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Fractional EM charge

Millicharge?

- Arbitrarily small fractional charge is possible

• no evidence of charge quantization of U(1)EM

• kinetic mixing of multiple U(1) Holdom (1986)

- Kinetic mixing generally arises from RG

- GUT/magnetic monopole is yet to be probed

- Allowed from gauge invariance
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If new particles are gauged by a new U(I)  then their electromagnetic charges may be shifted by a calculable amount.  

Suppose a theory has just one U(1) gauge factor 
and consider two fermions with charges in an integer 
ratio. This charge ratio will be a property of the effec- 
tive theory at any scale, since a Ward identity ensures 
that renormalization of charge only arises from the 
wave function renormalization of the gauge field. But 
a theory which has two or more U(1) gauge factors 
can have nondiagonal wave function renormalization 
in the space of U(1) gauge fields. As we will see, this 
implies that charges which are integer multiples at one 
scale need not be integer multiples in the effective the- 
ory at another scale. Charges can be shifted by some 
amount e. 

We note that the physics which is responsible for e 
charge shifts may be occurring at arbitrarily high ener- 
gy scales, since we are discussing a property of the re- 
normalizable part of the effective theory. But we will 
fred that e charge shifts with respect to a massless 
U(1) will persist down to arbitrarily low energies only 
if two U(1) gauge fields remain massless. 

We consider two abelian gauge symmetries, U1 (1) 
and U2(1). Fermions will carry subscripts 1, 2, 12, and 
0 depending on whether they carry only charge 1, only 
charge 2, both charges or neither charge respectively. 
For example, if we want to associate the photon with 
UI(1) then all known fermions are either of type fl or 
f0. But f12 fermions can contribute to the off-diagonal 
vacuum polarization diagram in fig. 1. We will illustrate 
how a nonvanishing contribution arises due to mass 
splittings among f12 fermions. The result is an effective 
interaction between an fl and an f2. Intuitively, virtual 
f12 pairs around an fl fermion induce an effective "2" 
charge, and vice versa. In the end we will see that the 

Fig. 1. 

abelian fields can always be redefined such that e 
charge shifts occur with respect to just one of the 
U(1)'s. 

Consider a toy model with four fermions fl, f2, f12, 
f12 having charges (el, 0), (0, e2), (el, e2), (el, -e2)  
under a vector U 1 (1) X U2(1) gauge symmetry. As- 
sume that m12' > m12 > ml ~ m2. From the first in. 
equality and the charge assignments the diagram in 
fig. 1 with f12 and f12 contributions is nonvanishing 
and finite. To study its effect we can define the theory 
to have conventional gauge field kinetic terms at some 
scale A' > m12'. Then we can consider the effective 
theory at some scale A, ml,2 < A < m12, in terms of 
the same fields. The gauge field kinetic terms take the 
form 

--4Lkin(A ) = xI(Ff~) 2 + x2(F~V) 2 + 2xFfVF2/~v. (1) 

For illustration we can arrange the couplings and mass 
scales so that the lowest order result in the couplings 
el and e2 approximates well the small deviations from 
Lkin(A'). Xl -- 1 and ×2 - 1 are the usual diagonal vac- 
uum polarizations involving logs of ratios of A', A, 
m12', and m12, while 

× = ( e l e2 /6~ )  ln(ml2'/ml2). (2) 

We can define new gauge fields A~ u andA~ u to re- 
gain diagonal kinetic terms with conventional normali- 
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Dark matter may not be completely dark

Millicharged dark matter?

✏ =
q

e
⌧ 1- can have a fractional EM charge 

- subject to various constraints:

‣ collider  

‣ astrophysics (cooling of stars, SNe) 

‣ cosmology (ΩDM, CMB, BBN, …) 

‣ direct DM detection



Summary of previous constraints

Vinyoles & Vogel (2015)
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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Modified stellar evolution with MDM 
emission

frequency is given by

!2
p =

4⇡↵ne

me
, (3.5)

with the fine-structure constant ↵, electron density ne and electron mass me. The decay
rate ��⇤ reads

��⇤ =
↵

3

Z

!

�
!2
p + 2m2

f

�
s

1�
4m2

f

!2
p

, (3.6)

where the renormalization factor Z is of order unity. Finally, a factor 2 in eq. (3.4) arises
because of the two di↵erent polarization states of transversal plasmons.

Equation (3.4) is valid as long as !p � 2mf so that plasmons that fulfill the dispersion
relation (’on-shell’ plasmons) can decay into MCPs. However, even when !p < 2mf ,
plasmonic excitations that are not on-shell (’o↵-shell’ plasmons) produce MCPs. These
o↵-shell plasmons are thermally distributed [63] and their emission rate can be obtained
straight-forwardly [29],

Q =2

Z 1

0

k2dk

2⇡2

Z 1
q

4m2

f+k2

!d!

⇡

2Im⇧

(K2 � Re⇧)2 + (Im⇧)2
!��⇤(K2)

e!/T � 1
, (3.7)

where K2 = !2 � k2, the decay rate is given by eq. (3.6) with !2
p replaced by K2, and

the self energy is ⇧ = !2
p + i!�Th. The decay rate for plasmons with !p < 2mf , �Th,

is controlled by Thomson scattering �Th = ne�Th = ne(8⇡↵2)/(3m2
e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]

�e↵ =
2⇡✏2↵2

E2


2 + z

2
ln

✓
2 + z

z

◆
� 1

�
, (3.8)

where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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Astrophysical constraints

~ 300eV for the Sun;  
   10keV for red-giants

�⇤ ! ��̄

Effective only if plasmon mass > 2mMDM
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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For mDM≤me, e+e- annihilate into MDM, 
while photon is less heated up.

✓  higher Neff  ⬅U(1)’ can contribute

✓  higher nb/nγ at BBN
➡Earlier neutron freeze-out increases Yp



Figure 3: Two different CMB anisotropy spectra compared with extended
WMAP dataset. Solid line represents the best fit model without millicharged
particles, Ωbh2

0 = 0.022. Dashed line corresponds to model with Ωbh2
0 =

0.014, Ωmcph2
0 = 0.007.

with millicharged particles, the CMB data [15] determine actually the sum
(Ωb+Ωmcp)h2

0 = 0.022±0.001 (68% CL). Combining this value with the lower
limit Ωbh2

0 > 0.019 from BBN one arrives at the upper bound very similar to
Eq. (1). This serves as a qualitative explanation of our result.

Another illustration of the approximate degeneracy (9) is shown in Fig. 3,
where two CMB anisotropy spectra calculated for different models on the de-
generacy line are shown. One observes that the two spectra almost coincide
in the region of the first and second acoustic peaks. However, the degener-
acy is no longer present at higher multipoles. This is due to the fact that
the electroneutrality of the plasma implies that the electron number density
is proportional to the baryon density. Hence, replacing a certain amount
of baryons by millicharged particles results in the enhancement of the Silk
damping at small scales. With future precise data for high values of l, one
will be able to set a constraint on the value of Ωmcp using the CMB data
only, without reference to BBN results. To check this we created a simu-
lated dataset, which contains the same values of l as in the WMAP data
up to l = 500, and then with the step ∆l = 50 up to l = 1600. The
CMB anisotropy spectral coefficients Cl’s were taken from the best fit [15]
to WMAP data. The error bars for these coefficients were assumed to be
equal to cosmic variance. Repeating the above procedure for this dataset we
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]
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where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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frequency is given by
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where the renormalization factor Z is of order unity. Finally, a factor 2 in eq. (3.4) arises
because of the two di↵erent polarization states of transversal plasmons.

