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Introduction
• XENON1T dark matter experiment 
• Dual-phase with a liquid xenon (LXe) target 
• S1, prompt scintillation light 
• S2, delayed signal, 
    induced by electrons 

• Electron recoil (ER) 
• Nuclear recoil (NR)
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Fig. 1 Working principle of a dual-phase LXe TPC: The prompt scin-
tillation light (S1) generated in the LXe is recorded by PMTs installed
above and below the target. The same PMTs also measure the delayed
secondary-light signal S2, which is created by proportional scintilla-
tion induced by ionization electrons (e−) in the gas phase. A set of TPC
electrodes is used to establish the required electric fields. The inter-
action position can be reconstructed in 3-dimensions by means of the
S2-signal pattern observed by the top PMTs (lateral) and the time dif-
ference between S1 and S2 (depth). Background events are rejected by
the charge to light (S2/S1) ratio and the scatter multiplicity (number of
S2 signals), as indicated on the panels on the right

partition into the different energy-loss channels depends on
the recoil type and energy and can therefore be used to dis-
tinguish a WIMP signal from electronic recoil backgrounds,
provided that the resulting excitation and ionization signals
can be measured independently [26]. The Xe∗

2 excimers,
that are eventually formed, de-excite under the emission of
178 nm scintillation light. In dual-phase TPCs, this light sig-
nal (S1) is observed by photosensors installed above and
below the target. An electric field across the target, estab-
lished between the negatively biased cathode at the bottom of
the TPC and the gate electrode at ground potential at the top,
is used to move the ionization electrons away from the inter-
action site, drifting them to the liquid-gas interface. A second
field, generated between the gate and the positively-biased
anode, extracts them into the gas phase and provides the elec-
trons sufficient energy to excite and ionize the gas atoms.
This generates a secondary scintillation signal (S2) which
is proportional to the number of extracted electrons [27].
The position of the initial interaction, as well as the scatter
multiplicity, can be reconstructed in 3-dimensions from the
position and number of S2 signals observed by the top pho-
tosensors and the S1-S2 time difference. The ratio S2/S1 can
be employed for electronic recoil background rejection, with
typically > 99.5% discrimination at 50% signal acceptance.

2.1.2 XENON1T TPC

The cylindrical TPC of 97 cm length and 96 cm diameter
contains an active LXe target of 2.0 t, in which the light

Fig. 2 Illustration of the XENON1T TPC. It is built from materi-
als selected for their low radioactivity, e.g., OFHC copper, stainless
steel and PTFE. The top and bottom PMT arrays are instrumented with
127 and 121 Hamamatsu R11410-21 PMTs, respectively

and the charge signals from each interaction can be detected,
see Fig. 2. It is enclosed by 24 interlocking and light-tight
PTFE (polytetrafluoroethylene, Teflon) panels, whose sur-
faces were treated with diamond tools in order to optimize
the reflectivity for vacuum ultraviolet (VUV) light [28]. Due
to the rather large linear thermal expansion coefficient of
PTFE, its length is reduced by about 1.5% at the operation
temperature of − 96 ◦C. An interlocking design allows the
radial dimension to remain constant while the vertical length
is reduced.

To ensure drift field homogeneity, the TPC is surrounded
by 74 field shaping electrodes with a cross section of ∼
10×5 mm2; they are made from low-radioactivity oxygen-
free high thermal conductivity (OFHC) copper. The elec-
trodes are connected by two redundant chains of 5 G! resis-
tors; a 25 G! resistor connects each chain to the cathode.
The resistor settings, as well as the electrical transparency of
the TPC electrodes (gate, anode and screening electrode on
top, and cathode and screening electrode on bottom), were
optimized by means of electrostatic simulations, using finite
element (COMSOL Multiphysics [29]) and boundary ele-
ment methods (KEMField [30]). The high-voltage config-
uration realized during science run 0 is shown in Fig. 3.
Most S1 light is detected by the photosensors below the tar-
get. The electrodes were thus designed for S1 light collec-
tion by optimizing the optical transparency of the gate, the
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Introduction
• XENON1T, arXiv:2006.09721, “Observation of 

