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News from  direct dark matter searches



4 P. DI GANGI for the XENON COLLABORATION

Fig. 3. – Obtained 90% confidence level upper limit on σSI(thick black line) with the 1 σ (green)
and 2 σ (yellow) sensitivity bands. Results from LUX and PandaX-II are shown for comparison.
The inset shows these limits and corresponding ±1 σ bands normalized to the median of this
work’s sensitivity band. The normalized median of the PandaX-II sensitivity band is shown as
a dotted line.

based on the likelihood ratio of the best-fit including signal to that of background-only
gives p = 0.28, 0.41, and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respectively.
Figure 3 shows the resulting 90% confidence level upper limit on σSI . The figure shows
that the median sensitivity of this search is ∼ 7 times better than previous experiments
at WIMP masses 50 GeV/c2.

In conclusion the XENON1T experiment performed a DM search using an exposure
of 278.8 days × 1.3 t = 1.0 t × yr, with an ER background rate of (82+5

−3(sys)± 3(stat))
events/(t × yr × keVee), the lowest ever achieved in a DM search experiment. No
significant excess above background has been observed and we set an upper limit on the
WIMP-nucleon spin-independent elastic scattering cross-section σSI at 4.1 × 10−47 cm2

for a mass of 30 GeV/c2, the most stringent limit to date for WIMP masses above 6
GeV/c2.

The detector upgrade, XENONnT, which is foreseen to start commissioning in 2019,
will increase the target mass to ∼ 6 t. The sensitivity will improve upon this result by
an order of magnitude in 20 tonne × year exposure.
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CR boosted DM      
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thy that our upper exclusion boundary is similar to that
from PROSPECT, a surface detector with only shielding
from the atmosphere. The reason lies in the fact that
our mean-free-path in the mountain is calculated using
Eqn. (2) with the form factor included as suggested by
Ref. [43], whereas in the PROSPECT’s treatment, the
form factor suppression in the mean-free-path is con-
servatively omitted [68]. For illustration, the exclusion
contour adopting the same treatment as PROSPECT is
shown as the dashed blue curve in Fig. 3, significantly
weakening the upper exclusion. Nevertheless, since our
curve (red) is more self-consistent in applying the form
factor, we quote it as our o�cial result. On the other
hand, we adopt the 1 GeV cut-o↵ in the CRDM energy
to avoid incoherent and inelastic contributions, leading to
a more conservative Earth shielding evaluation as com-
pared to Ref. [43].
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FIG. 3: 90% exclusion region with the full MC method
(red region), together with constraints from

PROSPECT [48] (yellow), CMB [5] (gray) and
Cosmology [4, 6] (brown). The green band is the ±1�
sensitivity band. The dashed blue curve represents
limits obtained with the mean-free-path in the

mountain computed assuming GA = 1, consistent with
the treatment in Ref. [48]. Phenomenological

interpretations of the experimental data [38–41] are
omitted from the figure, for visual clarify.

In summary, we report a sensitive search for the
CRDM using 100 tonne·day full data set from PandaX-
II. The sidereal diurnal modulation in rate and energy
spectrum are used in this analysis. No significant dark
matter signals are identified above the expected back-
ground. A new exclusion limit is set on the DM-nucleon
interactions, excluding sub-GeV dark matter with a scat-
tering cross section with nucleon within 10�31 cm2 to
10�26 cm2. More sensitive searches can be carried out
using the upcoming data from PandaX-4T [69] and other
multi-ton DM experiments [70–72].
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Indirect dark matter 
searches

Searching for stable product from dark matter annihilation or decay 
such as

photons

positrons

antiproton 

antihydrogen

neutrinos

….
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Hints for DM from indirect 
search

Signals that went away with further data: 130 
GeV line observed by Fermi-LAT

Signals that stay robust but go “out of 
fashion”:  PAMELA Signal, INTEGRAL 511 
keV line, AMS02 anti-Helium excess
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Simple? Minimal?
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511 keV

It has been observed for more than 40 years

Leventhal et al., 1978

annihilation
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INTEGRAL
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INTErnational Gamma-Ray Astrophysics Laboratory

SPI at INTEGRAL  of  ESA

Launched in 2002

Angular resolution:  

Energy resolution: 2 keV



Spectrum

Va’vra, 1304.0833
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Flux from bulge
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Siegert et al.,  Astron Astrophys  586 (2016) A84
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Angular resolution:  

Hint for originating from DM annihilation 

Observed Intesity of the line / ⇢2DM
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Morphology of the line

Distribution of the line as observed by INTEGRAL/SPI: ESA/Bouchet et al.   
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Some alternative scenarios

Radioactive decay:

Accreting binary sources

pulsars

supermassive blackhole
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Dark matter explanation

C Boehm, D Hooper, Silk, Casse and Paul, 
Phys. Rev. Lett. 92 (2004) 101301

Dark matter mass     few MeV
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Delayed recombination
Reionization           

rescattering CMB photons               Broadening 
last scattering surface        

Suppression of temperature and polarization 
correlation on small scales (large multipoles)

Late time Thompson scattering              enhanced polarization 
correlation at large scales
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Bounds from CMB
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Wilkinson, Vincent, Boehm and McCabe, PRD 94 (2016)



Bounds from CMB
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Wilkinson, Vincent, Boehm and McCabe, PRD 94 (2016)

Assumption: The annihilation cross section is constant in velocity (S-wave).



At galaxy:                   velocity at recombination 
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Can p-wave annihilation rescue the DM explanation?

At freeze-out time: 

suppressed relic density 

�(X +X ! e�e+) = (10�4 pb)(v/10�3)2
<latexit sha1_base64="f8DT7uYgHea1miOZvLVhJY2xnHY="></latexit><latexit sha1_base64="UTmBAeP1VI6QC+Xa8nyUu7OzQro="></latexit><latexit sha1_base64="UTmBAeP1VI6QC+Xa8nyUu7OzQro="></latexit><latexit sha1_base64="XvHNUtl5zIFC+Gs/EZFK5jQAp7M=">AAACGHicbVBNS0JBFJ3Xp9mX1bLNkASKqO9ZUJtAatPSID9AfTJvvOrgvA9m5gnysH/Rpr/SpkURbd31bxqfLko7cOHMOfcy9x4n4Ewq0/w21tY3Nre2EzvJ3b39g8PU0XFN+qGgUKU+90XDIRI486CqmOLQCAQQ1+FQd4Z3M78+AiGZ7z2qcQBtl/Q91mOUKC11UsWWZH2XZBq5Rkv5GOw82LnsTcYy7Sh/OXkKnGxmVIxfF5OsXeqk0mbBjIFXibUgabRApZOatro+DV3wFOVEyqZlBqodEaEY5TBJtkIJAaFD0oemph5xQbaj+LAJPtdKF/d8octTOFZ/T0TElXLsOrrTJWogl72Z+J/XDFXvuh0xLwgVeHT+US/kWEcwSwl3mQCq+FgTQgXTu2I6IIJQpbNM6hCs5ZNXSa1UsMyC9WCmy7eLOBLoFJ2hDLLQFSqje1RBVUTRM3pF7+jDeDHejE/ja966ZixmTtAfGNMfhkmc5g==</latexit>



Our scenario
YF and M Rajaee, "Pico-charged intermediate 
particles rescue dark matter interpretation of 511 
keV signal", JHEP 1712 (2017) 083

The velocity of C will be above escape 
velocity.
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Galactic magnetic field

Sun et. al 2008
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Larmour radius
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A few words on dark matter
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Assigning (pico)charge to C

Feldman, Liu and Nath, Phys Rev D 95 (2007)

Stueckelberg mechanism 

32

Dark photon,           , mainly composed of A0
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Dark photon mass arbitrary given by 



Electric and dark charges

3

kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as

� Aµ⌫A
µ⌫

4
� Bµ⌫B

µ⌫

4
� �

2
Aµ⌫B

µ⌫ � 1

2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .

Jµ
C = i(C⇤@µC � C@µC⇤)

<latexit sha1_base64="MdOerkzpBOmwDPkpDs9Ix3hyM0M=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxCLVgSEXQjFLMRVxXsBZo0TKaTdujkwsxEKKHP4cZXceNCEXfixrdxkmahrT8M/HznnJk5vxczKqRhfGtLyyura+uljfLm1vbOrr633xZRwjFp4YhFvOshQRgNSUtSyUg35gQFHiMdb2xl9c4D4YJG4b2cxMQJ0DCkPsVIKuTq5q1r9e0ggVe0avVr0I4RlxSxnFmn1hzo105cvWLUjVxw0ZiFqYBCTVf/tAcRTgISSsyQED3TiKWTZtdiRqZlOxEkRniMhqSnbIgCIpw0X20KjxUZQD/i6oQS5vT3RIoCISaBpzoDJEdivpbB/2q9RPqXTkrDOJEkxLOH/IRBGcEsJzignGDJJsogzKn6K8QjxBGWKs2yCsGcX3nRtM/qplE3784rjesijhI4BEegCkxwARrgBjRBC2DwCJ7BK3jTnrQX7V37mLUuacXMAfgj7esHsgaexw==</latexit><latexit sha1_base64="MdOerkzpBOmwDPkpDs9Ix3hyM0M=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxCLVgSEXQjFLMRVxXsBZo0TKaTdujkwsxEKKHP4cZXceNCEXfixrdxkmahrT8M/HznnJk5vxczKqRhfGtLyyura+uljfLm1vbOrr633xZRwjFp4YhFvOshQRgNSUtSyUg35gQFHiMdb2xl9c4D4YJG4b2cxMQJ0DCkPsVIKuTq5q1r9e0ggVe0avVr0I4RlxSxnFmn1hzo105cvWLUjVxw0ZiFqYBCTVf/tAcRTgISSsyQED3TiKWTZtdiRqZlOxEkRniMhqSnbIgCIpw0X20KjxUZQD/i6oQS5vT3RIoCISaBpzoDJEdivpbB/2q9RPqXTkrDOJEkxLOH/IRBGcEsJzignGDJJsogzKn6K8QjxBGWKs2yCsGcX3nRtM/qplE3784rjesijhI4BEegCkxwARrgBjRBC2DwCJ7BK3jTnrQX7V37mLUuacXMAfgj7esHsgaexw==</latexit><latexit sha1_base64="MdOerkzpBOmwDPkpDs9Ix3hyM0M=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxCLVgSEXQjFLMRVxXsBZo0TKaTdujkwsxEKKHP4cZXceNCEXfixrdxkmahrT8M/HznnJk5vxczKqRhfGtLyyura+uljfLm1vbOrr633xZRwjFp4YhFvOshQRgNSUtSyUg35gQFHiMdb2xl9c4D4YJG4b2cxMQJ0DCkPsVIKuTq5q1r9e0ggVe0avVr0I4RlxSxnFmn1hzo105cvWLUjVxw0ZiFqYBCTVf/tAcRTgISSsyQED3TiKWTZtdiRqZlOxEkRniMhqSnbIgCIpw0X20KjxUZQD/i6oQS5vT3RIoCISaBpzoDJEdivpbB/2q9RPqXTkrDOJEkxLOH/IRBGcEsJzignGDJJsogzKn6K8QjxBGWKs2yCsGcX3nRtM/qplE3784rjesijhI4BEegCkxwARrgBjRBC2DwCJ7BK3jTnrQX7V37mLUuacXMAfgj7esHsgaexw==</latexit><latexit sha1_base64="MdOerkzpBOmwDPkpDs9Ix3hyM0M=">AAACGnicbZDLSsNAFIYnXmu9RV26GSxCLVgSEXQjFLMRVxXsBZo0TKaTdujkwsxEKKHP4cZXceNCEXfixrdxkmahrT8M/HznnJk5vxczKqRhfGtLyyura+uljfLm1vbOrr633xZRwjFp4YhFvOshQRgNSUtSyUg35gQFHiMdb2xl9c4D4YJG4b2cxMQJ0DCkPsVIKuTq5q1r9e0ggVe0avVr0I4RlxSxnFmn1hzo105cvWLUjVxw0ZiFqYBCTVf/tAcRTgISSsyQED3TiKWTZtdiRqZlOxEkRniMhqSnbIgCIpw0X20KjxUZQD/i6oQS5vT3RIoCISaBpzoDJEdivpbB/2q9RPqXTkrDOJEkxLOH/IRBGcEsJzignGDJJsogzKn6K8QjxBGWKs2yCsGcX3nRtM/qplE3784rjesijhI4BEegCkxwARrgBjRBC2DwCJ7BK3jTnrQX7V37mLUuacXMAfgj7esHsgaexw==</latexit>