Equation (3.4) is valid as long as !p � 2mf so that plasmons that fulfill the dispersion
relation (’on-shell’ plasmons) can decay into MCPs. However, even when !p < 2mf ,
plasmonic excitations that are not on-shell (’o↵-shell’ plasmons) produce MCPs. These
o↵-shell plasmons are thermally distributed [63] and their emission rate can be obtained
straight-forwardly [29],
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where K2 = !2 � k2, the decay rate is given by eq. (3.6) with !2
p replaced by K2, and

the self energy is ⇧ = !2
p + i!�Th. The decay rate for plasmons with !p < 2mf , �Th,

is controlled by Thomson scattering �Th = ne�Th = ne(8⇡↵2)/(3m2
e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]
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where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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where the renormalization factor Z is of order unity. Finally, a factor 2 in eq. (3.4) arises
because of the two di↵erent polarization states of transversal plasmons.

Equation (3.4) is valid as long as !p � 2mf so that plasmons that fulfill the dispersion
relation (’on-shell’ plasmons) can decay into MCPs. However, even when !p < 2mf ,
plasmonic excitations that are not on-shell (’o↵-shell’ plasmons) produce MCPs. These
o↵-shell plasmons are thermally distributed [63] and their emission rate can be obtained
straight-forwardly [29],
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where K2 = !2 � k2, the decay rate is given by eq. (3.6) with !2
p replaced by K2, and

the self energy is ⇧ = !2
p + i!�Th. The decay rate for plasmons with !p < 2mf , �Th,

is controlled by Thomson scattering �Th = ne�Th = ne(8⇡↵2)/(3m2
e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]
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where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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lower bound could be obtained by considering the weak gravity conjecture [35], which requires
✏ > M/MPl.

3.1.1 Bounds from CMB

Millicharged DM particles scatter o↵ electrons and protons at the recombination epoch via
Rutherford-like interactions. It was shown that if millicharged particles couple tightly to the
baryon-photon plasma during the recombination epoch, they behave like baryons thus a↵ecting
the CMB power spectrum in several ways. This kind of bounds were derived by di↵erent
groups [32, 33]. In particular, Ref. [33] found that in order to avoid the tight-coupling condition
the DM millicharge must be

✏ . 2.24⇥ 10�4

✓
M

1 TeV

◆1/2

(4)

for a DM particle much heavier than the proton.

3.1.2 Direct searches

Millicharged DM scatters o↵ nuclei via Rutherford-like interactions. In the non-relativistic limit
the di↵erential cross section for DM scattering o↵ a nuclear target T with mass mT and electric
charge eZT is given by [36, 37]

d�T

dER

(v, q2) = 8⇡mT
↵2✏2

v2 q4
Z2

T F 2
T (q

2) . (5)

Here ER is the nuclear recoil energy, related to the momentum transfer q by q2 = 2mTER, and
↵ is the electromagnetic fine structure constant. FT (q2) is the nuclear Helm form factor [38, 39],
which takes into account the loss of coherence of the interaction at large q. Since the interaction
is spin-independent, the most stringent bound to date is set by the LUX experiment [40]. We
use the tools in Ref. [41] to infer a 90% CL bound on ✏ from LUX. For M & 100 GeV, only
values

✏ . 7.6⇥ 10�10

✓
M

1 TeV

◆1/2

(6)

are allowed by LUX with 90% confidence. Notice this bound does not apply in the range

9⇥ 10�9

✓
M

1 TeV

◆
. ✏ . 1.1⇥ 10�2

✓
M

1 TeV

◆1/2

, (7)

because for these values millicharged particles have been evacuated from the galactic disk by
supernova explosion shock waves, and galactic magnetic fields prevent them from entering
back [32, 42]. For ✏ respecting Eq. (4), we do not expect DM self-scattering to su�ciently
randomize the direction of motion of DM particles before they gyrate out of the disk [43].

These constraints, depicted in the right panel of Fig. 1, allow for relatively large values of ✏,
which may give raise to interesting phenomenology of millicharged DM candidates. However,
for values below the LUX bound this parameter does not contribute to the DM phenomenology
and can be safely ignored, the only relevant e↵ect being the doubling of the number of X ’s
degrees of freedom due to passing from a real to a complex representation of the gauge group.

8

cross section wrt recoil energy

➡Equivalent to FT with 1/q4 
in short-range interaction

spin-independent  ➡ best constraint from LUX
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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positive charge (the latter possibility can not be excluded, given the example of the baryon

asymmetry), then charged particles can make up virtually all of the dark matter.

3. Dark matter in the galactic disk

The large-scale magnetic field in the Milky Way, with strength of order 1-10 µG, is mostly

parallel to the plane of the Galactic disk. Consequently, the particles in the halo are unable

to penetrate the disk and those inside it to escape, unless their gyroradius,

Rg = 10−9pc
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, (3.1)

is larger than the typical height of the disk (about 100 pc). In Eq. (3.1), mp is the proton

mass, vX , qX , and mX are the CHAMP’s velocity, charge and mass. With the velocity

dispersion in the halo of order 300 km s−1, crossing the magnetic lines requires the CHAMP

mass to be above about 108(qX/e) TeV. (Inside the disk the energy of charged particles

can increase, which may allow even lower mass particles to escape.)

The main processes affecting the energy of charged particles in the disk are inter-

actions with dynamic magnetic fields driven by supernovae (SN) explosions (the Fermi

mechanism), radiative cooling, and Coulomb scatterings, which respectively inject, dis-

sipate, and redistribute energy in plasma. The action of the Fermi mechanism can be

described as following: A charged particle traveling in the interstellar medium would re-

peatedly scatter off the magnetic field lines of expanding SN remnants. In each scattering

the particle velocity increases, thereby decreasing the average time between scatterings. In

the absence of other processes, this leads to an exponential momentum growth.

The energy injection rate from SN remnants into each particle species is roughly pro-

portional to their thermal pressure, so the time-scale for momentum increase, τacc =

v/(dv/dt) is also roughly the same for all charged species. Since injecting more energy into

baryons than can be dissipated by radiative cooling would lead to a suppression of star

formation, τacc must generally be close to τcool, about 10 Myrs in the present-day Milky

Way disk [14].

While baryons and CHAMPs receive roughly the same energy per unit mass from SNs,

radiative cooling is limited to the former. Thus, energy balance may be preserved only

by frequent Coulomb scatterings. For particles whose velocities are smaller than thermal

velocities of electrons, scatterings with protons are dominant, with a relaxation time-scale

of

τrel,p ≈ 300 years
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, (3.2)

where np is the proton number density. Those with higher velocities lose energy mainly to

electrons, with a relaxation time-scale of

τrel,e ≈ 200 years

(

e

qX

)2 (

mX

mp

)(

vX

1000 km s−1

)3
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the particle velocity increases, thereby decreasing the average time between scatterings. In

the absence of other processes, this leads to an exponential momentum growth.

The energy injection rate from SN remnants into each particle species is roughly pro-

portional to their thermal pressure, so the time-scale for momentum increase, τacc =

v/(dv/dt) is also roughly the same for all charged species. Since injecting more energy into

baryons than can be dissipated by radiative cooling would lead to a suppression of star

formation, τacc must generally be close to τcool, about 10 Myrs in the present-day Milky

Way disk [14].

