrying the U(1)B Baryon charge,

L � �1

2
ga�A0aF 0

µ⌫ F̃
µ⌫ + gBA

0
µJ

µ
B
. (7)

The U(1)B A0 couples to Xe nucleus, but not the elec-
trons, such that the form factor suppression from the
screening e↵ect of the electric charge of the nucleus is
removed, and there is an extra enhancement factor of
A2/Z2 by coupling to both protons and neutrons. The
inverse Primako↵ for a + N ! � + N is mediated by
t-channel A0 and its cross-section is

�A0

a!� =
g2a�A0↵BA2

8

(2⌘2 + 1) log(4⌘2 + 1)� 4⌘2

⌘2
F 2

n ,

(8)

where ⌘ = k/mA0 , k is the momentum of the axion,
↵B = g2B/4⇡, Fn is the nuclear form factor which is al-
most 1 for momentum transfer at keV scale and A is
the number of the nucleons in the nucleus. This cross-
section also applies to the Primako↵ production of axion
flux from HB and Sun. It is proportional to A2 with A0

mass suppression but no nuclear form factor suppression.
Recall that the inverse Primako↵ via ga� is proportional
to Z2, and after counting the suppression from screen-
ing length r�1

0
, the screened charge of xenon changes

to Zsc = 5.3 at q = 3 keV. Given the large A = 131
for xenon, we hope this A2 can greatly benefit the de-
tection using heavy elements. We found when A0 mass
is about r�1

0
, the enhancement in the detector is about

its expected form A2/Z2 ' 6. When mA0 < r�1

0
, the

enhancement factor is proportional to A2/Z2

sc which is
quite large. However, when mA0 > r�1

0
there is no en-

hancement for the detection. The other reason not con-
sidering larger mA0 is that the energy loss in star from
the Primako↵ process will be proportional to ( T

mA0
)4 for

m0
A � T . The central region in the Sun is cooler than

the core of HB and RGB stars. Therefore, we obtain
stronger bounds from the stars in the case of the heavy
A0.

We follow Ref. [52] to calculate the Primako↵ in-
duced flux and take the light A0, mA0 = 0.1 (1) keV,

as examples. The energy loss or flux at the HB and
Sun is rescaled by 15.6 (8.0) and 16.9 (4.3) times
↵Bg2a�A0/(↵g2a�) comparing with the flux from the ga�
coupling. In both HB and Sun, they are both dominated
H and He, therefore the di↵erence between Z2 and A2

are not significant. For the detection at XENON1T, the
cross-section can be enhanced by about 400 (90) times
↵Bg2a�A0/(↵g2a�). Therefore, when having the solar ax-
ion flux explain the xenon excess, the energy loss rate
from the star could be reduced to 19% (40%). This is
able to alleviate the tension between astrophysics and
XENON1T excess if mA0 . 3 keV.
Besides U(1)B , one can also consider U(1)B�L by con-

sidering the enhancement from neutron number (Z�A).
(II) In this second scenario, we consider that if the

axion interactions are all assisted with ultralight dark
matter �, the bounds can be weakened. The ultralight
dark matter assisted interactions are,

L � � �

⇤e

@µa

2me
ē�µ�5e�

1

4

�

⇤2
�

aFµ⌫ F̃
µ⌫ . (9)

The ultralight dark matter has a very large occupation
number in the solar system, because its mass is very
small e.g. m� = 10�21 eV. Given the relation with
local DM density ⇢� = m2

��
2/2, one can obtain the

classical value of the � field which behaves as a vev
when there is any DM density. Hence the axion photon
and axion gluon coupling are respectively given by
gae = h�i/⇤e / p

⇢�/⇤e and ga� = h�i/⇤2

� / p
⇢�/⇤2

� .
Comparing with the Solar system where the Milky Way
(MW) galaxy is abundant of DM (⇢local

DM
⇠ 0.3GeV/cm3),

the globular clusters (GCs) typically have a lower dark
matter mass fraction (e.g. fDM . 6% for NGC 2419 [70])
comparing to that of MW (84%). need to change
this argument based on DM fraction –YZ Of
course, to determine the local DM density around
the HB and RGB stars in the 39 GCs that set the
R-parameter constraint, one needs to determine the
DM profile of each GC and the location of the stellar
populations within them, which is beyond the scope
of this paper. But assuming ⇢DM = 0.1⇢local

DM
around

HB stars in GC allows the coupling on ga� and gae
to decrease by a factor of

p
10. Using the two the-

oretical models of the R-parameter described in the
Appendix, this in turn relaxes the constraint on ga�
(assuming gae . 10�13) from ga� < 6.6 ⇥ 10�11 GeV�1

to ga� < (2 � 3) ⇥ 10�10 GeV�1 when adopting the
suggested averaged R value (Rav = 1.39± 0.03) and the
He abundance (YHe = 0.254 ± 0.003) from [61]. The
favored parameter space to explains the XENON1T
excess remain unchanged.