3

kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as
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� �

2
Aµ⌫B
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2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .

Electric charge:

Dark charge:

qCJ
µ
CAµ
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A particularly interesting limit
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Decoupling of the sectors

No tree level coupling between       and SM fermionsA0
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arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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The charge of C is too small for thermal equillibruim



Range of parameters for 
metastable dark photon
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BBN:

Non-relativistic at recombination
Subdominant dark matter component

10 eV < mA0 < 10 keV
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We need a mechanism for energy loss of C in the galaxy.

Chuzhoy and Kolb, JCAP 0907 (2009) 014

The same mechanism that gives charge to C particles also 
provides a mechanism for cooling.

Background A’ can play the role of the coolant 



What if

A0
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Before recombination

Fast A’ decay

3

kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as

� Aµ⌫A
µ⌫

4
� Bµ⌫B

µ⌫

4
� �

2
Aµ⌫B

µ⌫ � 1

2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc
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which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
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can trap it inside the supernova core or can result in a decay into the SM particles with a decay length smaller than
⇠ 10 m.

Let us take a coupling of g⌧�µA
0
µ(⌫̄⌧�

µ
⌫⌧ � ⌫̄µ�

µ
⌫µ) which comes from identifying UX(1) with the anomaly free

Lµ � L⌧ symmetry. For g⌧�µ > few ⇥ 10�7(MeV/mA0)1/2, A0 can decay inside the supernova core to ⌫µ⌫̄µ and ⌫⌧ ⌫̄⌧

with decay length much smaller than the supernova core size so the bound on q
0 can be relaxed. Indeed, Lµ�L⌧ gauge

interaction at one-loop level induces � with � = (eg⌧�µ/12⇡2) log[m2
⌧/m

2
µ] ' 0.014g⌧�µ [27]. Taking g⌧�µ ⇠ 10�5 and

� ⇠ 10�7, the value of (q0g⌧�µ)1/2 will be below the bound from Borexino [28, 29] and GEMMA [29, 30]. Moreover,
the bounds from the beam dump experiments [24] as well as from supernova cooling are relaxed because of the fast
decay of A0 to ⌫µ⌫̄µ and ⌫⌧ ⌫̄⌧ pairs. Thus, with mA0 ⇠few MeV, g⌧�µ ⇠ 10�5 and � ⇠ 10�7 (therefore q0 ⇠ 3⇥ 10�8),
all the bounds will be respected. However, neutrinos obtain a new flavor-dependent self interaction with a rate
comparable (or even larger than) the weak interaction. This can a↵ect the neutrino emission duration as well as
flavor composition of the emitted neutrinos which can be tested in case of future observation of neutrino burst from
supernova explosion. At this range of the parameters, when the temperature drops below mA0 in the early universe,
A

0 is both in thermodynamical equilibrium with the neutrinos and with the electrons so, unlike dark matter which
interact either with the plasma or with ⌫ [4], the A

0 decay does not lead to a new contribution to Neff .
In the range 100 keV < mA0 < 1 MeV, the strongest upper bound on q

0 also comes from supernova cooling which
is about ⇠ 5 ⇥ 10�11. Again by opening a fast decay mode, A0 ! ⌫⌫̄ with a decay length smaller than ⇠ 10 m,
the bound can be relaxed but the same coupling that leads to A

0 ! ⌫⌫̄ brings A
0 to thermal equilibrium with the

plasma in the early universe so at BBN and at neutrino decoupling era, A0 will contribute as three bosonic degrees
of freedom which is ruled out by the bounds on Neff . Let us however consider the case that A

0 decays outside the
supernova core to ⌫⌫̄. Similarly to the standard picture, the binding energy of the star will be transfered out by
neutrinos leading to a neutrino burst such as the one observed in the case of SN1987a so the bounds from simplistic
supernova cooling consideration does not apply. Thus, if A0 decays into ⌫⌫̄ outside the core, q0 ⇠ 10�9�10�10 can still
be compatible with the observations of neutrinos from SN1987a and with the famous supernova cooling constraint.

Taking mA0 ⇠ 100 keV, q0 ⇠ 10�9 � 10�10 and g⌧�µ
<⇠ 10�9, the bounds both from supernova cooling and from Neff

[31] can be relaxed. In this case, supernova core evolution should be reconsidered which provides a tool to test the
model in case neutrinos from another supernova explosion are observed. If A0 decay takes place at the outer layers
of the star, it can help with shock revival. Notice that we are introducing new interaction for neutrinos with the
electron. However, since g⌧�µq

0
/m

2
A0 ⌧ GF (both for mA0 ⇠ MeV and for mA0 ⇠ 100 keV), the deviation of the

interaction rate of the solar neutrinos in our model from the SM prediction is negligible and cannot account for the
XENON1T excess [10].

Remember that to prevent the expulsion of the C particles by the supernova shock waves, we introduce a background
coolant particle Y in the galaxy. At each collision of C and C̄ on a coolant Y , they lose only a small fraction of
the energy but since mY ⌧ mC , the same recoil energy is enough to make the velocity of Y larger than the escape
velocity and repel Y from the galaxy. Within the time scale of 100 Myr, each C or C̄ particle scatters o↵ the following
number of the Y particles

Z
dEC

�EC
⇠ 400(mC/3 MeV)(10 keV/mY ).

Let us take the fraction of dark matter particles that decay to be

f = �Xt0

in which �X is the decay rate of X and t0 = 13 Gyr is the age of the galaxy. Each X decay produces a pair of CC̄

so the number of the Y particles per unit volume repelled by the CC̄ particles during the history of the galaxy can
be estimated as

�nY ⇠ t0

tSNW

✓
2f⇢DM

mX

◆Z
dEC

�EC
. (5)

Taking �nY < nY = 0.1⇢DM/mY , we find

f < 10�3
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0.1

◆
.

As discussed in [6], there is a stronger upper bound on f , from the requirement that CC̄ in the galaxy do not annihilate
away to A

0
A

0:

f < 3⇥ 10�4
⇣

mX

10 MeV

⌘✓
0.25

gX
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mC

3 MeV
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. (6)
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Dependence on recoil energy
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A fun bound from Voyager
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Containing a piece of Azarbaijani music



Voyager out of heliopause
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Voyager entered interstellar medium in summer 2012
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Tests of the scenario

Direct dark matter search
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Studying the correlation of 511 keV line with 
magnetic field in various dwarf galaxies (e.g. 
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Then came XENON1T 
electron excess

10

at several points on a three-dimensional grid and in-
terpolated between points to define a 3D ‘critical’ vol-
ume of true 90-percent threshold values. By construc-
tion, the intersection of this volume with the test statis-
tic q(gae, gaega�, gaegan) defines a three-dimensional 90%
C.L. volume in the space of the three axion parameters.
In Sec. IV we report the two-dimensional projections of
this volume, found by profiling over the third respective
signal component.

IV. RESULTS

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.

When compared to the background model B0, the
data display an excess at low energies, as shown in
Fig. 4. The excess departs slightly from the background
model near 7 keV, rises with decreasing energy with a
peak near 2–3 keV, and then subsides to within ±1� of
the background model near 1–2 keV. Within this refer-
ence region of 1–7 keV, there are 285 events observed in
the data compared to an expected 232± 15 events from
the background-only fit, a 3.3� Poissonian fluctuation.
Events in this energy region are uniformly distributed in
the fiducial volume. The temporal distribution of these
events are discussed 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) [54]. Surface backgrounds have a strong

spatial dependence [54] 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.

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 1
and 7 keV contours, the boundaries of the reference region,
are 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.
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Coolant and final velocity
4

As shown in [19], the supernova shock waves pump energy to the charged particles in the galactic disk, enlarging
their Larmor radius and eventually repelling them from the galaxy. The rate of this process is t�1

SNW = (100 Myr)�1.
The reason why SM charged particles such as the electrons still remain inside the disk is that they can lose energy
by various mechanisms with a rate larger than t

�1
SNW . In the model described in [6], the C particles can lose energy

by scattering o↵ the background A
0 particles and can cool down. As pointed out in [6], if A0 particles decay, another

subdominant dark matter component can be introduced to play the role of the coolant. Let us denote this particle
with Y . Similarly to [6], we take 10 eV < mY < 10 keV, nY |local = (⇢DM |local/h⇢DM i)hnY i. At each collision, the
relativistic Y particle with a velocity of v loses an average energy of
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where �S is the scattering cross section which can be written as �S ⇠ g
4
Y /(4⇡E

2
C). For Y ⌘ A

0, gY = gX and for a
scalar Y , we define gY as the square root of the quartic coupling Ȳ Y C̄C. Taking nY mY /⇢DM |local ⇠ 0.1 and equating
⌧E with 100 Myr, we find
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When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering o↵ the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v

2
f/2).

The energies of the electrons and positrons from CC̄ will be smaller than mC/2 so as long as mC < 12 MeV, the
bounds from Voyager [20] and inflight annihilation [21, 22] can be readily satisfied.

In summary, the components of the model are the following: (1) The dark matter candidate, X which is a scalar
singlet with a mass of ⇠ 10 MeV. (2) Dark photon, A0, which is the gauge boson of the new U(1) symmetry and
mixes with the photon. The new gauge symmetry can be identified with Lµ � L⌧ to facilitate invisible decay modes,
A

0 ! ⌫µ⌫̄µ and A
0 ! ⌫⌧ ⌫̄⌧ and therefore to relax the bounds from supernova and from the beam dump experiments.