Excess Electronic Recoil Events in XENON1T” 
• Interpretations 
• Tritium 
• Solar axion 
• Bosonic DM 
• DM 
• ……
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FIG. 4. A zoomed-in and re-binned version of Fig. 3 (top),
where the data display an excess over the background model
B0. In the following sections, this excess is interpreted under
solar axion, neutrino magnetic moment, and tritium hypothe-
ses.

exhibit a clear time dependence. More detailed studies
of the temporal distribution of these events are described
in Sec. IVE.

Several instrumental backgrounds and systematic ef-
fects were excluded as possible sources of the excess.
Accidental coincidences (AC), an artificial background
from detector e↵ects, are expected to be spatially uni-
form, but are tightly constrained to have a rate of
< 1 event/(t·y·keV) based on the rates of lone signals
in the detector, i.e., S1s (S2s) that do not have a corre-
sponding S2 (S1) [51]. Surface backgrounds have a strong
spatial dependence [51] and are removed by the fiducial-
ization (1.0 tonne here vs. 1.3 tonnes in [3], correspond-
ing to a radial distance from the TPC surface of & 11 cm)
along with the stricter S2 threshold cut. Both of these
backgrounds also have well-understood signatures in the
(cS1, cS2b) parameter space that are not observed here,
as shown in Fig. 5.

The detection and selection e�ciencies were verified
using 220Rn calibration data. The � decay of 212Pb, a
daughter of 220Rn, was used to calibrate the ER response
of the detector, and thus allows us to validate the e�-
ciency modeling with a high-statistics data set. Similarly
to 214Pb, the model for 212Pb was calculated to account
for atomic screening and exchange e↵ects, as detailed in
Appendix A. A fit to the 220Rn data with this model and
the e�ciency parameter described in Sec. III C is shown
in Fig. 6 for a 1-tonne fiducial volume, where good agree-
ment is observed (p-value = 0.50). Additionally, the S1
and S2 signals of the low-energy events in background
data were found to be consistent with this 220Rn data
set, as shown in Fig. 5. This discounts threshold e↵ects
and other mismodeling (e.g., energy reconstruction) as
possible causes for the excess observed in Fig. 4.

FIG. 5. Distribution of low energy events (black dots) in
the (cS1, cS2b) parameter space, along with the expected
surface (purple) and AC (orange) backgrounds (1� band).
220Rn calibration events are also shown (density map). All the
distributions are within the one-tonne fiducial volume. Gray
lines show isoenergy contours for electronic recoils, where the
excess is between the 1 and 7 keV contours, highlighted in
blue.

FIG. 6. Fit to 220Rn calibration data with a theoretical �-
decay model (see Appendix A) and the e�ciency nuisance
parameter, using the same unbinned profile likelihood frame-
work described in Sec. III C. This fit suggests that the e�-
ciency shown in Fig. 2 describes well the expected spectrum
from 214Pb, the dominant background at low energies.

Uncertainties in the calculated spectra were consid-
ered, particularly for the dominant 214Pb background.
More details can be found in Appendix A, but we briefly
summarize them here. A steep rise in the spectrum at low
energies could potentially be caused by exchange e↵ects;
however this component is accurate to within 1% and
therefore negligible with respect to the observed excess.
The remaining two components, namely the endpoint en-
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Hidden Photon
• Also called dark photon 

• We have 

• Because of the kinetic mixing,   

• hidden photon can couple to charged fermions 
in the standard model.