While baryons and CHAMPs receive roughly the same energy per unit mass from SNs,

radiative cooling is limited to the former. Thus, energy balance may be preserved only

by frequent Coulomb scatterings. For particles whose velocities are smaller than thermal

velocities of electrons, scatterings with protons are dominant, with a relaxation time-scale

of
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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is larger than the typical height of the disk (about 100 pc). In Eq. (3.1), mp is the proton

mass, vX , qX , and mX are the CHAMP’s velocity, charge and mass. With the velocity
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mechanism), radiative cooling, and Coulomb scatterings, which respectively inject, dis-
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described as following: A charged particle traveling in the interstellar medium would re-

peatedly scatter off the magnetic field lines of expanding SN remnants. In each scattering
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While baryons and CHAMPs receive roughly the same energy per unit mass from SNs,

radiative cooling is limited to the former. Thus, energy balance may be preserved only
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✓ Magnetic fields exist also in 
galaxy clusters

Two facts about galaxy clusters

✓ Observed density distribution is 
consistent with CDM predictions
- steep profile Navarro Frenk White (1996)B = a few μG (Faraday rotation measure)

UMETSU ET AL. 9

Figure 2. Upper panel: Ensemble-averaged surface mass density hh⌃ii (black squares) of the X-ray-selected subsample of 16 clusters, which is obtained by
stacking individual ⌃ profiles (gray lines; Figure 10) derived from the joint analysis of HST and Subaru lensing data sets. The red-shaded area shows the 1�
confidence region of the three-parameter halo model fit (NFW+LSS (ii), Table 4). The projected NFW model (cyan-shaded area, 1�) slightly underpredicts the
total mass profile relative to the halo model at R >⇠ r200m. The scale on the right vertical axis indicates the corresponding lensing convergence scaled to the
mean depth of weak-lensing observations. Lower panel: The logarithmic slope d lnhh⌃ii/d lnR (black squares) is shown along with the two best-fit models in
the upper panel.

same radial grid for all clusters. Stacking an ensemble of clus-
ters (n = 1, 2, ...) is expressed as (Umetsu et al. 2011a)

hh⌃ii =
 
X
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W
n
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W
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⌃
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!
, (21)

where W
n

is the sensitivity matrix of the nth cluster,
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�
ij

, (22)

with ⌃(c,1),n the far-background critical surface mass density
and C

n

the total covariance matrix (Equation (14)) for the nth
cluster.19 The error covariance matrix for the stacked hh⌃ii
profile is given by (Umetsu et al. 2011a)

C =

 
X

n

W
n

!�1

. (23)

The weight matrix W
n

is mass-independent when stacking
in physical length units (Okabe et al. 2010, 2013; Umetsu

19 Since the covariance matrix C is defined for the far-background con-
vergence 1, the associated critical surface mass density too is a far-
background quantity, ⌃c,1 = ⌃c(z ! 1).

et al. 2011a, 2014), which makes the effective halo mass ex-
tracted from the averaged lensing signal a robust estimator for
the mean population value (see Section 5.4; Johnston et al.
2007; Okabe et al. 2013; Umetsu et al. 2014; Sereno et al.
2015c). On the other hand, stacking in length units scaled
to r� weights the contribution of each cluster to each radial
bin in a nonlinear and model-dependent manner (Okabe et al.
2013), such that tr(W) / r2� / M2/3

� when C is dominated
by the statistical noise contribution Cstat.

In Figure 2 we show the resulting hh⌃ii profile averaged in
13 radial bins. The innermost bin represents the mean density
interior to Rmin = 40 kpch�1, which corresponds approx-
imately to the typical resolution limit of our strong-lensing
data (✓min = 10

00; Section 3.5.2 and Figure 10). Since Rmin

is much larger than the rms offset between the BCG and X-
ray peak, �o↵ ' 11 kpch�1 (Section 3.1), the miscentering
effects on the hh⌃ii profile are expected to be insignificant
for the X-ray-selected subsample (Umetsu et al. 2014). The
other bins are logarithmically spaced over the range R =

[Rmin, Rmax] = [40, 4000] kpch�1 (0.02 <⇠ R/r200m <⇠ 2),
spanning two decades in radius. For this sample, we find a
sensitivity-weighted average redshift of hhzlii ' 0.34, in close
agreement with the median redshift of zl ' 0.35. We detect

20 F. Govoni et al.: Rotation Measures of Radio Sources in Hot Galaxy Clusters

Fig. 16. Top: Dispersion of the rotation measure distribution as a function of the projected distance from the cluster
X-ray center. The different symbols represent the cluster temperature taken from the literature (red> 7 keV, green 4−7
keV, blue < 4 keV). Bottom: Prediction of the analytical formulation by assuming a magnetic field scale ΛB = 10 kpc,
and by keeping fixed the X-ray parameters to the mean values of the cluster sample β = 0.7 rc = 285 kpc. On the
left n0 = 4.4× 10−3 cm−3 has been fixed and we present the expectations for three different magnetic field strengths
(B = 1, 2, 4 µG). On the right B = 3 µG has been fixed and we present the expectations for three different central
gas densities (n0 = 1.5, 3, 6× 10−3 cm−3).

An alternative method to investigate a possible con-
nection between the magnetic field strength and the gas
temperature of the intracluster medium is the analysis
of the σRM − SX correlation. The cluster X-ray surface
brightness SX is given by:

SX ∝
∫

LOS
n2
e

√
T dl (6)

The X-ray surface brightness (see Table 6) has been
calculated by analyzing pointed ROSAT PSPC observa-
tions in the 0.1 − 2.4 keV band. ROSAT PSPC pointed
observations were not available in the case of 3C129
and A2065 therefore we used the images taken from the
ROSAT All Sky Survey, in the same band. The X-ray sur-
face brightness has not been calculated in the location

Govoni+ (2010) Umetsu+ (2015)



A constraint from galaxy clusters

- For typical galaxy clusters: 

Lorentz force should be subdominant

qBv . GM
halo

m
DM

R
halo

B ' 1µG

R
halo

' 1Mpc

M
halo

' 1014M�
v ' 104km/sec}

- Otherwise DM distribution in clusters should differ from CDM predictions.

2 4 6 8 10 12 14

-14

-12

-10

-8

-6

-4

-2

0

Log10(mf /eV)

L
o
g
1
0
(
)

RG

WD
HB

OPOS

COLL

SLAC

B
B
N

SN
1987A

LHC

TEX
E613

Sun

X
E
N
O
N
1
0

DM

CMB

Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in

– 3 –

Allowed

LUX

SN ejection

MW magnetic fields

galaxy clusters

✏ . 10�14mDM

GeV

➡ A new constraint on MDM

- Tighter than any of previous constraints as long 
as DM is 100% MDM

- Independent of existence of U(1)hidden and DM 
asymmetry



A constraint from galaxy clusters

- For typical galaxy clusters: 

Lorentz force should be subdominant

qBv . GM
halo

m
DM

R
halo

B ' 1µG

R
halo

' 1Mpc

M
halo

' 1014M�
v ' 104km/sec}

- Otherwise DM distribution in clusters should differ from CDM predictions.

2 4 6 8 10 12 14

-14

-12

-10

-8

-6

-4

-2

0

Log10(mf /eV)

L
o
g
1
0
(
)

RG

WD
HB

OPOS

COLL

SLAC

B
B
N

SN
1987A

LHC

TEX
E613

Sun

X
E
N
O
N
1
0

DM

CMB

Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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- By integrated this into Maxwell eqs., evolution eq. of magnetic fields is obtained
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- By integrated this into Maxwell eqs., evolution eq. of magnetic fields is obtained

• MDM contribution is subdominant for ε/mDM [GeV] < 1. 

• Magnetic fields are frozen into baryonic gas.



Back-reaction?

Back-reaction needs to be taken into account
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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Allowed

LUX

galaxy clusters

- Excluded by other constraints.

- It’s unlikely that observed density 
profile can be realized in such a 
strongly coupled regime.

Probably back-reaction does 
not spoil our constraint.
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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Allowed

LUX

SN ejection

MW magnetic fields

galaxy clusters

If DM is neutralized in clusters, our constraints is inapplicable
- Ionization energy: independent of DM asymmetry

- MDM might be neutralized if Eion > Tgas ~ O(1) keV in 
clusters. 