(3) The scalar C and C̄ particles that are charged under the new UX(1) and therefore obtain a small electric charge,
qC due to the small mixing between the SM photon and the dark photon. In this model, the dark matter decays into
CC̄ with a lifetime much greater than the age of the Universe. The magnetic field in the galaxy keeps the C and C̄

particles with qC ⇠ 10�11 inside the galaxy. The annihilation of CC̄ into e
�
e
+ explains the 511 keV line from the

center of the galaxy. C and C̄ can scatter o↵ the electrons in a direct dark matter detector. (4) Background coolant
particles, Y with a mass of few keV coupled to C and C̄. The role of these coolants is to compensate the energy
pump from the supernova shock waves to the C and C̄ particles in the galaxy. In the next section, we will discuss the
various bounds on the model.

III. BOUNDS ON THE PARAMETERS OF THE MODEL

In this section, we first enumerate the bounds from cosmology and stellar cooling. We then argue how these bounds
from supernova can be relaxed by identifying the UX(1) symmetry with Lµ �L⌧ . We revisit the various bounds after
such identification. We then discuss the bounds on the fraction of the dark matter that has decayed into CC̄ from
various considerations.

For A
0 lighter than a few MeV, A0 can contribute as e↵ective relativistic degrees of freedom, �Neff , during nu-

cleosynthesis era on which there are strong bounds. Requiring �Neff < 1 then implies q
0
< 10�9(mA0/MeV)1/2.

As shown by Landau and Yang, a spin one particle such as A
0 cannot decay into a pair of photons [23]. A

0 with
a mass of keV can however decay into ��� via an electron loop with a rate of ⇠ mA0(q0e3)2/(100⇡3(16⇡2)2). For
100 eV < mA0 < 100 keV, there are very strong bounds (as strong as 10�15) on q

0 from stellar cooling [24] which
requires at least a partial cancellation between � and ✏. For mA0 ⇠MeV, the strongest bound on q

0 is slightly below
10�10 which comes from supernova cooling [25, 26]. This bound can be relaxed if A0 has an extra interaction that
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As shown in [19], the supernova shock waves pump energy to the charged particles in the galactic disk, enlarging
their Larmor radius and eventually repelling them from the galaxy. The rate of this process is t�1

SNW = (100 Myr)�1.
The reason why SM charged particles such as the electrons still remain inside the disk is that they can lose energy
by various mechanisms with a rate larger than t
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SNW . In the model described in [6], the C particles can lose energy

by scattering o↵ the background A
0 particles and can cool down. As pointed out in [6], if A0 particles decay, another

subdominant dark matter component can be introduced to play the role of the coolant. Let us denote this particle
with Y . Similarly to [6], we take 10 eV < mY < 10 keV, nY |local = (⇢DM |local/h⇢DM i)hnY i. At each collision, the
relativistic Y particle with a velocity of v loses an average energy of
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where �S is the scattering cross section which can be written as �S ⇠ g
4
Y /(4⇡E

2
C). For Y ⌘ A

0, gY = gX and for a
scalar Y , we define gY as the square root of the quartic coupling Ȳ Y C̄C. Taking nY mY /⇢DM |local ⇠ 0.1 and equating
⌧E with 100 Myr, we find
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When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering o↵ the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v

2
f/2).

The energies of the electrons and positrons from CC̄ will be smaller than mC/2 so as long as mC < 12 MeV, the
bounds from Voyager [20] and inflight annihilation [21, 22] can be readily satisfied.

In summary, the components of the model are the following: (1) The dark matter candidate, X which is a scalar
singlet with a mass of ⇠ 10 MeV. (2) Dark photon, A0, which is the gauge boson of the new U(1) symmetry and
mixes with the photon. The new gauge symmetry can be identified with Lµ � L⌧ to facilitate invisible decay modes,
A

0 ! ⌫µ⌫̄µ and A
0 ! ⌫⌧ ⌫̄⌧ and therefore to relax the bounds from supernova and from the beam dump experiments.

(3) The scalar C and C̄ particles that are charged under the new UX(1) and therefore obtain a small electric charge,
qC due to the small mixing between the SM photon and the dark photon. In this model, the dark matter decays into
CC̄ with a lifetime much greater than the age of the Universe. The magnetic field in the galaxy keeps the C and C̄

particles with qC ⇠ 10�11 inside the galaxy. The annihilation of CC̄ into e
�
e
+ explains the 511 keV line from the

center of the galaxy. C and C̄ can scatter o↵ the electrons in a direct dark matter detector. (4) Background coolant
particles, Y with a mass of few keV coupled to C and C̄. The role of these coolants is to compensate the energy
pump from the supernova shock waves to the C and C̄ particles in the galaxy. In the next section, we will discuss the
various bounds on the model.

III. BOUNDS ON THE PARAMETERS OF THE MODEL

In this section, we first enumerate the bounds from cosmology and stellar cooling. We then argue how these bounds
from supernova can be relaxed by identifying the UX(1) symmetry with Lµ �L⌧ . We revisit the various bounds after
such identification. We then discuss the bounds on the fraction of the dark matter that has decayed into CC̄ from
various considerations.

For A
0 lighter than a few MeV, A0 can contribute as e↵ective relativistic degrees of freedom, �Neff , during nu-

cleosynthesis era on which there are strong bounds. Requiring �Neff < 1 then implies q
0
< 10�9(mA0/MeV)1/2.

As shown by Landau and Yang, a spin one particle such as A
0 cannot decay into a pair of photons [23]. A

0 with
a mass of keV can however decay into ��� via an electron loop with a rate of ⇠ mA0(q0e3)2/(100⇡3(16⇡2)2). For
100 eV < mA0 < 100 keV, there are very strong bounds (as strong as 10�15) on q

0 from stellar cooling [24] which
requires at least a partial cancellation between � and ✏. For mA0 ⇠MeV, the strongest bound on q

0 is slightly below
10�10 which comes from supernova cooling [25, 26]. This bound can be relaxed if A0 has an extra interaction that
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As shown in [19], the supernova shock waves pump energy to the charged particles in the galactic disk, enlarging
their Larmor radius and eventually repelling them from the galaxy. The rate of this process is t�1

SNW = (100 Myr)�1.
The reason why SM charged particles such as the electrons still remain inside the disk is that they can lose energy
by various mechanisms with a rate larger than t

�1
SNW . In the model described in [6], the C particles can lose energy

by scattering o↵ the background A
0 particles and can cool down. As pointed out in [6], if A0 particles decay, another

subdominant dark matter component can be introduced to play the role of the coolant. Let us denote this particle
with Y . Similarly to [6], we take 10 eV < mY < 10 keV, nY |local = (⇢DM |local/h⇢DM i)hnY i. At each collision, the
relativistic Y particle with a velocity of v loses an average energy of
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where �S is the scattering cross section which can be written as �S ⇠ g
4
Y /(4⇡E
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0, gY = gX and for a
scalar Y , we define gY as the square root of the quartic coupling Ȳ Y C̄C. Taking nY mY /⇢DM |local ⇠ 0.1 and equating
⌧E with 100 Myr, we find
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When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering o↵ the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v

2
f/2).

The energies of the electrons and positrons from CC̄ will be smaller than mC/2 so as long as mC < 12 MeV, the
bounds from Voyager [20] and inflight annihilation [21, 22] can be readily satisfied.

In summary, the components of the model are the following: (1) The dark matter candidate, X which is a scalar
singlet with a mass of ⇠ 10 MeV. (2) Dark photon, A0, which is the gauge boson of the new U(1) symmetry and
mixes with the photon. The new gauge symmetry can be identified with Lµ � L⌧ to facilitate invisible decay modes,
A

0 ! ⌫µ⌫̄µ and A
0 ! ⌫⌧ ⌫̄⌧ and therefore to relax the bounds from supernova and from the beam dump experiments.

(3) The scalar C and C̄ particles that are charged under the new UX(1) and therefore obtain a small electric charge,
qC due to the small mixing between the SM photon and the dark photon. In this model, the dark matter decays into
CC̄ with a lifetime much greater than the age of the Universe. The magnetic field in the galaxy keeps the C and C̄

particles with qC ⇠ 10�11 inside the galaxy. The annihilation of CC̄ into e
�
e
+ explains the 511 keV line from the

center of the galaxy. C and C̄ can scatter o↵ the electrons in a direct dark matter detector. (4) Background coolant
particles, Y with a mass of few keV coupled to C and C̄. The role of these coolants is to compensate the energy
pump from the supernova shock waves to the C and C̄ particles in the galaxy. In the next section, we will discuss the
various bounds on the model.

III. BOUNDS ON THE PARAMETERS OF THE MODEL

In this section, we first enumerate the bounds from cosmology and stellar cooling. We then argue how these bounds
from supernova can be relaxed by identifying the UX(1) symmetry with Lµ �L⌧ . We revisit the various bounds after
such identification. We then discuss the bounds on the fraction of the dark matter that has decayed into CC̄ from
various considerations.

For A
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cleosynthesis era on which there are strong bounds. Requiring �Neff < 1 then implies q
0
< 10�9(mA0/MeV)1/2.

As shown by Landau and Yang, a spin one particle such as A
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0 with
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When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering o↵ the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v

2
f/2).

The energies of the electrons and positrons from CC̄ will be smaller than mC/2 so as long as mC < 12 MeV, the
bounds from Voyager [20] and inflight annihilation [21, 22] can be readily satisfied.

In summary, the components of the model are the following: (1) The dark matter candidate, X which is a scalar
singlet with a mass of ⇠ 10 MeV. (2) Dark photon, A0, which is the gauge boson of the new U(1) symmetry and
mixes with the photon. The new gauge symmetry can be identified with Lµ � L⌧ to facilitate invisible decay modes,
A

0 ! ⌫µ⌫̄µ and A
0 ! ⌫⌧ ⌫̄⌧ and therefore to relax the bounds from supernova and from the beam dump experiments.

(3) The scalar C and C̄ particles that are charged under the new UX(1) and therefore obtain a small electric charge,
qC due to the small mixing between the SM photon and the dark photon. In this model, the dark matter decays into
CC̄ with a lifetime much greater than the age of the Universe. The magnetic field in the galaxy keeps the C and C̄

particles with qC ⇠ 10�11 inside the galaxy. The annihilation of CC̄ into e
�
e
+ explains the 511 keV line from the

center of the galaxy. C and C̄ can scatter o↵ the electrons in a direct dark matter detector. (4) Background coolant
particles, Y with a mass of few keV coupled to C and C̄. The role of these coolants is to compensate the energy
pump from the supernova shock waves to the C and C̄ particles in the galaxy. In the next section, we will discuss the
various bounds on the model.

III. BOUNDS ON THE PARAMETERS OF THE MODEL

In this section, we first enumerate the bounds from cosmology and stellar cooling. We then argue how these bounds
from supernova can be relaxed by identifying the UX(1) symmetry with Lµ �L⌧ . We revisit the various bounds after
such identification. We then discuss the bounds on the fraction of the dark matter that has decayed into CC̄ from
various considerations.

For A
0 lighter than a few MeV, A0 can contribute as e↵ective relativistic degrees of freedom, �Neff , during nu-

cleosynthesis era on which there are strong bounds. Requiring �Neff < 1 then implies q
0
< 10�9(mA0/MeV)1/2.