5

L = �1

4
Fµ⌫F

µ⌫ � 1

2
m2AµA

µ +
✏

2
Fµ⌫�

µ⌫ � 1

4
�µ⌫�

µ⌫

<latexit sha1_base64="JiAOj6ztMzKFGcOAvjFO23n6pvE="></latexit>

Aµ
<latexit sha1_base64="zwvfCV3Isb22E29SHvz1BF3Ltms="></latexit>

�µ = �µ � ✏Aµ, Aµ =
p

1� ✏2Aµ,m =
mp
1� ✏2

<latexit sha1_base64="uwRomUgJZevWXfjKZmQ9IfDk5BE="></latexit>

L = �1

4
Fµ⌫F

µ⌫ � 1

2
m2AµA

µ � 1

4
�µ⌫�

µ⌫

<latexit sha1_base64="TA4fDl1cy36FQemXkdMce3OYlZs="></latexit>

✏eAµ ̄�
µ 

<latexit sha1_base64="AGG11AcgGzfse+McQgrvyE0pqBs="></latexit>



 Yong TANG(UCAS)                     Gravitational Production and XENON1T                       Peking

Absorption of Hidden photon
• ~ 2.7 keV hidden photon 
• DM candidate 
• monoenergetic peak 
• photoelectric effect 
• Cross section 

• Event rate
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Constraints
•  is allowed ⌘ ✏ ' 7⇥ 10�16
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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.

FIG. 10. Constraints on couplings for bosonic pseudoscalar
ALP (top) and vector (bottom) dark matter, as a function of
particle mass. The XENON1T limits (90% C.L.) are shown in
black with the expected 1 (2)� sensitivities in green (yellow).
Limits from other detectors or astrophysical constraints are
also shown for both the pseudoscalar and vector cases [50, 81,
82, 113–120].

Due to the presence of the excess, we performed an ad-
ditional fit using the bosonic dark matter signal model,
with the particle mass allowed to vary freely between
1.7–3.3 keV/c2. The result gives a favored mass value of
(2.3 ± 0.2) keV (68% C.L.) with a 3.0� global (4.0� lo-
cal) significance over background. A log-likelihood ratio
curve as a function of mass is shown in Fig. 11, along with
the asymptotic 1-� uncertainty. Since the energy recon-

struction in this region is validated using 37Ar calibration
data, whose distribution has a mean value within < 1%
of the expectation at 2.82 keV [83], this analysis can also
be used to compare the data to potential mono-energetic
backgrounds in this region.

FIG. 11. The -2 logarithmic likelihood ratio for di↵erent
bosonic dark matter masses with respect to the best-fit mass
at 2.3 keV/c2. At each mass, we show the result for the best-
fit coupling at that mass. The green band shows an asymp-
totic 68% C.L. confidence interval on the bosonic DM mass.
As noted in the text, the global significance for this model is
3.0 �.

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.
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-
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Production
• A viable production of keV DM is not trivial, 
• Astrophysical constraints are very strong for keV 

DM produced from thermal plasma, Lyman-α 
gives the lower bound, m > 5.3 keV（1911.09073） 

• Non-thermal production is needed. 
• Since gravitational interaction is universal and 

unavoidable, it would be reasonable to consider 
how it can affect the production.  

• We shall mainly discuss the production during 
inflation era where the contribution is usually the 
dominant part. 

8
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Formalism
• We start with the following Lagrangian 

• In Friedmann-Robertson-Walker background 

• Rewrite Lagrangian as 

• The kinetic mixing has negligible effects on the 
production in the relevant parameter range. 
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Formalism
• Working in Fourier space 

• The action is  

• 2 transverse + 1 longitudinal modes 
• Refs. Ema, Nakayama, Tang, 1903.10973(JHEP) 
             Graham, Mardon, Rajendra, 1504.02102(PRD)
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Transverse modes
• Expand 

• The mode function             has EoM 

• During inflation 

• With boundary condition
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Longitudinal mode
• Longitudinal mode is different 

• Define 

• Then, we can work with
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Energy density
• The energy-momentum tensor is defined as 

• Energy density 
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Solution
• Useful parametrization 

• where                    and 

• Then the energy density is expressed as
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Abundance
• In term of the energy-to-entropy ratio 

• TR is the reheating temperature, 
   HR is the Hubble parameter  
        is the relativistic degree of freedoms
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A Model
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Weyl Symmetry
• Weyl symmetry was referred to   

• First proposed by Weyl around 1919 in order to 
unify general relativity and electromagnetic 
interaction. 