• Symmetric DM: DM (charge ε) recombines with aniti-DM (-ε)

• Asymmetric DM: O(1/ε) DMs recombine with e-/p+

Eion ~ O(10) ε4 (m/GeV) keV

e-

χ＋εχ＋ε
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χ＋ε
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backreaction
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Figure 1. Summary of constraints on fermionic MCPs in the mass/minicharge plane. The result
of this work is depicted in yellow. Left panel: Models with a massless hidden photon for a U(1)h
gauge coupling g0 = 0.1 (see sec. 3). We updated the CMB and BBN bounds from ref. [29] using
2015 Planck data [30], and the collider bounds (COLL) from refs. [31, 32]. The remaining bounds
are from DM [31], CMB [33], LHC [34], SLAC [35], OPOS [36], TEX [37], E613 [38], and HB, WD,
RG [14, 29]. The Xenon10 bound is plotted with dashed lines since it is an estimate taken from
a higgsed model of minicharged particles [39]. Right panel: Bounds on models without a hidden
photon. The dark radiation bounds from ref. [29] disappear but the limits from overproduction [31]
and distortions of the CMB [33] become far more constraining.

The plots show the two most popular scenarios that involve MCPs. The bottom-up
approach minimally adds an additional particle with arbitrary charge, the MCP, to the
Standard Model. This is plotted in the right panel of fig. 1. Theoretically more motivated
scenarios generate a minicharge through the kinetic mixing of the SM photon with a new
massless photon. Some bounds on MCPs rely on this new ’hidden’ photon, so that the
summary plot changes drastically for large MCP masses. The bounds for this model are
shown in the left panel of fig. 1. Our limit is identical for both models and is displayed in
yellow. As apparent from the figure, the bound of this work is among the most constraining
for low-mass MCPs.

Our result is especially interesting because the bound is more robust than previous
limits and contains statistical information that is absent for bounds obtained from RGs and
HB stars. Additionally, our Sun is not only better observed than any other astrophysical
object, future improvement of our understanding is to be expected as well. Additional
insight can be achieved by the new generation of neutrino experiments, the possibility of
observing g-modes [51], which will give direct information on the center of the Sun, or new
opacity experiments (e.g. [52]) among other improvements. This will very likely make the
Sun the most constraining source for low-mass MCPs in the foreseeable future.

The plan of the paper is as follows. We present the observational and theoretical
status of the Sun in sec. 2. Minicharged particles, their analytical emission rates and some
comments on their propagation can be found in sec. 3. This is proceeded in sec. 4 by the
statistical method applied in this paper. We then introduce the MCP into the SSMs in
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Allowed

LUX

SN ejection

MW magnetic fields

galaxy clusters

If DM is neutralized in clusters, our constraints is inapplicable
- Ionization energy: independent of DM asymmetry

- MDM might be neutralized if Eion > Tgas ~ O(1) keV in 
clusters. 

• Symmetric DM: DM (charge ε) recombines with aniti-DM (-ε)

• Asymmetric DM: O(1/ε) DMs recombine with e-/p+

Eion ~ O(10) ε4 (m/GeV) keV

e-

χ＋εχ＋ε

χ＋ε

χ＋ε
χ＋ε χ＋ε

χ＋ε

χ＋ε

backreaction

Possibility for DM to be neutralized

- However, such a region is covered by other 
constraints.

- Whether neutralization can be really achieved 
within tage is model-dependent.

neutralization



Simulation

3-dim N-body simulation of DM single halo in MDM model

- Modification of profile is apparent. Smoother profile in MDM.

Hasegawa, Ichiki, Kadota, TS & Tashiro, in progress

- In CDM, NFW is quasi-stable. Yet not rigorously examined; scrutiny check is underway.

pre
lim
inar
y

• Halo size: a Coma-like cluster

Mhalo=1015 Msun, Rhalo=2.8Mpc

• Initial profile: NFW

• Number of particles: ~2x105

• Magnetic fields (fixed configuration):

• Simulation time: tage ~ 10 tfreefall

B=1μG, λcoherence=50kpc (coarser than reality)

• MDM charge/mass ratio
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Summary

We have discussed constraints on millicharged dark matter

• MDM is possible for GUT nor magnetic monopole are not confirmed. In 
models with dark U(1), MDM can be achieved via kinetic mixing.

• Our constraint is tighter than any of previous constraints regardless of 
presence of U(1)hidden or DM asymmetry. Backreaction & neutralization 
are irrelevant. Numerical simulation is in progress.

• We proposed a new constraint on MDM from magnetic fields in galaxy 
clusters. For density profile of DM halo to be consistent with CDM 
prediction & observations, Lorentz force should not dominate 
gravitational one. Our constraint assumes DM is pure MDM.



Thank you for your attention!



Modified stellar evolution

Astrophysical constraints

- Produced via plasmon decay �⇤ ! ��̄

If MDM mass < ωp/2, production is efficient
frequency is given by

!2
p =

4⇡↵ne

me
, (3.5)

with the fine-structure constant ↵, electron density ne and electron mass me. The decay
rate ��⇤ reads
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!2
p + 2m2

f

�
s

1�
4m2

f

!2
p

, (3.6)

where the renormalization factor Z is of order unity. Finally, a factor 2 in eq. (3.4) arises
because of the two di↵erent polarization states of transversal plasmons.

Equation (3.4) is valid as long as !p � 2mf so that plasmons that fulfill the dispersion
relation (’on-shell’ plasmons) can decay into MCPs. However, even when !p < 2mf ,
plasmonic excitations that are not on-shell (’o↵-shell’ plasmons) produce MCPs. These
o↵-shell plasmons are thermally distributed [63] and their emission rate can be obtained
straight-forwardly [29],

Q =2

Z 1

0

k2dk

2⇡2

Z 1
q

4m2

f+k2

!d!

⇡

2Im⇧

(K2 � Re⇧)2 + (Im⇧)2
!��⇤(K2)

e!/T � 1
, (3.7)

where K2 = !2 � k2, the decay rate is given by eq. (3.6) with !2
p replaced by K2, and

the self energy is ⇧ = !2
p + i!�Th. The decay rate for plasmons with !p < 2mf , �Th,

is controlled by Thomson scattering �Th = ne�Th = ne(8⇡↵2)/(3m2
e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]

�e↵ =
2⇡✏2↵2

E2


2 + z

2
ln

✓
2 + z

z

◆
� 1

�
, (3.8)

where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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Holdom (1986); Davidson, Hannestad, Raffelt (2000), …

- MDM escapes if (cyclotron radius)>(stellar radius)
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Figure 2. Trapping of MCPs inside the Sun due to a magnetic field. For MCPs with large
masses trapping becomes more e↵ective and our assumptions of free streaming break down.

equals the number density of electrons, and E ⇡ (3/2)T is the energy of the emitted
MCPs, where the approximation holds for MCPs produced by typical thermal plasmons.
In terms of this cross section, the mean free path reads

� =
1

2�e↵ne
, (3.9)

where we took into account electrons and protons by setting ne ⇡ np. Comparing this to
the radius of the Sun R� ⇡ 7⇥ 1010 cm, we obtain that scattering of MCPs only becomes
significant for

✏ > 4.6⇥ 10�7 . (3.10)

Minicharged particles can also be trapped by magnetic fields if they force the MCPs on
a Larmor radius that is of the order of the radius of the Sun. Even MCPs that leave the
Sun might reenter while following a magnetic field line.

The Larmor radius rL can be found to be

rL =
��mf

✏eB
=

q
E2 �m2

f

✏eB
, (3.11)

where we take B ⇡ 1 G as the polar magnetic field of the Sun [64, 65], and � = E/mf and
� = p/E are the usual parameters of a Lorentz boost with energy E and momentum p. A
comparison of this radius with 10 times the Sun’s radius leads to a trapping for low-mass
MCPs of the order

✏ & 8.8⇥ 10�12 . (3.12)

The exact behavior with mass compared to the bound from fig. 1 is shown in fig. 2.
For values below the red dot-dashed curve, our assumption of free-streaming is valid. For
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⇨ MDM channel should be subdominant: 
Vinyoles & Vogel (2015)

• plasmon mass:

for MDM mass < 10keV.

~ 300eV for the Sun; 10keV for red-giants

frequency is given by
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where the renormalization factor Z is of order unity. Finally, a factor 2 in eq. (3.4) arises
because of the two di↵erent polarization states of transversal plasmons.