As shown by Landau and Yang, a spin one particle such as A
0 cannot decay into a pair of photons [23]. A

0 with
a mass of keV can however decay into ��� via an electron loop with a rate of ⇠ mA0(q0e3)2/(100⇡3(16⇡2)2). For
100 eV < mA0 < 100 keV, there are very strong bounds (as strong as 10�15) on q

0 from stellar cooling [24] which
requires at least a partial cancellation between � and ✏. For mA0 ⇠MeV, the strongest bound on q

0 is slightly below
10�10 which comes from supernova cooling [25, 26]. This bound can be relaxed if A0 has an extra interaction that
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When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering o↵ the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v
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The energies of the electrons and positrons from CC̄ will be smaller than mC/2 so as long as mC < 12 MeV, the
bounds from Voyager [20] and inflight annihilation [21, 22] can be readily satisfied.

In summary, the components of the model are the following: (1) The dark matter candidate, X which is a scalar
singlet with a mass of ⇠ 10 MeV. (2) Dark photon, A0, which is the gauge boson of the new U(1) symmetry and
mixes with the photon. The new gauge symmetry can be identified with Lµ � L⌧ to facilitate invisible decay modes,
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0 ! ⌫µ⌫̄µ and A
0 ! ⌫⌧ ⌫̄⌧ and therefore to relax the bounds from supernova and from the beam dump experiments.

(3) The scalar C and C̄ particles that are charged under the new UX(1) and therefore obtain a small electric charge,
qC due to the small mixing between the SM photon and the dark photon. In this model, the dark matter decays into
CC̄ with a lifetime much greater than the age of the Universe. The magnetic field in the galaxy keeps the C and C̄
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center of the galaxy. C and C̄ can scatter o↵ the electrons in a direct dark matter detector. (4) Background coolant
particles, Y with a mass of few keV coupled to C and C̄. The role of these coolants is to compensate the energy
pump from the supernova shock waves to the C and C̄ particles in the galaxy. In the next section, we will discuss the
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For A
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IV. PREDICTIONS FOR DIRECT DARK MATTER SEARCH EXPERIMENTS

As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ⇠ 0.08.
The Larmor radius in the vicinity of the Earth is 5⇥ 108 km(10�11

/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (⇢DM |local/mX)f
in which ⇢DM |local ⇠ 0.4 GeV/cm3. These wandering C particles can scatter o↵ the electrons and protons inside the
direct dark matter search experiments such as XENON1T.

By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C

particles with velocity of vf scattering o↵ non-relativistic particles of mass, m, can be written as

Emax = 2mv
2
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m
2
C

(m+mC)2
(7)

where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ⇠ 1 � 5 MeV, m = me and vf = 0.08, we find Emax = 3 � 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering o↵ nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering o↵ even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].

The spectrum of recoiled electrons from a unit of mass of the detector can be estimated as
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Z
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where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C̄ particles.
As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m

2
A0),

the t-channel photon exchange gives the dominant contribution to the C particles scattering o↵ the electrons. The
di↵erential cross section of scattering of the C and C̄ particles with electric charge of qC o↵ the electrons can be
written as [36]
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Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of
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Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find
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Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows
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As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ⇠ 0.08.
The Larmor radius in the vicinity of the Earth is 5⇥ 108 km(10�11

/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (⇢DM |local/mX)f
in which ⇢DM |local ⇠ 0.4 GeV/cm3. These wandering C particles can scatter o↵ the electrons and protons inside the
direct dark matter search experiments such as XENON1T.

By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C

particles with velocity of vf scattering o↵ non-relativistic particles of mass, m, can be written as
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where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ⇠ 1 � 5 MeV, m = me and vf = 0.08, we find Emax = 3 � 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering o↵ nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering o↵ even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].
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where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
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As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m
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written as [36]

d�

dEr
=

e
2
q
2
C

8⇡mev
2

1

E2
r

where Er < Emax = 2mev
2
f

✓
mC

mC +me

◆2

. (8)

Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
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Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of

✓
1 +

2meEr

2meEr +m2
A0

� � ✏

✏

◆2

. (9)

Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find

dN

dEr
=

1225

ton.year.keV

✓
2 keV

Er

◆2 ⇣
qC

10�11

⌘2 f

10�4

10 MeV

mX

0.08

vf
⇥ (Emax � Er) . (10)

Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows

�
2 =

X

bins

[Npred
i �N

obs
i ]2

�2
i

(11)

6

IV. PREDICTIONS FOR DIRECT DARK MATTER SEARCH EXPERIMENTS

As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ⇠ 0.08.
The Larmor radius in the vicinity of the Earth is 5⇥ 108 km(10�11

/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (⇢DM |local/mX)f
in which ⇢DM |local ⇠ 0.4 GeV/cm3. These wandering C particles can scatter o↵ the electrons and protons inside the
direct dark matter search experiments such as XENON1T.

By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C

particles with velocity of vf scattering o↵ non-relativistic particles of mass, m, can be written as

Emax = 2mv
2
f

m
2
C

(m+mC)2
(7)

where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ⇠ 1 � 5 MeV, m = me and vf = 0.08, we find Emax = 3 � 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering o↵ nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering o↵ even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].

The spectrum of recoiled electrons from a unit of mass of the detector can be estimated as

dN

dEr
=

Zout

mN
(2f

⇢X

mX
)

Z
fC(v)

d�

dEr
vdv

where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C̄ particles.
As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m

2
A0),

the t-channel photon exchange gives the dominant contribution to the C particles scattering o↵ the electrons. The
di↵erential cross section of scattering of the C and C̄ particles with electric charge of qC o↵ the electrons can be
written as [36]

d�

dEr
=

e
2
q
2
C

8⇡mev
2

1

E2
r

where Er < Emax = 2mev
2
f

✓
mC

mC +me

◆2

. (8)

Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of

✓
1 +

2meEr

2meEr +m2
A0

� � ✏

✏

◆2

. (9)

Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find

dN

dEr
=

1225

ton.year.keV

✓
2 keV

Er

◆2 ⇣
qC

10�11

⌘2 f

10�4

10 MeV

mX

0.08

vf
⇥ (Emax � Er) . (10)

Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows

�
2 =

X

bins

[Npred
i �N

obs
i ]2

�2
i

(11)



Cross section

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit> e�

<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit>
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kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as

� Aµ⌫A
µ⌫

4
� Bµ⌫B

µ⌫

4
� �

2
Aµ⌫B

µ⌫ � 1

2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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Cross section

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit>

e�
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kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as

� Aµ⌫A
µ⌫

4
� Bµ⌫B

µ⌫

4
� �

2
Aµ⌫B

µ⌫ � 1

2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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IV. PREDICTIONS FOR DIRECT DARK MATTER SEARCH EXPERIMENTS

As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ⇠ 0.08.
The Larmor radius in the vicinity of the Earth is 5⇥ 108 km(10�11

/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (⇢DM |local/mX)f
in which ⇢DM |local ⇠ 0.4 GeV/cm3. These wandering C particles can scatter o↵ the electrons and protons inside the
direct dark matter search experiments such as XENON1T.

By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C

particles with velocity of vf scattering o↵ non-relativistic particles of mass, m, can be written as

Emax = 2mv
2
f

m
2
C

(m+mC)2
(7)

where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ⇠ 1 � 5 MeV, m = me and vf = 0.08, we find Emax = 3 � 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering o↵ nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering o↵ even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].

The spectrum of recoiled electrons from a unit of mass of the detector can be estimated as

dN

dEr
=

Zout

mN
(2f

⇢X

mX
)

Z
fC(v)

d�

dEr
vdv

where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C̄ particles.
As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m

2
A0),

the t-channel photon exchange gives the dominant contribution to the C particles scattering o↵ the electrons. The
di↵erential cross section of scattering of the C and C̄ particles with electric charge of qC o↵ the electrons can be
written as [36]

d�

dEr
=

e
2
q
2
C

8⇡mev
2

1

E2
r

where Er < Emax = 2mev
2
f

✓
mC

mC +me

◆2

. (8)

Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of

✓
1 +

2meEr

2meEr +m2
A0

� � ✏

✏

◆2

. (9)

Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find

dN

dEr
=

1225

ton.year.keV

✓
2 keV

Er

◆2 ⇣
qC

10�11

⌘2 f

10�4

10 MeV

mX

0.08

vf
⇥ (Emax � Er) . (10)

Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows

�
2 =

X

bins

[Npred
i �N

obs
i ]2

�2
i

(11)
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C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

C
<latexit sha1_base64="qitYjHnTvWLLMhbcMUcBblbEEo8=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMG01gmYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g2FlkjcfUGkeyzszStCPaF/ykDNqrFWrdAtFt+RORZbBm0Px+jN/9QgA1W7hq9OLWRqhNExQrduemxg/o8pwJnCc76QaE8qGtI9ti5JGqP1sOuiYnFqnR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya89DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3eHsFbXHkZGuclzy15NbdYvoGZcnAMJ3AGHlxAGW6hCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPA+yOkA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="EQAAM1j/Ie8eqC8qE7NRLV0Spmg=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EYBrLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGlUnevEepWCxu9ShBPyJ9wUJGiTZWrdItFN2SO5WzDN4cilcf9mXy/mVXu4XPTi+maYRCU06Uantuov2MSM0ox7HdSRUmhA5JH9sGBYlQ+dl00LFzYpyeE8bSPKGdqfu7IyORUqMoMJUR0QO1mE3M/7J2qsMLP2MiSTUKOvsoTLmjY2eytdNjEqnmIwOESmZmdeiASEK1uY1tjuAtrrwMjbOS55a8mlssX8NMeTiCYzgFD86hDDdQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD9WyQBA==</latexit><latexit sha1_base64="n9q4lqwqCrBAGkuJ+w9AiHHXDD4=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJpLCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8G0sfC7T6g0j+WDmSXoR3QsecgZNVZqNYblilt1lyCbxMtJBXI0h+WvwShmaYTSMEG17ntuYvyMKsOZwHlpkGpMKJvSMfYtlTRC7WfLQ+fkyiojEsbKljRkqf6eyGik9SwKbGdEzUSvewvxP6+fmrDmZ1wmqUHJVovCVBATk8XXZMQVMiNmllCmuL2VsAlVlBmbTcmG4K2/vEk6N1XPrXott1K/y+MowgVcwjV4cAt1uIcmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+UpYzD</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit>