Conclusions.— Solar axion is an appealing explanation
for the XENON1T excess, with its energy naturally in the
keV range. In this letter, we have emphasized the impor-
tance of including photon with a similar recoil spectrum
as a possible explanation for the XENON1T excess. In
particular, it can significantly reduce the tension between

a
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Figure 2. Fit to electronic recoil energy spectrum with ga�
only (top) and both ga� and gae allowed (bottom).

axion-electron coupling a↵ects the white dwarf luminos-
ity function (WDLF) and constrain gae . 2.8⇥10�13 [59].
The same cooling argument on RGB yields a constraint
of gae . 4.3⇥ 10�13 [60]. The global fit of the solar data
constrained ga� < 4.1⇥ 10�10 GeV�1 [61]. In Fig. 3, we
also show the favored gae � ga� parameter region to ex-
plain the exotic stellar cooling that hints at a new cooling
mechanism beyond the neutrino emission [22, 62].

On the terrestrial experiments side, the axion
searches from LUX [63] using axioelectric e↵ect suggest
gae < 3.5 ⇥ 10�12. Similar constraint is also shown by
PandaX [64]. The CAST experiment [65] constrains
light axions with ga� < 6.6 ⇥ 10�11 GeV�1. But this
bound can be significantly weakened if the axion mass is
about & 1 eV.

Results.— In this section, we first present our fit to the
XENON1T excess and compare it with the astrophysical
constraints, as shown in Fig. 3. We scan two parame-
ters gae, ga� , and apply the method of least squares to
the XENON1T data to find the 90% C.L. contours with
(solid red) and without (dashed red) including the in-
verse Primako↵ process. In comparison, we also show the
constraints (95% C.L.) from astrophysical observables in-
cluding WDLF, the tip of RGB, and the R-parameter
(with two models), as well as the constraints from the
global fit of the solar data and the direct search at LUX.

From Fig. 3, we see that the inclusion of the inverse-

10-13 10-12 10-11
10-12

10-11

10-10

10-9

10-8

gae

g a
�[G
eV

-1
]

Solar excl.

LUX excl.

PandaX
excl.

RGB excl.

WDLF excl.

Stellar Cooling

R-parameter
excl.

Xenon1T

without invPrim

with invPrim

Figure 3. The 2D axion couplings parameter fit for the
Xenon1T excess after including the inverse Primako↵ process.
Our best fit (90% C.L.) to the XENON1T excess is shown in
the red shaded region with the solid boundary. In compar-
ison, a “XENON-like” analysis with only the electron recoil
included as the signal yields a fit shown in the region with the
dashed boundary. The main di↵erence is that the inclusion
of the inverse Primako↵ process allows for a region in which
ga� is relatively large while gae can be very small, reducing
the tension with the astrophysical data. Also included are
the constraints (95% C.L.) from astrophysical observables in-
cluding WDLF [59], the tip of RGB [60] and the R-parameter
(with two models) [58], as well as the constraints from the
global fit of the solar data [61], LUX [63], and PandaX [64],
with arrows denoting excluded regions. The shaded green re-
gion contains 1 � to 4 � contours favored by the anomalous
stellar cooling [22, 62].

Primako↵ process has a significant impact on the
parameter region preferred by the XENON1T data. In
particular, it opens up a parameter region in which
ga� � gae and the inverse Primako↵ process gives rise
to the observed signal. Moreover, it prefers a ga� which
is in the region of a few⇥10�10, one order of magnitude
smaller than the preferred ga� without the inclusion of
the inverse Primako↵ process, satisfying the constraints
from the global fit of the solar data, and significantly
reducing the tension with the stellar cooling bound.

Possible extensions.— From the previous discussion,
we see that even though the inclusion of the inverse Pri-
mako↵ process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the
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