Equation (3.4) is valid as long as !p � 2mf so that plasmons that fulfill the dispersion
relation (’on-shell’ plasmons) can decay into MCPs. However, even when !p < 2mf ,
plasmonic excitations that are not on-shell (’o↵-shell’ plasmons) produce MCPs. These
o↵-shell plasmons are thermally distributed [63] and their emission rate can be obtained
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where K2 = !2 � k2, the decay rate is given by eq. (3.6) with !2
p replaced by K2, and

the self energy is ⇧ = !2
p + i!�Th. The decay rate for plasmons with !p < 2mf , �Th,

is controlled by Thomson scattering �Th = ne�Th = ne(8⇡↵2)/(3m2
e), as can be seen by

analyzing the two-loop self energies of the photons [63].
Using eqs. (3.4) and (3.7), we are able to compute the production of MCPs with non-

zero masses in all areas of the Sun. On-shell decay eq. (3.4) is valid in high density regions
while eq. (3.7) can be used in low-density areas of the Sun.

3.3.2 Propagation

After being produced, MCPs start to propagate inside the dense solar medium. If the
coupling strength of the MCPs is very weak, they will free-stream out of the Sun. For larger
✏ they will lose successively more energy during their propagation. In our computations,
we assume that the MCPs do not lose energy while leaving the Sun, thereby carrying away
all their initial energy.

We can estimate the validity of this assumption by comparing the MCPs’ mean free
path � to the radius of the Sun R�. If � . R�, the probability for a MCP to scatter while
leaving the Sun is high. On the other hand, such a scattering becomes more and more
unlikely as � becomes larger than R�.

The mean free path is controlled by Coulomb scattering on ambient electrons and
protons. However, Coulomb scattering is strongly peaked in the forward direction in
which MCPs are not deflected. Weighing the cross section with the deflected angle yields
the more relevant transport cross section [14]
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where z = k2D/(2E
2), which takes into account the screening e↵ects via the Debye screening

scale k2D = 4⇡↵np,e/T . Here, np is the number density of protons, which approximately
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• decay rate:

dwarfs [9, 12], and supernova (SN) 1987A [10]. For small masses of the milli-charged
particles, the most restrictive limits arise from HB stars and low-mass red giants in

globular clusters.
At the end of the main-sequence evolution of normal stars, the hydrogen in

the inner part has been consumed, leaving the star with a core consisting mainly
of helium. In low-mass stars, this helium core reaches degeneracy before it is hot
and dense enough to be ignited. This process is very dependent on density and

temperature, and even minor changes in these quantities produce observable changes
in the brightness at the tip of the red-giant branch in globular clusters. Therefore,

the core mass at helium ignition as implied by the color-magnitude diagrams of
several globular clusters implies a limit on any new energy-loss channel. After helium
ignition, the stars move to the horizontal branch where they burn helium in their core.

A new energy-loss mechanism will lead to an accelerated consumption of nuclear fuel,
shortening the helium-burning lifetime which can be “measured” by number counts

of HB stars in globular clusters. When applied to a new energy-loss channel, usually
one of these arguments is more restrictive [19]. For example, a putative neutrino

dipole moment will add to the efficiency of the plasmon decay process γ → νν̄
and thus enhance neutrino losses. The helium-ignition argument provides far more
restrictive limits than the helium-burning lifetime argument because the plasmon

decay is more effective in the degenerate red-giant core. On the other hand, axion
losses by the Primakoff process are more effective in the nondegenerate cores of HB

stars so that the helium-burning lifetime argument yields more restrictive limits.
The emission of milli-charged particles is a special case in that both arguments

yield comparable limits of about [19]

ϵ ≤ 2 × 10−14. (4.1)

The reason is that the rate of the plasma decay process γ → f f̄ for milli-charged par-
ticles is proportional to ω2

P, as opposed to the magnetic-dipole case (ω4
P) or standard-

model neutrino case (ω6
P). The low power of the plasma frequency implies that the

emission rate per unit mass is almost independent of density. This, in turn, implies
that the core expansion caused by helium ignition leaves the energy-loss rate per

unit mass nearly unchanged, while it is “switched off” for the dipole-moment case,
or “switched on” for the axion case.

An average value for the plasma frequency in the core of a globular-cluster star
before helium ignition is ωP ≃ 10 keV (in the center it is about twice that) while it

is about 2 keV in the core of a HB star. Therefore, the helium-ignition argument
constrains milli-charged particles with masses up to about 5 keV.

Of course, this sort of argument applies only if the interaction strength is small

enough that the milli-charged particles escape freely once produced in the stellar
core; one can check that this is the case for ϵ <∼ 10−8 [19]. For larger charges, the

particles would contribute to the transfer of energy rather than carrying away energy

8

cf. white dwarfs are less constraining because MDM escapes only from surface.



Thermal production

Relic MDM abundance

- main processes ��̄ $ ff̄

Thermal relics with observed Ωm~0.24 is incompatible with e.g, CMB. 
In principle, symmetric MDM should be produced non-thermally.

and

(σanvrel)ff̄ =
πα2

emϵ
2

m2
X

q2fNc

√

1−
m2

f

m2
X

(

1 +
m2

f

2m2
X

)

, (4)

respectively, where qf is the charge of the SM fermion in units of electron charge and Nc is
the color multiplicity of the fermion. The total annihilation cross section of the DM particle
at tree level is (σanvrel)tot = (σanvrel)γγ +

∑

f (σanvrel)ff̄ .

The tree level annihilation cross section is enhanced by the Sommerfeld effect in the low
velocity dispersion [24–27]. DM freeze out with Sommerfeld enhancement has been discussed
in [28, 29]. Since the mediator of the Sommerfeld enhancement is the standard model photon
with zero mass, this enhancement never saturates. The enhancement factor for the tree level
S-wave annihilation cross section is given by

S =
(αemϵ2π)/v

1− e−(αemϵ2π)/v
, (5)

where v = vrel/2 is the DM velocity in the center of mass frame. The thermally averaged
total annihilation cross section including the Sommerfeld enhancement is given by
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where we assume a Maxwell-Boltzmann distribution for DM particle and xX ≡ mX/TX with
TX as the DM temperature. The Sommerfeld enhanced annihilation tends to deplete DM
particles with low velocity, which may distort the thermal distribution of the DM after kinetic
decoupling. However, as we will show in the next section, the charged DM can couple to the
thermal bath even during the recombination epoch, and therefore the Maxwell-Boltzmann
distribution is a good approximation.

Following the standard procedure to calculate the abundance of a thermal relic [30, 31],
freeze out occurs when
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where x = mX/T , T is the temperature of the thermal bath, and g is the number of degrees
of freedom of the DM particle; we take g = 4, for a Dirac particle. The value of κ is chosen
to match the numerical solution; we set κ = 1.

The present number density of the DM is the solution of the Boltzmann equation, which
can be written as
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FIG. 1. Region of the mass-charge (p-e) plane ruled out for
the model without a paraphoton.

FIG. 2. Region of the mass-charge (p-e) plane ruled out for
the model with a paraphoton.

local interstellar medium), which would not be detect-
able. Ab (Qf ) is the baryon (paraton) relic density divid-
ed by the critical density p, .
e must also be small enough that the paratons reach

the detectors, but large enough to produce a detectable
signal. Since charged particles lose energy scattering off
electrons (long-range force) they travel considerably less
far in matter than ordinary weakly interacting particles
with the same cross section on nuclei. Using Holdom's
approximation for the range of a paraton, and assuming
that the paraton density is Af X0.3 GeV/cm, gives the
"teeth" in Fig. 2. (These are very rough estimates of
what the present dark-matter detectors could rule out. )
The small e tooth is the underground germanium detec-
tor of Caldwell et al. , and the other is the balloon ex-
periment of Rich, Rocchio, and Spiro; in the second
case, the lower bound on e comes from (5.17) These
dark-matter direct detection experiments are clearly in-
teresting to pursue as they access a region of parameter
space not excluded by other considerations.

arguments. The limits for the model without parapho-
tons are plotted in Fig. 1; those for the model with para-
photons are in Fig. 2.
It is unfortunate that these calculations leave a central

region where paratons are allowed, but there do not seem
to be any simple arguments to rule this area out.
Searches for anomalous nuclei, proton decay and galactic
y rays provide an upper limit on the number density of
paratons with parameters in the central region, but one
must be able to calculate "gold-plated" lower bounds to
use these experiments to rule paratons out. For a given
mass and charge, the relic abundance today can be calcu-
lated from (4.12), but this number density is averaged
over the whole Universe. The local density will depend
on how the paratons get through galaxy formation and
the magnetic field and atmosphere of the Earth, which
makes it very difficult to calculate.
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Coupling with baryon via Coulomb scattering

Structure formation & CMB

cf. Compton scattering is further suppressed by ε2.