e�
<latexit sha1_base64="bBKjd/TMzdDgpoJ8NiMjInzv7pA=">AAAB6nicbZA9SwNBEIbn4lc8v6KWNotBsDHc2WgjBm0sI5oPSM6wt5lLluztHbt7QggB/4CNhSK2/hd7O/+Nm8RCE19YeHjfGXZmwlRwbTzvy8ktLC4tr+RX3bX1jc2twvZOTSeZYlhliUhUI6QaBZdYNdwIbKQKaRwKrIf9y3Fev0eleSJvzSDFIKZdySPOqLHWDd4dtQtFr+RNRObB/4Hi+Yd79gAAlXbhs9VJWBajNExQrZu+l5pgSJXhTODIbWUaU8r6tItNi5LGqIPhZNQRObBOh0SJsk8aMnF/dwxprPUgDm1lTE1Pz2Zj87+smZnoNBhymWYGJZt+FGWCmISM9yYdrpAZMbBAmeJ2VsJ6VFFm7HVcewR/duV5qB2XfK/kX3vF8gVMlYc92IdD8OEEynAFFagCgy48wjO8OMJ5cl6dt2lpzvnp2YU/ct6/AVUhj1E=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="4oy8wQ5/fkfG/Fz48u2htujRCOg=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8Eg2Bh2bbQRgzaWEc0FkjXMTs4mQ2YvzMwKYckj2FgoYqnvYm8jvo2TS6GJPwx8/P85zDnHTwRX2nG+rdzC4tLySn7VXlvf2NwqbO/UVJxKhlUWi1g2fKpQ8AirmmuBjUQiDX2Bdb9/Ocrr9ygVj6NbPUjQC2k34gFnVBvrBu+O2oWiU3LGIvPgTqF4/mGfJW9fdqVd+Gx1YpaGGGkmqFJN10m0l1GpORM4tFupwoSyPu1i02BEQ1ReNh51SA6M0yFBLM2LNBm7vzsyGio1CH1TGVLdU7PZyPwva6Y6OPUyHiWpxohNPgpSQXRMRnuTDpfItBgYoExyMythPSop0+Y6tjmCO7vyPNSOS65Tcq+dYvkCJsrDHuzDIbhwAmW4ggpUgUEXHuAJni1hPVov1uukNGdNe3bhj6z3H0awkMU=</latexit><latexit sha1_base64="6rKrc+bfzfbGsmvv7nxXFhngdPQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iziWXQxjKi+YDkDHubuWTJ3t6xuyeEIz/BxkIRW3+Rnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1FjpHh8v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuq55b9e7cSv06j6MIJ3AK5+BBDepwCw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+XajYQ=</latexit> e�
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kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as

� Aµ⌫A
µ⌫

4
� Bµ⌫B

µ⌫

4
� �

2
Aµ⌫B

µ⌫ � 1

2
(@µ� +M1Aµ + ✏M1Bµ)

2
, (1)

where �, ✏ ⌧ 1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM �

and Z bosons plus a new gauge boson called dark photon, A0
µ. To the linear order in ✏ and �, we find that the mass

of A0 is decoupled from the Z mass and is equal to M1. Neglecting O(✏2, �2), we find the following coupling between
the SM charged fermions, f and A

0:

q
0
f̄�

µ
fA

0
µ where q

0 = e cos ✓W (✏� �)Qf , (2)

in which ✓W is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A

0 is given by gXJ
µ
CA

0
µ

where J
µ
C is the current of the C particles. The electric charge of the C particles is

qC = �gX✏ cos ✓W .

Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon, ✏ and can be arbitrarily
small. As we shall see below, in order to keep the relativistic C particles produced by dark matter decay inside the
galactic disk, the electric charge of these C particles, qC , should be of order of or larger than

qC ⇠ 10�11
.

The UX(1) gauge symmetry can be identified with Lµ � L⌧ . In this case, A0 can decay to ⌫µ⌫̄µ and to ⌫⌧ ⌫̄⌧ . As
we shall discuss in sect. III, this can relax some of the bounds from supernova and beam dump experiments. We
should however notice that gauging Lµ � L⌧ is not an essential part of the scenario and in fact, in Ref. [6], we did
not identify the UX(1) gauge symmetry with Lµ � L⌧ . Ref. [6] focuses on the limit of equality of kinetic and mass
mixings, � = ✏. In this limit, the coupling of A0 to the SM fermions, q0, vanishes and in the absence of A0 ! ⌫µ⌫̄µ, ⌫⌧ ⌫̄⌧

the lifetime of A0 becomes much larger than the age of the universe; i.e., > 7 ⇥ 1045 years. An electric charge of
qC ⇠ 10�11 is too small to bring C, C̄ and A

0 into thermodynamical equilibruim with the plasma but it can lead
to a background A

0 with a density of nA0/n� = 10�4(qC/10�11)2 [6]. In the limit of vanishing q
0, we shall therefore

have a background of A0 with mass of few keV which will act as a subdominant dark matter component as long
as 10 eV < mA0 < 10 keV with average number density of hnA0i = 10�4

n� . The local density of A0 can be then
approximated as nA0 |local = hnA0i(⇢DM |local/h⇢DM i). In the limit discussed in [6], since A

0 does not couple to the
electron, no constraint comes from the stellar cooling consideration. However, in general for an arbitrary ratio of �/✏,
the coupling of A0 to the electrons, q0, can be nonzero. In this paper, we shall focus on the general case where q

0 is
nonzero and A

0 is unstable.
In our model, the main component of dark matter is a scalar particle, X which decays into CC̄ with a lifetime larger

than 10000 times the age of the universe. The coupling between X and CC̄ is of course too small to bring A
0 or C to

thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X

has a mass of few MeV and a Yukawa coupling of 10�4�10�3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with h�(XX̄ ! ⌫⌫, ⌫̄⌫̄)vi ⇠ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [17]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C̄ particles produced in the decay of X will have an energy of mX/2. The Larmor radius
of such particles in the local magnetic field is

rL = 100 pc

✓
3⇥ 10�11

qC

◆⇣
mX

10 MeV

⌘✓
1 µ Gauss

B

◆
, (3)

which is smaller than the galactic disk thickness (⇠ 300 pc) so the C and C̄ particles are accumulated.
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [18]. That is the magnetic lines

are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ⇠ rL ⌧kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local densities of C and C̄ will be given by (⇢DM |local/mX)f .
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IV. PREDICTIONS FOR DIRECT DARK MATTER SEARCH EXPERIMENTS

As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ⇠ 0.08.
The Larmor radius in the vicinity of the Earth is 5⇥ 108 km(10�11

/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (⇢DM |local/mX)f
in which ⇢DM |local ⇠ 0.4 GeV/cm3. These wandering C particles can scatter o↵ the electrons and protons inside the
direct dark matter search experiments such as XENON1T.

By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C

particles with velocity of vf scattering o↵ non-relativistic particles of mass, m, can be written as

Emax = 2mv
2
f

m
2
C

(m+mC)2
(7)

where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ⇠ 1 � 5 MeV, m = me and vf = 0.08, we find Emax = 3 � 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering o↵ nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering o↵ even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].

The spectrum of recoiled electrons from a unit of mass of the detector can be estimated as

dN

dEr
=

Zout

mN
(2f

⇢X

mX
)

Z
fC(v)

d�

dEr
vdv

where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C̄ particles.
As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m

2
A0),

the t-channel photon exchange gives the dominant contribution to the C particles scattering o↵ the electrons. The
di↵erential cross section of scattering of the C and C̄ particles with electric charge of qC o↵ the electrons can be
written as [36]

d�

dEr
=

e
2
q
2
C

8⇡mev
2

1

E2
r

where Er < Emax = 2mev
2
f

✓
mC

mC +me

◆2

. (8)

Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of

✓
1 +

2meEr

2meEr +m2
A0

� � ✏

✏

◆2

. (9)

Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find

dN

dEr
=

1225

ton.year.keV

✓
2 keV

Er

◆2 ⇣
qC

10�11

⌘2 f

10�4

10 MeV

mX

0.08

vf
⇥ (Emax � Er) . (10)

Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows

�
2 =

X

bins

[Npred
i �N

obs
i ]2

�2
i

(11)
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the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C̄ particles.
As discussed before, we shall take fC(v) = �(v � vf ) for simplicity. As far as |✏|/2meEr � |✏ � �|/(2meEr +m

2
A0),

the t-channel photon exchange gives the dominant contribution to the C particles scattering o↵ the electrons. The
di↵erential cross section of scattering of the C and C̄ particles with electric charge of qC o↵ the electrons can be
written as [36]
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. (8)

Notice that at Er = Emax, d�/dEr is nonzero. For general values of �/✏, the coupling of the dark photon, A0, to
the electron, q0 is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, d�/dEr should be modified by an extra factor of

✓
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2meEr
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� � ✏
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◆2

. (9)

Of course, in the limit ✏ ! � that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA0 ⇠ 1� 100 keV (for mA0 ⇠MeV�50 MeV), the bounds on q

0 from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A

0 exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find
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⇥ (Emax � Er) . (10)

Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10�11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define �

2 as follows

�
2 =

X

bins

[Npred
i �N

obs
i ]2

�2
i

(11)
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FIG. 1. XENON1T electron recoil data compared with the prediction of our model without considering the contribution
from the A0 exchange (Eq (9)). The black dots represent the XENON1T data with their experimental errors shown by the
vertical bars [1]. The blue curve indicates the expected signal plus background plotted for mC = 4 MeV and for our best fit
point of f = 4 ⇥ 10�6, excluding the first bin (fitting the bins with 2 keV < Er < 8 keV). The green curve indicates the
predicted signal plus background for mC = 2 MeV (i.e., Emax = 4 keV), taking the corresponding best fit for the first seven
bins: f = 5.6 ⇥ 10�7. The olive curve shows the same for mC = 4 MeV (i.e., Emax = 5 keV) and corresponding best fit
f = 5.7⇥ 10�7. The red dashed curve shows the background.

where Nobs
i is the number of the observed events at each bin and N

pred
i is the predicted number of events which is the

sum of the background and the signal from the C scattering in the ith bin. The values of �i (the uncertainty), Nobs
i

and the background at each bin are extracted from Fig 4 of [1]. Since the reported excess shows up at Er < 8 keV, we
only consider the first seven bins. Notice that because of the theta function in Eq. (10), for higher energy bins, Npred

i
is equal to the background. From Eqs. (7,10), we observe that the dependence on mC is mild. For mC = 4 MeV
(mC = 2 MeV), the minimum of �2 for the first seven bins lies at f = 5.7⇥ 10�7 (f = 5.6⇥ 10�7) and is �2 = 10.1
(�2 = 10.3). The improvement relative to the case of f = 0 is mild and this is because while the signal is predicted
to increase at low energies as E

�2
r there is no deviation from the background in the first bin at Er = 1 keV. Fig 1

shows our prediction for mC = 2 MeV and mC = 4 MeV with corresponding best fits for f . As seen from Fig. 1,
the scattering of the C particles o↵ the electrons with its E�2

r behavior provides a good fit for low energy bins except
the lowest energy bin which is dangerously close to the detection threshold of XENON1T. As discussed in [1], the
background from 214Pb has also large uncertainty at this bin. Excluding this data point, f = 4 ⇥ 10�6 will provide
the best fit with �

2 = 1.4 with 5=6-1 degrees of freedom. This fit is also shown in Fig 1 with mC = 4 MeV. As
expected, there are jumps in the curves at maximum recoil energies 4 keV and 5 keV corresponding to the backward
scattering of the C particles. At these recoil energies, the scattering amplitude is nonzero so a jump in the curves or
equivalently a Heaviside ✓-function in Eq. (10) is expected.
Fig. 2 shows �

2 vs. f for the bins with Er < 8 keV, including and excluding the first bin. To draw this figure
we have taken mC = 4 MeV, but varying the value of mC does not considerably change the curves. Notice that for
all values of f , the red line which includes the first data point is above the blue line. For f < 10�7, this is simply
because when we exclude the first bin, one (positive) term in computation of �2 is removed so it becomes smaller.
The horizontal lines show the limits for 2� and 3�. Thus, taking all the bins with Er < 8 keV at the face value, we
find an upper bound of 1.5 ⇥ 10�6 on f at 3 �. Excluding the first energy bin of the XENON1T electron excess,
the bound relaxes to 10�5. Notice that these are the strongest bounds on f so far. Remembering that f = �Xt0,
the upper bound on f can be interpreted as a lower bound on the X lifetime. That is we have found that the
lifetime of X should be larger than 105 � 106 times the age of the Universe. The natural question that arises is that
whether with this stringent bound, the model can still explain the 511 keV line. To account for the 511 keV line with
f = O(10�7), as shown in Ref. [6], the annihilation cross section of CC̄ should be 10�4 b(10�7

/f)2(mX/10 MeV).
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FIG. 2. �2 vs. f . The red curve shows �2 for the first seven bins with 1 keV < Er < 8 keV as a function of f . The minimum
of �2 lies at at f = 5.7 ⇥ 10�7 and is aqual to 10.1. The blue curve demonstrates �2 computed excluding the first bin (i.e.,
considering only the bins with 2 keV < Er < 8 keV). The best point fit is located at f = 4 ⇥ 10�6 and is aqual to 1.4. We
have taken mC ⇠ 4 MeV to draw these curves but they appear to be very robust against varying mC . The black dotted lines
indicate the 2� and 3� limits.

The CC̄ pair first annihilate to the intermediate � particles which eventually decay into e
�
e
+ pairs [6]. To have such

annihilation, we may introduce quartic coupling ��C |�|2|C|2. An annihilation cross section of 0.1 mb can be obtained
with ��C ⇠ 6⇥ 10�3.

Let us now consider the correction in Eq. (9) and check whether by considering the contribution from the A
0

exchange, the first data point can also be fitted. As we discussed in sect. III, for 100 keV < mA0 <few MeV, the
bounds on q

0 (i.e., on � � ✏) from supernova cooling can be relaxed by introducing new interactions between A
0 and

neutrinos. Let us first consider the range mA0 ⇠few MeV. Within this range, 2meEr ⌧ mA0 so the modification
factor in Eq. (9) can be approximated as (1 + (2meEr/m

2
A0)(� � ✏)/✏)2. Thus, we can take f and (� � ✏)/(✏m2

A0)
as two free parameters to fit the data. Taking mC = 4 MeV, the best fit for these parameters turns out to be
f = 10�7 and (� � ✏)/✏ = �2 ⇥ 103(mA0/MeV)2 which for ✏ = �qC/(gX cos ✓W ) ⇠ 10�11

/(gX cos ✓W ) corresponds
to q

0 ⇠ (10�8
/gX)(mA0/MeV)2. As discussed in the previous section, turning on the interaction with neutrinos such

that A0 can decay with a decay length smaller than 10 m into ⌫⌫̄, the bounds from supernova cooling can be relaxed
ruling in this value of q0. The minimum �

2 is 4.7 for 5 = 7� 2 degrees freedom which corresponds to a goodness of fit
of 45 % (one-sided). This significant improvement in the fit is due to a cancellation between the contributions from
the dark photon and the SM photon exchange t-channel diagrams in the first bin. Fig. 3 shows this fit.

Let us now focus on the range mA0 ⇠ 100 keV. Notice that in this range, 2meEr in the denominator of Eq. (9)
cannot be neglected and we should use the whole formula to fit the data. Taking mC = 4 MeV and mA0 = 100 keV
(mA0 = 200 keV), the best fit will correspond to (� � ✏)/✏ = �13.9 and f = 6.6 ⇥ 10�7 ((� � ✏)/✏ = �76 and
f = 2⇥ 10�7) and to the minimum �

2 = 4.11 (�2 = 4.5) which is again an excellent fit thanks to the cancellation at
the first bin. As Fig. 3 demonstrates the predictions corresponding to these fits are very close to each other. Notice
that for such values of �, q0 will be just slightly above the bound from supernova: q

0 ⇠ 10�10 � 10�9. As discussed
in the previous section, these values of � (or q

0) are allowed provided that there is a small coupling between A
0 and

neutrinos such that A
0 produced inside the supernova core can decay outside the core to neutrino pairs. This can

lead to a testable e↵ect in the flavor, energy spectrum and the emission duration of neutrinos from the supernova
explosion. Moreover, through the q

0 coupling, the A
0 particles can be produced in the early universe and contribute

to �Neff with an amount of < 1. Probing smaller values of �Neff can test this model with q
0 ⇠ 10�9 � 10�10.

V. SUMMARY AND CONCLUSIONS

We have examined whether the electron recoil excess recently reported by the XENON1T collaboration can be
explained by the electromagnetic interaction of relativistic pico-charged particles, C and C̄ produced in the decay of
relatively light dark matter particles with a mass of ⇠ 10 MeV. This scenario was originally proposed in [6] to account
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V. SUMMARY AND CONCLUSIONS

We have examined whether the electron recoil excess recently reported by the XENON1T collaboration can be
explained by the electromagnetic interaction of relativistic pico-charged particles, C and C̄ produced in the decay of
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FIG. 3. XENON1T electron recoil data compared with the prediction of our model taking into account the contribution from
the A0 exchange (Eq (9)). The blue curve shows the signal plus background assuming mA0 > 1 MeV and taking the best fit
values, f = 10�7 and (� � ✏)/✏ = �2 ⇥ 103(mA0/MeV)2. The green (olive) curve shows the signal plus background assuming
mA0 = 0.1 MeV (mA0 = 0.2 MeV) and taking the best fit values: (� � ✏)/✏ = �13.9 and f = 6.6⇥ 10�7 ((� � ✏)/✏ = �76 and
f = 2⇥10�7). We have taken mC = 4 MeV which corresponds to Emax = 5 keV. The red dashed curve shows the background.

for the 511 keV line coming from the galactic center. The magnetic field of the galaxy keeps the C and C̄ pico-charged
particles inside the galaxy. The C and C̄ particles can interact with the electrons and protons inside the detector.
The recoil energy imparted on the nuclei will be much smaller than the detection threshold but that imparted on the
electrons can be around few keV and in the detectable range for XENON1T.

The C particles, having an electric charge of qC , interact with the electron via t-channel photon exchange. If the
dominant interaction mode is this virtual photon exchange, the dependence of the scattering will have an interaction
of form E

�2
r which is characteristic of the Coulomb interaction. The E

�2
r dependence provides an excellent fit to the

events with 2 keV < Er < 8 keV; however, the events in the first bin with 1 keV < Er < 2 keV are compatible with
the background and deviate from this E

�2
r behavior of the signal, calling for a cancellation. The underlying model

for pico-charged particles is based on a new UX(1) gauge symmetry with new gauge boson called dark photon (A0)
mixed with the SM photon. The pico-charged particles are charged under the new UX(1) so they couple to the dark
photon. A

0 can have a small coupling with the electron, q0. The values of qC and q
0 are respectively given by the

kinetic and mass mixing between the SM and dark photons. Thus, qC and q
0 can have independent values. The C

particles can interact with the electron also via dark photon exchange. If |qCe/(2Erme)| and |q0gX/(2Erme +m
2
A0)|

are of the same order, there is a possibility of cancellation in the first recoil energy bin. For mA0 < 100 keV, the
strong bounds from stellar cooling imply q

0
gX ⌧ qCe but we find that with 100 keV < mA0 < few MeV and with

appropriate choice of gXq
0
/qC , our model provides an excellent fit to the low recoil energy excess. Such values of

q
0 lie slightly above the supernova cooling bounds but we have argued that if A0 can decay into neutrino pairs, the
bounds from supernova cooling can be relaxed. Still A0 production would leave its imprint in supernova neutrino
flavor and energy spectra as well as in the neutrino emission duration which provides an alternative method to test
the model in case of observing a supernova neutrino burst in future. A

0 can be produced via the q
0 coupling in the

early universe, providing a contribution to Neff of order of 0.1 or smaller. As a result, the model can also be tested
by better determination of Neff through studying CMB and/or BBN. The distinct energy dependence of the electron
recoil excess prediction in this model can be tested by further and more precise data from direct dark matter search
experiments.