• Later Weyl modified it to   

• To describe electron after quantum mechanics.

 (x) !  0(x) = ei✓(x) (x)

Wµ(x) ! W 0
µ(x) = Wµ(x)� @µ✓(x)
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Weyl-Einstein Gravity
• Covariant derivative 

• The modified connection 

• And the modified Ricci tensor and scalar

@µg⇢� ! (@µ + 2Wµ) g⇢�
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Weyl-Einstein Gravity
• First consider the Weyl     gravity 

• It is invariant under scaling transformation 

• We have  
• One can write in a familiar form by using
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p
�g
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Weyl-Einstein Gravity
• First consider the Weyl     gravity 

• Einstein frame is set by 

• Massive       with discrete symmetry, might be a 
dark matter candidate, 

• However, inflation is not provided and extension 
is needed.
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Inflation
• Inflation is a very attractive 

solution to many cosmic 
problems  
• flatness & horizon 
• conformal/Weyl symmetry 
• breaking uncertain yet
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Planck Collaboration: Constraints on Inflation
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Fig. 20. Free-form Bayesian reconstruction of the primordial power spectrum (Sect. 6.2.1) using Planck TT,TE,EE+lowE+lensing.
Top-right: Evidence values for each N-knot reconstruction. The evidence is maximal for the N = 2 and N = 3 knot cases, and semi-
competitive for the remaining higher knots. Marginalizing over the number of knots produces a predictive posterior plot, shown in
the top-left panel. Here we see generic features, with the limit of resolution of Planck at ` ' 2400 and cosmic variance at low `.
Bottom-left: Same as top-left, but using the additional BK14 data and allowing r to vary. Bottom-right: Kullback-Leibler divergence
conditional on k, marginalized over the number of knots, showing the increase in compression of the primordial power spectrum
over several past CMB missions. The di↵erence in constraining power between Planck 2013 and 2015 is driven entirely by the shift
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Weyl   GravityR̂2
<latexit sha1_base64="b/UWReHGqSGaPUp6k5J1RATkqXs="></latexit>

• Now let us consider 

• We can introduce an auxiliary field  

• The equivalence can be shown with 
• Fix to Einstein frame
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Inflation
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FIG. 1. (Left)The scalr potentials with ⇣ = 1, 100, 1000. (Right)Values of (ns, r) for ⇣ =

250, 500, 1000, 5000 (from left to right). The predictions of (ns, r) with 4 di↵erent ⇣s are shown for

e-folding number N = 50 (squares) and 60 (circles), in comparison with the shaded regions allowed

by Planck [60] with 1-� (blue) and 2-� (purple), and the future projection of CMB-S4 [61] in red

smaller contours. The filled red square and circle are the values for Starobinsky inflation.

For comparison, we also show the prediction in Starobinsky inflation, ns ' 1� 2/N and

r ' 12/N2, as the filled red square and circle. At first sight, it may seem surprising that the

predictions of ns and r coincide with those in Starobinsky inflation as ⇣ increases, after all

they have di↵erent potentials and we do not know whether 6 + ⇣�
2 ' ⇣�

2 is satisfied or not

in the observable region, because inflation can also happen when � = 0. In the following, we

shall give an explanation for this coincidence through analytic analysis about the potential.

First, note that the potential V (�) and �
2(�) are even functions of �, so we may focus on

the � < 0 branch because the other half gives the same physical results. We can rewrite the
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Summary
• XENON1T has observed an excess (3.5σ) in the 

electronic recoil events between 2 - 3 keV. 
• New physics may provide possible explanations. 
• Absorption of ~2-3 keV hidden photon DM. 
• Such light  DM can not be thermally produced, 

due to astrophysical bounds. 
• Gravitational production is a viable mechanism. 
• A model of hidden photon and inflation.
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