- Acoustic oscillation is modified

the discussion encompassed by this paper does bring to light a number of constraints that
strongly disfavor some recent models in the literature. We comment on these models below
where relevant. DM may also have a magnetic or electric dipole; this has been thoroughly
considered recently [21], and we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models and the
implications of this study for the viability of these models. We then review the relic density
calculation before turning to constraints. We discuss halo shape constraints and the bound
from scattering at recombination times. We discuss direct detection of charged particles in
light of the signals from CoGeNT and DAMA, and the implications of the bounds discussed
here for these experiments and models designed to fit them. Finally, we conclude.

II. MODELS AND GENERAL CONSIDERATIONS

Since DM that carries an electric charge must conserve U(1)EM, it must be a Dirac
particle. There are a number of models in the literature where the DM carries a fractional or
epsilon-charge. If a dark photon is massive and kinetically mixes with the photon, an epsilon-
charge arises in Stueckelberg models [22] on account of the unique form of Stueckelberg mass
term. If, on the other hand, the dark photon is massless, kinetic mixing between the dark
and visible photons induces an electric charge for the DM (or equivalently, a dark charge
for visible states) [23]. This mechanism is utilized for example in the Mirror Charged DM
model proposed by [20] to generate the signals in CoGeNT and DAMA. We will see that
the constraints we discuss here strongly disfavor such a model as the explanation for these
signals. In either case, we denote the charge of the DM as ϵe.

When determining the constraints on the DM charge, the essential features will be the
irreducible coupling to the photon (and charged SM particles), and, more importantly, the
velocity dependence of the scattering cross-section. For example, the Rutherford Scattering
cross-section of DM off DM through a photon is

dσXX

dΩ∗
=

α2
emϵ

4

m2
Xv

4
rel sin

4(θ∗/2)
, (1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering angle in
the center-of-mass frame. Likewise, the scattering cross-section of DM off baryon is

dσXb

dΩ∗
=

α2
emϵ

2

4µ2
bv

4
rel sin

4(θ∗/2)
, (2)

where µb is the DM-baryon reduced mass.

The important point phenomenologically is the very large enhancement in the scattering
cross-section at low velocity, giving a hint for where to look for strong constraints on

3

- MDM should have kinetically decoupled from baryon before recombination

• When MDM and baryon tightly couple, they 
collectively act as heavy baryon. Figure 3: Two different CMB anisotropy spectra compared with extended

WMAP dataset. Solid line represents the best fit model without millicharged
particles, Ωbh2

0 = 0.022. Dashed line corresponds to model with Ωbh2
0 =

0.014, Ωmcph2
0 = 0.007.

with millicharged particles, the CMB data [15] determine actually the sum
(Ωb+Ωmcp)h2

0 = 0.022±0.001 (68% CL). Combining this value with the lower
limit Ωbh2

0 > 0.019 from BBN one arrives at the upper bound very similar to
Eq. (1). This serves as a qualitative explanation of our result.

Another illustration of the approximate degeneracy (9) is shown in Fig. 3,
where two CMB anisotropy spectra calculated for different models on the de-
generacy line are shown. One observes that the two spectra almost coincide
in the region of the first and second acoustic peaks. However, the degener-
acy is no longer present at higher multipoles. This is due to the fact that
the electroneutrality of the plasma implies that the electron number density
is proportional to the baryon density. Hence, replacing a certain amount
of baryons by millicharged particles results in the enhancement of the Silk
damping at small scales. With future precise data for high values of l, one
will be able to set a constraint on the value of Ωmcp using the CMB data
only, without reference to BBN results. To check this we created a simu-
lated dataset, which contains the same values of l as in the WMAP data
up to l = 500, and then with the step ∆l = 50 up to l = 1600. The
CMB anisotropy spectral coefficients Cl’s were taken from the best fit [15]
to WMAP data. The error bars for these coefficients were assumed to be
equal to cosmic variance. Repeating the above procedure for this dataset we

8

• Given fixed Ωb+Ωmdm, Silk damping is enhanced.
Dubovskya, Gorbunova & Rubtsov (2003)

Caveat: if U(1)hidden exists, MDM acoustic-oscillates at late-times (kinetic recoupling), which 
leads to tighter constraints from matter power spectrum. Kamada+ (2013)

lower bound could be obtained by considering the weak gravity conjecture [35], which requires
✏ > M/MPl.

3.1.1 Bounds from CMB

Millicharged DM particles scatter o↵ electrons and protons at the recombination epoch via
Rutherford-like interactions. It was shown that if millicharged particles couple tightly to the
baryon-photon plasma during the recombination epoch, they behave like baryons thus a↵ecting
the CMB power spectrum in several ways. This kind of bounds were derived by di↵erent
groups [32, 33]. In particular, Ref. [33] found that in order to avoid the tight-coupling condition
the DM millicharge must be

✏ . 2.24⇥ 10�4

✓
M

1 TeV

◆1/2

(4)

for a DM particle much heavier than the proton.

3.1.2 Direct searches

Millicharged DM scatters o↵ nuclei via Rutherford-like interactions. In the non-relativistic limit
the di↵erential cross section for DM scattering o↵ a nuclear target T with mass mT and electric
charge eZT is given by [36, 37]

d�T

dER

(v, q2) = 8⇡mT
↵2✏2

v2 q4
Z2

T F 2
T (q

2) . (5)

Here ER is the nuclear recoil energy, related to the momentum transfer q by q2 = 2mTER, and
↵ is the electromagnetic fine structure constant. FT (q2) is the nuclear Helm form factor [38, 39],
which takes into account the loss of coherence of the interaction at large q. Since the interaction
is spin-independent, the most stringent bound to date is set by the LUX experiment [40]. We
use the tools in Ref. [41] to infer a 90% CL bound on ✏ from LUX. For M & 100 GeV, only
values

✏ . 7.6⇥ 10�10

✓
M

1 TeV

◆1/2

(6)

are allowed by LUX with 90% confidence. Notice this bound does not apply in the range

9⇥ 10�9

✓
M

1 TeV

◆
. ✏ . 1.1⇥ 10�2

✓
M

1 TeV

◆1/2

, (7)

because for these values millicharged particles have been evacuated from the galactic disk by
supernova explosion shock waves, and galactic magnetic fields prevent them from entering
back [32, 42]. For ✏ respecting Eq. (4), we do not expect DM self-scattering to su�ciently
randomize the direction of motion of DM particles before they gyrate out of the disk [43].

These constraints, depicted in the right panel of Fig. 1, allow for relatively large values of ✏,
which may give raise to interesting phenomenology of millicharged DM candidates. However,
for values below the LUX bound this parameter does not contribute to the DM phenomenology
and can be safely ignored, the only relevant e↵ect being the doubling of the number of X ’s
degrees of freedom due to passing from a real to a complex representation of the gauge group.