In order to accumulate the C and C̄ particles in the galactic disk, the electric charge of C should be larger than
10�11. The strongest upper bound on the electric charge comes from supernova cooling which is ⇠ 10�9 [37]. The
sensitivity of XENON1T electron recoil energy spectrum to the mass of C is mild. As long as only the electron recoil
data of XENON1T is concerned, there is no upper bound on mC provided that mC < mX/2. However, if we also
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<latexit sha1_base64="zdovG78nL9HwTZiEQ2wtGvsVyWQ=">AAAB+HicbVC7TgMxENwLrxAeOaCEwiJCoiG6owllBA1lIpGHlITI5/gSK7bvsH1I4ZQvoaEAIVoqvoOOjk/BeRSQMNJKo5ld7e4EMWfaeN6Xk1lZXVvfyG7mtrZ3dvPu3n5dR4kitEYiHqlmgDXlTNKaYYbTZqwoFgGnjWB4NfEb91RpFskbM4ppR+C+ZCEj2Fip6+bDtmaC3iHfu03PSuOuW/CK3hRomfhzUigffVS/AaDSdT/bvYgkgkpDONa65Xux6aRYGUY4HefaiaYxJkPcpy1LJRZUd9Lp4WN0YpUeCiNlSxo0VX9PpFhoPRKB7RTYDPSiNxH/81qJCS86KZNxYqgks0VhwpGJ0CQF1GOKEsNHlmCimL0VkQFWmBibVc6G4C++vEzq50XfK/pVm8YlzJCFQziGU/ChBGW4hgrUgEACj/AML86D8+S8Om+z1owznzmAP3DefwCg6pSe</latexit><latexit sha1_base64="SH7gXwdS9WCLmWdO4DSCgottHYk=">AAAB+HicbVC7SgNBFL3rM8ZHVi0VGQyCjWHXJpZBG8sEzAOSNcxOZpMhM7vrzKwQl5R+hY2FIrZW+Q47v8GfcPIoNPHAhcM593LvPX7MmdKO82UtLa+srq1nNrKbW9s7OXt3r6aiRBJaJRGPZMPHinIW0qpmmtNGLCkWPqd1v3819uv3VCoWhTd6EFNP4G7IAkawNlLbzgUtxQS9Q65zm54Vh2077xScCdAicWckXzocVb4fj0bltv3Z6kQkETTUhGOlmq4Tay/FUjPC6TDbShSNMenjLm0aGmJBlZdODh+iE6N0UBBJU6FGE/X3RIqFUgPhm06BdU/Ne2PxP6+Z6ODCS1kYJ5qGZLooSDjSERqngDpMUqL5wBBMJDO3ItLDEhNtssqaENz5lxdJ7bzgOgW3YtK4hCkycADHcAouFKEE11CGKhBI4Ale4NV6sJ6tN+t92rpkzWb24Q+sjx9/L5YE</latexit><latexit sha1_base64="SH7gXwdS9WCLmWdO4DSCgottHYk=">AAAB+HicbVC7SgNBFL3rM8ZHVi0VGQyCjWHXJpZBG8sEzAOSNcxOZpMhM7vrzKwQl5R+hY2FIrZW+Q47v8GfcPIoNPHAhcM593LvPX7MmdKO82UtLa+srq1nNrKbW9s7OXt3r6aiRBJaJRGPZMPHinIW0qpmmtNGLCkWPqd1v3819uv3VCoWhTd6EFNP4G7IAkawNlLbzgUtxQS9Q65zm54Vh2077xScCdAicWckXzocVb4fj0bltv3Z6kQkETTUhGOlmq4Tay/FUjPC6TDbShSNMenjLm0aGmJBlZdODh+iE6N0UBBJU6FGE/X3RIqFUgPhm06BdU/Ne2PxP6+Z6ODCS1kYJ5qGZLooSDjSERqngDpMUqL5wBBMJDO3ItLDEhNtssqaENz5lxdJ7bzgOgW3YtK4hCkycADHcAouFKEE11CGKhBI4Ale4NV6sJ6tN+t92rpkzWb24Q+sjx9/L5YE</latexit><latexit sha1_base64="SIZfJW3rqSIUzIS5oqVmvfOsM84=">AAAB+HicbVA9T8MwEHXKVykfDTCyWFRILFQOSxkrWBiLRD+kNlSOe2mt2kmwHaQS9ZewMIAQKz+FjX+D22aAlied9PTene7uBYng2hDy7RTW1jc2t4rbpZ3dvf2ye3DY0nGqGDRZLGLVCagGwSNoGm4EdBIFVAYC2sH4eua3H0FpHkd3ZpKAL+kw4iFn1Fip75bDnuYSHrBH7rPz2rTvVkiVzIFXiZeTCsrR6LtfvUHMUgmRYYJq3fVIYvyMKsOZgGmpl2pIKBvTIXQtjagE7Wfzw6f41CoDHMbKVmTwXP09kVGp9UQGtlNSM9LL3kz8z+umJrz0Mx4lqYGILRaFqcAmxrMU8IArYEZMLKFMcXsrZiOqKDM2q5INwVt+eZW0LqoeqXq3pFK/yuMoomN0gs6Qh2qojm5QAzURQyl6Rq/ozXlyXpx352PRWnDymSP0B87nD5Dwklk=</latexit>

� � ✏

✏
= �2⇥ 103

⇣ mA0

MeV

⌘2

<latexit sha1_base64="cmIwxmgRsw7XFPOY2e5j3q2DoiA="></latexit><latexit sha1_base64="VzJUjw7yyQroNx07nLepEQPP0mU="></latexit><latexit sha1_base64="VzJUjw7yyQroNx07nLepEQPP0mU="></latexit><latexit sha1_base64="r+zj9RIhg/kcuY3//+sg1SBrqqY="></latexit>



Interpreting as a bound

f < 1.5⇥ 10�6 at 3�
<latexit sha1_base64="9eXuHr6QwQDHQCdrsIvlJNema5A=">AAACEHicbVA9SwNBEJ3zM8avqKUWiyLaGO4UPwoL0cYyAWOEXAx7m724ZPfu2J0TwpH8Axv/io2FIraWdnb+FDeJhUYfDDzem2FmXpBIYdB1P5yx8YnJqencTH52bn5hsbC0fGniVDNeYbGM9VVADZci4hUUKPlVojlVgeTVoH3W96u3XBsRRxfYSXhd0VYkQsEoWqlR2AqPveK+j0JxQzz3Ots56JJer5f5WhGK3d6eb0RL0UZhwy26A5C/xPsmGydrj+VPACg1Cu9+M2ap4hEySY2peW6C9YxqFEzybt5PDU8oa9MWr1kaUXtAPRs81CWbVmmSMNa2IiQD9edERpUxHRXYTkXxxox6ffE/r5ZieFTPRJSkyCM2XBSmkmBM+umQptCcoexYQpkW9lbCbqimDG2GeRuCN/ryX3K5W/Tcole2aZzCEDlYhXXYBg8O4QTOoQQVYHAHD/AEz8698+i8OK/D1jHne2YFfsF5+wIcNJ5A</latexit><latexit sha1_base64="Oaj+shS6gm/YHlyA6c0xfYioRDY="></latexit><latexit sha1_base64="Oaj+shS6gm/YHlyA6c0xfYioRDY="></latexit><latexit sha1_base64="b5lx9MSx+wDX5mszE7X7ROXHV50=">AAACEHicbVC7TsNAEDzzDOEVoKQ5ESFoiGwQj4IigoYySOQhxSE6X87JKXe2dbdGiqz4D2j4FRoKEKKlpONvuCQuIGGklUYzu9rd8SLBNdj2tzU3v7C4tJxbya+urW9sFra2azqMFWVVGopQNTyimeABqwIHwRqRYkR6gtW9/vXIrz8wpXkY3MEgYi1JugH3OSVgpHbhwL90SqcucMk0duz75OhsiNM0TVwlMYFheuJq3pWkXSjaJXsMPEucjBRRhkq78OV2QhpLFgAVROumY0fQSogCTgUb5t1Ys4jQPumypqEBMQe0kvFDQ7xvlA72Q2UqADxWf08kRGo9kJ7plAR6etobif95zRj8i1bCgygGFtDJIj8WGEI8Sgd3uGIUxMAQQhU3t2LaI4pQMBnmTQjO9MuzpHZccuySc2sXy1dZHDm0i/bQIXLQOSqjG1RBVUTRI3pGr+jNerJerHfrY9I6Z2UzO+gPrM8fDDqb+w==</latexit>

511 keV line:  �(C + C̄) = 10�4 b

✓
10�7

f

◆2 ⇣ mX

10 MeV

⌘

<latexit sha1_base64="ClxBXxB/D42nLOPkE+bvRNsFIFo="></latexit><latexit sha1_base64="OB4MbPbLD5FnfLsXXXBZD/fHvnk="></latexit><latexit sha1_base64="OB4MbPbLD5FnfLsXXXBZD/fHvnk="></latexit><latexit sha1_base64="MRgusBGR8oUTH2+Yxf9et4MM46M="></latexit>

Lifetime of                Is longer than  million times the age of the universeX ! CC̄
<latexit sha1_base64="vHz15gsi6OgwrqkUXQZbxfx2oEI=">AAAB9HicbVC7SgNBFL3rM66vqKXNYBCswq6NNmIwjWUE84DsEmYns8mQ2Zl1ZjYQloB/YWOhiK2/YW/n3zh5FJp44MLhnHu5954o5Uwbz/t2VlbX1jc2C1vu9s7u3n7x4LChZaYIrRPJpWpFWFPOBK0bZjhtpYriJOK0GQ2qE785pEozKe7NKKVhgnuCxYxgY6WwFRiJqkGEVV4dd4olr+xNgZaJPyel60/36hEAap3iV9CVJEuoMIRjrdu+l5owx8owwunYDTJNU0wGuEfblgqcUB3m06PH6NQqXRRLZUsYNFV/T+Q40XqURLYzwaavF72J+J/Xzkx8GeZMpJmhgswWxRlH9tNJAqjLFCWGjyzBRDF7KyJ9rDAxNifXhuAvvrxMGudl3yv7d16pcgMzFOAYTuAMfLiACtxCDepA4AGe4AVenaHz7Lw577PWFWc+cwR/4Hz8ALGhk4s=</latexit><latexit sha1_base64="ps4nEyuisIELXllbniSWynJQ3zU=">AAAB9HicbVDLSsNAFL2prxpfUZduBovgqiRudCMWu3FZwT6gCWUynbRDJ5M4MymU0O9w40Ipbv0N927Ev3H6WGjrgQuHc+7l3nvClDOlXffbKqytb2xuFbftnd29/QPn8KihkkwSWicJT2QrxIpyJmhdM81pK5UUxyGnzXBQnfrNIZWKJeJBj1IaxLgnWMQI1kYKWr5OUNUPscyr445TcsvuDGiVeAtSuvmwr9PJl13rOJ9+NyFZTIUmHCvV9txUBzmWmhFOx7afKZpiMsA92jZU4JiqIJ8dPUZnRumiKJGmhEYz9fdEjmOlRnFoOmOs+2rZm4r/ee1MR1dBzkSaaSrIfFGUcWQ+nSaAukxSovnIEEwkM7ci0scSE21ysk0I3vLLq6RxUfbcsnfvliq3MEcRTuAUzsGDS6jAHdSgDgQe4Qle4NUaWs/WxHqbtxasxcwx/IH1/gOjMJT/</latexit><latexit sha1_base64="ps4nEyuisIELXllbniSWynJQ3zU=">AAAB9HicbVDLSsNAFL2prxpfUZduBovgqiRudCMWu3FZwT6gCWUynbRDJ5M4MymU0O9w40Ipbv0N927Ev3H6WGjrgQuHc+7l3nvClDOlXffbKqytb2xuFbftnd29/QPn8KihkkwSWicJT2QrxIpyJmhdM81pK5UUxyGnzXBQnfrNIZWKJeJBj1IaxLgnWMQI1kYKWr5OUNUPscyr445TcsvuDGiVeAtSuvmwr9PJl13rOJ9+NyFZTIUmHCvV9txUBzmWmhFOx7afKZpiMsA92jZU4JiqIJ8dPUZnRumiKJGmhEYz9fdEjmOlRnFoOmOs+2rZm4r/ee1MR1dBzkSaaSrIfFGUcWQ+nSaAukxSovnIEEwkM7ci0scSE21ysk0I3vLLq6RxUfbcsnfvliq3MEcRTuAUzsGDS6jAHdSgDgQe4Qle4NUaWs/WxHqbtxasxcwx/IH1/gOjMJT/</latexit><latexit sha1_base64="QYgvJL4rj3ZhDM2eEiRrpWg+bUY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokXPRZ78VjBfkATymS7aZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2Nza3tnt7RX3j84PDqunJy2dZIpylo0EYnqhqiZ4JK1DDeCdVPFMA4F64TjxtzvTJjSPJGPZpqyIMah5BGnaKwUdH2TkIYfosobs36l6tbcBcg68QpShQLNfuXLHyQ0i5k0VKDWPc9NTZCjMpwKNiv7mWYp0jEOWc9SiTHTQb44ekYurTIgUaJsSUMW6u+JHGOtp3FoO2M0I73qzcX/vF5motsg5zLNDJN0uSjKBLGfzhMgA64YNWJqCVLF7a2EjlAhNTansg3BW315nbSva55b8x7cav2uiKME53ABV+DBDdThHprQAgpP8Ayv8OZMnBfn3flYtm44xcwZ/IHz+QNCaZG+</latexit>