8
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the discussion encompassed by this paper does bring to light a number of constraints that
strongly disfavor some recent models in the literature. We comment on these models below
where relevant. DM may also have a magnetic or electric dipole; this has been thoroughly
considered recently [21], and we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models and the
implications of this study for the viability of these models. We then review the relic density
calculation before turning to constraints. We discuss halo shape constraints and the bound
from scattering at recombination times. We discuss direct detection of charged particles in
light of the signals from CoGeNT and DAMA, and the implications of the bounds discussed
here for these experiments and models designed to fit them. Finally, we conclude.

II. MODELS AND GENERAL CONSIDERATIONS

Since DM that carries an electric charge must conserve U(1)EM, it must be a Dirac
particle. There are a number of models in the literature where the DM carries a fractional or
epsilon-charge. If a dark photon is massive and kinetically mixes with the photon, an epsilon-
charge arises in Stueckelberg models [22] on account of the unique form of Stueckelberg mass
term. If, on the other hand, the dark photon is massless, kinetic mixing between the dark
and visible photons induces an electric charge for the DM (or equivalently, a dark charge
for visible states) [23]. This mechanism is utilized for example in the Mirror Charged DM
model proposed by [20] to generate the signals in CoGeNT and DAMA. We will see that
the constraints we discuss here strongly disfavor such a model as the explanation for these
signals. In either case, we denote the charge of the DM as ϵe.

When determining the constraints on the DM charge, the essential features will be the
irreducible coupling to the photon (and charged SM particles), and, more importantly, the
velocity dependence of the scattering cross-section. For example, the Rutherford Scattering
cross-section of DM off DM through a photon is

dσXX

dΩ∗
=

α2
emϵ

4

m2
Xv

4
rel sin

4(θ∗/2)
, (1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering angle in
the center-of-mass frame. Likewise, the scattering cross-section of DM off baryon is

dσXb

dΩ∗
=

α2
emϵ

2

4µ2
bv

4
rel sin

4(θ∗/2)
, (2)

where µb is the DM-baryon reduced mass.

The important point phenomenologically is the very large enhancement in the scattering
cross-section at low velocity, giving a hint for where to look for strong constraints on

3

- MDM should have kinetically decoupled from baryon before recombination

• When MDM and baryon tightly couple, they 
collectively act as heavy baryon. Figure 3: Two different CMB anisotropy spectra compared with extended

WMAP dataset. Solid line represents the best fit model without millicharged
particles, Ωbh2

0 = 0.022. Dashed line corresponds to model with Ωbh2
0 =

0.014, Ωmcph2
0 = 0.007.

with millicharged particles, the CMB data [15] determine actually the sum
(Ωb+Ωmcp)h2

0 = 0.022±0.001 (68% CL). Combining this value with the lower
limit Ωbh2

0 > 0.019 from BBN one arrives at the upper bound very similar to
Eq. (1). This serves as a qualitative explanation of our result.

Another illustration of the approximate degeneracy (9) is shown in Fig. 3,
where two CMB anisotropy spectra calculated for different models on the de-
generacy line are shown. One observes that the two spectra almost coincide
in the region of the first and second acoustic peaks. However, the degener-
acy is no longer present at higher multipoles. This is due to the fact that
the electroneutrality of the plasma implies that the electron number density
is proportional to the baryon density. Hence, replacing a certain amount
of baryons by millicharged particles results in the enhancement of the Silk
damping at small scales. With future precise data for high values of l, one
will be able to set a constraint on the value of Ωmcp using the CMB data
only, without reference to BBN results. To check this we created a simu-
lated dataset, which contains the same values of l as in the WMAP data
up to l = 500, and then with the step ∆l = 50 up to l = 1600. The
CMB anisotropy spectral coefficients Cl’s were taken from the best fit [15]
to WMAP data. The error bars for these coefficients were assumed to be
equal to cosmic variance. Repeating the above procedure for this dataset we
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• Given fixed Ωb+Ωmdm, Silk damping is enhanced.
Dubovskya, Gorbunova & Rubtsov (2003)

Caveat: if U(1)hidden exists, MDM acoustic-oscillates at late-times (kinetic recoupling), which 
leads to tighter constraints from matter power spectrum. Kamada+ (2013)

lower bound could be obtained by considering the weak gravity conjecture [35], which requires
✏ > M/MPl.

3.1.1 Bounds from CMB

Millicharged DM particles scatter o↵ electrons and protons at the recombination epoch via
Rutherford-like interactions. It was shown that if millicharged particles couple tightly to the
baryon-photon plasma during the recombination epoch, they behave like baryons thus a↵ecting
the CMB power spectrum in several ways. This kind of bounds were derived by di↵erent
groups [32, 33]. In particular, Ref. [33] found that in order to avoid the tight-coupling condition
the DM millicharge must be

✏ . 2.24⇥ 10�4

✓
M

1 TeV

◆1/2

(4)

for a DM particle much heavier than the proton.

3.1.2 Direct searches

Millicharged DM scatters o↵ nuclei via Rutherford-like interactions. In the non-relativistic limit
the di↵erential cross section for DM scattering o↵ a nuclear target T with mass mT and electric
charge eZT is given by [36, 37]

d�T

dER

(v, q2) = 8⇡mT
↵2✏2

v2 q4
Z2

T F 2
T (q

2) . (5)

Here ER is the nuclear recoil energy, related to the momentum transfer q by q2 = 2mTER, and
↵ is the electromagnetic fine structure constant. FT (q2) is the nuclear Helm form factor [38, 39],
which takes into account the loss of coherence of the interaction at large q. Since the interaction
is spin-independent, the most stringent bound to date is set by the LUX experiment [40]. We
use the tools in Ref. [41] to infer a 90% CL bound on ✏ from LUX. For M & 100 GeV, only
values

✏ . 7.6⇥ 10�10

✓
M

1 TeV

◆1/2

(6)

are allowed by LUX with 90% confidence. Notice this bound does not apply in the range

9⇥ 10�9

✓
M

1 TeV

◆
. ✏ . 1.1⇥ 10�2

✓
M

1 TeV

◆1/2

, (7)

because for these values millicharged particles have been evacuated from the galactic disk by
supernova explosion shock waves, and galactic magnetic fields prevent them from entering
back [32, 42]. For ✏ respecting Eq. (4), we do not expect DM self-scattering to su�ciently
randomize the direction of motion of DM particles before they gyrate out of the disk [43].

These constraints, depicted in the right panel of Fig. 1, allow for relatively large values of ✏,
which may give raise to interesting phenomenology of millicharged DM candidates. However,
for values below the LUX bound this parameter does not contribute to the DM phenomenology
and can be safely ignored, the only relevant e↵ect being the doubling of the number of X ’s
degrees of freedom due to passing from a real to a complex representation of the gauge group.
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Effects on BBN

BBN constraints

- Relevant only when mDM ≤ me

✓ higher Neff

- e+e- annihilate also into MDM. Meanwhile photon is less heated up.

- Earlier freeze-out of neutrons & onset of 

BBN enhance 4He abundance.
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Figure 3.9: Numerical results for helium production in the early universe.

Step 0: Equilibrium Abundances

In principle, BBN is a very complicated process involving many coupled Boltzmann equations

to track all the nuclear abundances. In practice, however, two simplifications will make our life

a lot easier:

1. No elements heavier than helium.

Essentially no elements heavier than helium are produced at appreciable levels. So the

only nuclei that we need to track are hydrogen and helium, and their isotopes: deuterium,

tritium, and 3He.

2. Only neutrons and protons above 0.1 MeV.

Above T ⇡ 0.1 MeV only free protons and neutrons exist, while other light nuclei haven’t

been formed yet. Therefore, we can first solve for the neutron/proton ratio and then use

this abundance as input for the synthesis of deuterium, helium, etc.

Let us demonstrate that we can indeed restrict our attention to neutrons and protons above

0.1 MeV. In order to do this, we compare the equilibrium abundances of the di↵erent nuclei:

• First, we determine the relative abundances of neutrons and protons. In the early universe,

neutrons and protons are coupled by weak interactions, e.g. �-decay and inverse �-decay

n+ ⌫e $ p+ + e� ,

n+ e+ $ p+ + ⌫̄e .
(3.3.128)

Let us assume that the chemical potentials of electrons and neutrinos are negligibly small,

✓ higher nB/nγ

are excluded by a huge margin. As expected, the effect of elastic scattering on
the energy density in milli-charged particles is quite small as this process does not

produce additional particles.

3.3 BBN Limits

There are still some unresolved issues regarding the observationally determined values

of the primordial light-element abundances. For the past few years there have been
two favoured solutions, namely the so-called High-Helium/Low-Deuterium and the

Low-Helium/High-Deuterium solutions [33]. There seems to be growing consensus
that the first is the correct one. Nevertheless any bound derived from nucleosynthesis

should be used with some caution since the question of primordial deuterium and
helium abundances is not yet fully settled.

In the present paper we shall use the data on primordial helium obtained by

Izotov and Thuan [34] and the deuterium data from Burles and Tytler [35]

YP = 0.244 ± 0.002, (3.12)

D/H = (3.39 ± 0.25) × 10−5, (3.13)

where errors are estimated 1σ uncertainties. These data give the High-He/Low-D

solution and are completely consistent with standard BBN for a baryon-to-photon
ratio of η = (5.1±0.3)×10−10 [35]. Used together, these data provide the constraint

Neff = 2.98 ± 0.33 (90% C.L.), (3.14)

on the effective number of neutrinos, thus tightly constraining any non-standard
nucleosynthesis scenario.

Together with the less restrictive case (no elastic scattering) of Eq. (3.11) BBN

then implies a limit
ϵ < 2.1 × 10−9. (3.15)

This bound applies to masses in the regime mϵ <∼ me. While our result is very similar

to what one finds from simple dimensional estimates, our calculation is quantitative
and the errors are controlled.

4. Stellar Evolution

4.1 Globular Clusters

New low-mass particles will be produced in the hot and dense medium in the interior
of stars and subsequently escape. This new energy-loss channel leads to observational

modifications of the standard course of stellar evolution and thus can be used to set
limits on the particle’s interaction strength. For milli-charged particles, limits have

been set from red giants [5, 9, 12, 14, 13, 39], horizontal-branch (HB) stars [19], white
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(MDM also annihilates after BBN 

 but well before recombination)

(c) D. Baumann

If U(1)hidden exist, Neff is increased further

(for mDM ≤ me)



Coulomb scattering of nuclei with MDM

Direct detection

lower bound could be obtained by considering the weak gravity conjecture [35], which requires
✏ > M/MPl.

3.1.1 Bounds from CMB

Millicharged DM particles scatter o↵ electrons and protons at the recombination epoch via
Rutherford-like interactions. It was shown that if millicharged particles couple tightly to the
baryon-photon plasma during the recombination epoch, they behave like baryons thus a↵ecting
the CMB power spectrum in several ways. This kind of bounds were derived by di↵erent
groups [32, 33]. In particular, Ref. [33] found that in order to avoid the tight-coupling condition
the DM millicharge must be

✏ . 2.24⇥ 10�4

✓
M

1 TeV

◆1/2

(4)

for a DM particle much heavier than the proton.

3.1.2 Direct searches

Millicharged DM scatters o↵ nuclei via Rutherford-like interactions. In the non-relativistic limit
the di↵erential cross section for DM scattering o↵ a nuclear target T with mass mT and electric
charge eZT is given by [36, 37]

d�T

dER

(v, q2) = 8⇡mT
↵2✏2

v2 q4
Z2

T F 2
T (q

2) . (5)

Here ER is the nuclear recoil energy, related to the momentum transfer q by q2 = 2mTER, and
↵ is the electromagnetic fine structure constant. FT (q2) is the nuclear Helm form factor [38, 39],
which takes into account the loss of coherence of the interaction at large q. Since the interaction
is spin-independent, the most stringent bound to date is set by the LUX experiment [40]. We
use the tools in Ref. [41] to infer a 90% CL bound on ✏ from LUX. For M & 100 GeV, only
values

✏ . 7.6⇥ 10�10

✓
M

1 TeV

◆1/2

(6)

are allowed by LUX with 90% confidence. Notice this bound does not apply in the range

9⇥ 10�9

✓
M

1 TeV

◆
. ✏ . 1.1⇥ 10�2

✓
M

1 TeV

◆1/2

, (7)

because for these values millicharged particles have been evacuated from the galactic disk by
supernova explosion shock waves, and galactic magnetic fields prevent them from entering
back [32, 42]. For ✏ respecting Eq. (4), we do not expect DM self-scattering to su�ciently
randomize the direction of motion of DM particles before they gyrate out of the disk [43].

These constraints, depicted in the right panel of Fig. 1, allow for relatively large values of ✏,
which may give raise to interesting phenomenology of millicharged DM candidates. However,
for values below the LUX bound this parameter does not contribute to the DM phenomenology
and can be safely ignored, the only relevant e↵ect being the doubling of the number of X ’s
degrees of freedom due to passing from a real to a complex representation of the gauge group.
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• Non-relativistic diff. cross-section wrt. recoil energy ER=q2/2mT

FT: the form factor (i.e. charge distribution in nuclei) 
mT: mass of target nucleus

• Current tightest constraint comes from LUX.

lower bound could be obtained by considering the weak gravity conjecture [35], which requires
✏ > M/MPl.

3.1.1 Bounds from CMB

Millicharged DM particles scatter o↵ electrons and protons at the recombination epoch via
Rutherford-like interactions. It was shown that if millicharged particles couple tightly to the
baryon-photon plasma during the recombination epoch, they behave like baryons thus a↵ecting
the CMB power spectrum in several ways. This kind of bounds were derived by di↵erent
groups [32, 33]. In particular, Ref. [33] found that in order to avoid the tight-coupling condition
the DM millicharge must be

✏ . 2.24⇥ 10�4

✓
M

1 TeV

◆1/2

(4)

for a DM particle much heavier than the proton.

3.1.2 Direct searches

Millicharged DM scatters o↵ nuclei via Rutherford-like interactions. In the non-relativistic limit
the di↵erential cross section for DM scattering o↵ a nuclear target T with mass mT and electric
charge eZT is given by [36, 37]

d�T

dER

(v, q2) = 8⇡mT
↵2✏2

v2 q4
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T F 2
T (q

2) . (5)

Here ER is the nuclear recoil energy, related to the momentum transfer q by q2 = 2mTER, and
↵ is the electromagnetic fine structure constant. FT (q2) is the nuclear Helm form factor [38, 39],
which takes into account the loss of coherence of the interaction at large q. Since the interaction
is spin-independent, the most stringent bound to date is set by the LUX experiment [40]. We
use the tools in Ref. [41] to infer a 90% CL bound on ✏ from LUX. For M & 100 GeV, only
values

✏ . 7.6⇥ 10�10

✓
M

1 TeV

◆1/2

(6)

are allowed by LUX with 90% confidence. Notice this bound does not apply in the range

9⇥ 10�9

✓
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1 TeV
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, (7)

because for these values millicharged particles have been evacuated from the galactic disk by
supernova explosion shock waves, and galactic magnetic fields prevent them from entering
back [32, 42]. For ✏ respecting Eq. (4), we do not expect DM self-scattering to su�ciently
randomize the direction of motion of DM particles before they gyrate out of the disk [43].

These constraints, depicted in the right panel of Fig. 1, allow for relatively large values of ✏,
which may give raise to interesting phenomenology of millicharged DM candidates. However,
for values below the LUX bound this parameter does not contribute to the DM phenomenology
and can be safely ignored, the only relevant e↵ect being the doubling of the number of X ’s
degrees of freedom due to passing from a real to a complex representation of the gauge group.
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• Nucleonic matrix element 

⇦ spin-independent scatteringMN =
16⇡↵

q2
✏QNm�mN

➡ Equivalent to exotic form factor with 1/q2 in short-range interaction