Ways to test
further Direct DM search,

511 keV line from dwarf galaxies and correlation 
with magnetic field, 

positron excess to be observed by Voyage

harder continous photon spectrum (annihilation 
in flight) from galactic center

supernova neutrino spectrum and neutrino 
emission duration because of A’ coupled to 
neutrinos



Summary

A model based on decay of MeVish DM  to pair of “pico-charged” particles, 
C

Magnetic field of the galaxy can accumulate  C in galactic disk

C particles, being relativistic, can leave a significant recoil energy to electrons

XENON1T electron excess can be explained

Annihilation of C pairs  can explain the 511 keV line

Several approaches to test the model
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Dark photon concentration in 
galaxy
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Direct annihilation of C pairs to 
electron positron pair
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In two steps

69

Supernova
decay length smaller than 100 pc



Model building
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Bounds on charge

SLAC bounds on millicharged particles; Prinz et 
al., PRL 81 (1998) 1175        1 MeV-100 MeV

Supernova bound (energy loss)

Davidson, Hannestad and Raffelt, JHEP 05 (2000) 03
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qC < 4.1⇥ 10�5e� 5.8⇥ 10�4e
<latexit sha1_base64="oRB6pZjWPU9Taj6a2J1arwlqGGs=">AAACE3icbVA9SwNBEJ3zM8avU0stFoMggsedRLSwCNpYGjCJkMSwt5kkS/Y+3N0TwpH/YONfEcFCEVsbOzt/ipvEIhofDDzem2Fmnh8LrrTrflpT0zOzc/OZhezi0vLKqr22XlZRIhmWWCQieeVThYKHWNJcC7yKJdLAF1jxu2cDv3KLUvEovNS9GOsBbYe8xRnVRmrYezeNs5O849U0D1ARz71O9w/7BPcPneNxLd/Hhp1zHXcIMkm8H5IrbD0WvwDgomF/1JoRSwIMNRNUqarnxrqeUqk5E9jP1hKFMWVd2saqoSE12+rp8Kc+2TFKk7QiaSrUZKiOT6Q0UKoX+KYzoLqj/noD8T+vmujWcT3lYZxoDNloUSsRREdkEBBpcolMi54hlElubiWsQyVl2sSYNSF4f1+eJOUDx3Mdr2jSOIURMrAJ27ALHhxBAc7hAkrA4A4e4BlerHvryXq13katU9bPzAb8gvX+DWhFnZE=</latexit><latexit sha1_base64="JrBvXVqBc8rgu3OuFqDtCRSVFqo=">AAACE3icbVBNS0JBFJ1nX2Zfr1oWMSRBBD7eCyUXLSQ3LRUyAzWZN151cN5HM/MCebhs36a/EkKLItq2addv6E80agvLDlw4nHMv997jhpxJZdufRmJufmFxKbmcWlldW98wN7cuZRAJChUa8EBcuUQCZz5UFFMcrkIBxHM5VN1eceRXb0FIFvgXqh9CwyMdn7UZJUpLTfPoplk8zVpOXTEPJHbs6ziTG2DI5Kz8tJYdQNNM25Y9Bp4lzg9JF3aH5a+7vWGpaX7UWwGNPPAV5UTKmmOHqhEToRjlMEjVIwkhoT3SgZqmPtHbGvH4pwE+0EoLtwOhy1d4rE5PxMSTsu+5utMjqiv/eiPxP68WqXa+ETM/jBT4dLKoHXGsAjwKCLeYAKp4XxNCBdO3YtolglClY0zpEJy/L8+Sy2PLsS2nrNM4QxMk0Q7aR4fIQSeogM5RCVUQRffoET2jF+PBeDJejbdJa8L4mdlGv2C8fwNGip73</latexit><latexit sha1_base64="JrBvXVqBc8rgu3OuFqDtCRSVFqo=">AAACE3icbVBNS0JBFJ1nX2Zfr1oWMSRBBD7eCyUXLSQ3LRUyAzWZN151cN5HM/MCebhs36a/EkKLItq2addv6E80agvLDlw4nHMv997jhpxJZdufRmJufmFxKbmcWlldW98wN7cuZRAJChUa8EBcuUQCZz5UFFMcrkIBxHM5VN1eceRXb0FIFvgXqh9CwyMdn7UZJUpLTfPoplk8zVpOXTEPJHbs6ziTG2DI5Kz8tJYdQNNM25Y9Bp4lzg9JF3aH5a+7vWGpaX7UWwGNPPAV5UTKmmOHqhEToRjlMEjVIwkhoT3SgZqmPtHbGvH4pwE+0EoLtwOhy1d4rE5PxMSTsu+5utMjqiv/eiPxP68WqXa+ETM/jBT4dLKoHXGsAjwKCLeYAKp4XxNCBdO3YtolglClY0zpEJy/L8+Sy2PLsS2nrNM4QxMk0Q7aR4fIQSeogM5RCVUQRffoET2jF+PBeDJejbdJa8L4mdlGv2C8fwNGip73</latexit><latexit sha1_base64="OzdJcggJq3HscjTbQmzVDZ5EBUw=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAgiZNmVBFNYBNNYRjAPSNYwO7lJhsw+nJkVwrL/YOOv2FgoYmtj5984eRQx8cCFwzn3cu89XsSZVLb9Y6ysrq1vbGa2sts7u3v75sFhXYaxoFCjIQ9F0yMSOAugppji0IwEEN/j0PCGlbHfeAQhWRjcqVEErk/6AesxSpSWOub5Q6dyVbCctmI+SOzY90m+mGLIF63SvFZIoWPmbMueAC8TZ0ZyaIZqx/xud0Ma+xAoyomULceOlJsQoRjlkGbbsYSI0CHpQ0vTgOhtbjL5KcWnWuniXih0BQpP1PmJhPhSjnxPd/pEDeSiNxb/81qx6pXchAVRrCCg00W9mGMV4nFAuMsEUMVHmhAqmL4V0wERhCodY1aH4Cy+vEzqF5ZjW86tnStfz+LIoGN0gs6Qgy5RGd2gKqohip7QC3pD78az8Wp8GJ/T1hVjNnOE/sD4+gVYS5tM</latexit>

qC < 10�9
<latexit sha1_base64="1gSyEUt3DwKSJ5asoOdv4cSUbLA=">AAAB83icbVC7SgNBFL0bXzG+opZaDAbBxjBro4JFMI1lAuYByRpmJ7PJkNnZdWZWCEt+w8ZCEVt7v8POzk9x8ig08cCFwzn3cu89fiy4Nhh/OZml5ZXVtex6bmNza3snv7tX11GiKKvRSESq6RPNBJesZrgRrBkrRkJfsIY/KI/9xgNTmkfy1gxj5oWkJ3nAKTFWat93ylfIxXfp6eWoky/gIp4ALRJ3Rgqlw4/qNwBUOvnPdjeiScikoYJo3XJxbLyUKMOpYKNcO9EsJnRAeqxlqSQh0146uXmEjq3SRUGkbEmDJurviZSEWg9D33aGxPT1vDcW//NaiQkuvJTLODFM0umiIBHIRGgcAOpyxagRQ0sIVdzeimifKEKNjSlnQ3DnX14k9bOii4tu1aZxDVNk4QCO4ARcOIcS3EAFakAhhkd4hhcncZ6cV+dt2ppxZjP78AfO+w9JJJK/</latexit><latexit sha1_base64="jyLEmDCmqBm9jYVI99mFm9XWfvo=">AAAB83icbVC7SgNBFL0bXzG+opaKDAbBxrCbRgWLYBrLBMwDkjXMTmaTIbOz68ysEJaU/oKNhSK29vkOO7/Bn3DyKDTxwIXDOfdy7z1exJnStv1lpZaWV1bX0uuZjc2t7Z3s7l5NhbEktEpCHsqGhxXlTNCqZprTRiQpDjxO616/NPbrD1QqFopbPYioG+CuYD4jWBupdd8uXSHHvkvOLoftbM7O2xOgReLMSK54OKp8Px6Nyu3sZ6sTkjigQhOOlWo6dqTdBEvNCKfDTCtWNMKkj7u0aajAAVVuMrl5iE6M0kF+KE0JjSbq74kEB0oNAs90Blj31Lw3Fv/zmrH2L9yEiSjWVJDpIj/mSIdoHADqMEmJ5gNDMJHM3IpID0tMtIkpY0Jw5l9eJLVC3rHzTsWkcQ1TpOEAjuEUHDiHItxAGapAIIIneIFXK7aerTfrfdqasmYz+/AH1scPJ2mUJQ==</latexit><latexit sha1_base64="jyLEmDCmqBm9jYVI99mFm9XWfvo=">AAAB83icbVC7SgNBFL0bXzG+opaKDAbBxrCbRgWLYBrLBMwDkjXMTmaTIbOz68ysEJaU/oKNhSK29vkOO7/Bn3DyKDTxwIXDOfdy7z1exJnStv1lpZaWV1bX0uuZjc2t7Z3s7l5NhbEktEpCHsqGhxXlTNCqZprTRiQpDjxO616/NPbrD1QqFopbPYioG+CuYD4jWBupdd8uXSHHvkvOLoftbM7O2xOgReLMSK54OKp8Px6Nyu3sZ6sTkjigQhOOlWo6dqTdBEvNCKfDTCtWNMKkj7u0aajAAVVuMrl5iE6M0kF+KE0JjSbq74kEB0oNAs90Blj31Lw3Fv/zmrH2L9yEiSjWVJDpIj/mSIdoHADqMEmJ5gNDMJHM3IpID0tMtIkpY0Jw5l9eJLVC3rHzTsWkcQ1TpOEAjuEUHDiHItxAGapAIIIneIFXK7aerTfrfdqasmYz+/AH1scPJ2mUJQ==</latexit><latexit sha1_base64="tT5AP2MJQ/rdUCkmzK6VXNxnNnA=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgY9izUcEimMYygvmA5Ax7m71kyd7eubsnhOP+ho2FIrb+GTv/jZvkCk18MPB4b4aZeX4suDYYfzuFldW19Y3iZmlre2d3r7x/0NJRoihr0khEquMTzQSXrGm4EawTK0ZCX7C2P65P/fYTU5pH8t5MYuaFZCh5wCkxVuo99uvXyMUP6dlV1i9XcBXPgJaJm5MK5Gj0y1+9QUSTkElDBdG66+LYeClRhlPBslIv0SwmdEyGrGupJCHTXjq7OUMnVhmgIFK2pEEz9fdESkKtJ6FvO0NiRnrRm4r/ed3EBJdeymWcGCbpfFGQCGQiNA0ADbhi1IiJJYQqbm9FdEQUocbGVLIhuIsvL5PWedXFVfcOV2o3eRxFOIJjOAUXLqAGt9CAJlCI4Rle4c1JnBfn3fmYtxacfOYQ/sD5/AE5KpB6</latexit>



Bounds on electric charge of C versus DM mass
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Beacom and Yuksel, PRL 97  (2006) 071102

Size, Casse and Schanne, PRD 74 (2006) 063514

Assuming zero ionization

51 % ionization


