PHYSICAL REVIEW D 104, 023519 (2021)

Constraints on electromagnetic form factors of sub-GeV dark matter
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We consider dark matter which has nonzero electromagnetic form factors like electric/magnetic dipole
moments and anapole moment for fermionic dark matter and Rayleigh form factor for scalar dark matter.
We consider dark matter mass m, > O(MeV) and put constraints on their mass and electromagnetic

couplings from cosmic microwave background (CMB) and large scale structure (LSS) observations.
Fermionic dark matter with nonzero electromagnetic form factors can annihilate to e*e™ and scalar dark
matter can annihilate to 2y at the time of recombination and distort the CMB. We analyze dark matter with
multipole moments with Planck and baryon acoustic oscillations (BAO) observations. We find upper
bounds on anapole moment g, < 7.163 x 10*> GeV~2, electric dipole moment D < 7.978 x 10~ ecm,
magnetic dipole moment y < 2.959 x 10~ g, and the bound on Rayleigh form factor of dark matter is

g4/ A2 < 1.085 x 1072 GeV~2 with 95% C.L.

DOI: 10.1103/PhysRevD.104.023519

I. INTRODUCTION

It is well accepted that formation of large scale structures
and the rotation curves of galaxies require an extra dark
matter (DM) component beyond the known particles of the
standard model. The particle properties of this dark matter
are, however, completely unknown. Direct detection
experiments, which rely on nuclear scattering, have ruled
out a large parameter space. But, these techniques are not
efficient in measuring dark matter of sub-GeV mass [1,2].
To measure sub-GeV mass dark matter a suitable method is
scattering electrons from heavy atoms [3—8]. Dark matter
with nonzero electric or magnetic dipole moments [9-11]
or anapole moment [12,13] can be very effective in
scattering electrons. The electromagnetic form factors
can be viewed as effective operators [14—17], which arise
by integrating out the heavy particles in an ultraviolet
complete theory [18].

The electromagnetic couplings of dark matter can be
constrained from cosmic microwave background and large
scale structure observations. The electric and magnetic
dipole moment vertex can give rise to dark matter-baryon
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coupling. For heavy dark matter (~100 GeV) the baryon
drag on the dark matter will show up in structure formation
and cosmic microwave background (CMB) [10]. Light dark
matter O(MeV) will annihilate to radiation and lower the
effective neutrino number (N.5) [19-21].

In this paper we will analyze the effect of light dark
matter with electromagnetic form factors on CMB
anisotropy and polarization from dark matter annihilation
to eTe™ or photons close to recombination era, z ~ 1100.
The effects of annihilating dark matter on CMB are studied
in [22-26]. Production of relativistic e*, e~ heats up the
thermal gas and ionizes the neutral hydrogen, which
increases the free electron fraction. Due to this increased
free electron fraction there is a broadening of the last
scattering surface and suppression of CMB temperature
anisotropy. The low-/ correlations between polarization
fluctuations are also enhanced due to increased freeze-out
value of the ionization fraction of the universe after
recombination. These effects on CMB are significant
and can be used to put constraints on thermal averaged
annihilation cross section (ov). Planck-2018 reports
(ov) < (32 x 10728/f) x (Mpy/(GeV/c?)) em?/s  for
velocity independent thermal average cross section [27].
Here f is the fraction of energy injected to the intergalactic
medium (IGM) by annihilating dark matter. Forecasts
for upcoming CMB experiments such as AdvACTPol,
AliCPT, CLASS, Simons Array, Simons Observatory,
and SPT-3G have been studied by [28] in detecting
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decaying/annihilating dark matter, and it is found that
(ov) ~ (107/f) x (Mpn/(GeV/c?)) em*/s.

The annihilation yy — eTe™ occurs with one dipole
or anapole vertex and the annihilation cross sections are
quadratic in dipole or anapole moments. For fermionic dark
matter the yy — yy annihilation cross section is quartic in
dipole moments and the bounds from this process are much
weaker [29] than the ones we derive in this paper from
CMB. For anapole dark matter the cross section for the
process yy — yy is zero [12]. Scalar dark matter can have
dimension-6 Rayleigh operator vertex with two-photons. For
such Rayleigh dark matter the leading order contribution to
annihilation will be from the ¢¢p — yy process which can
distort the CMB near recombination and from this we put
bounds on the dark-matter photon Rayleigh coupling.

This paper is organized as follows. In Sec. II we list the
electromagnetic form factors of dark matter which we shall
constrain from CMB data. In Sec. III we discuss the physics
of recombination and the effect of dark matter annihilation
on the CMB. In Sec. IV we compare the CMB analysis with
data from Planck and BAO and using COSMOMC we put
constraints on the dark matter form factors. In Sec. V we
compare our bounds with earlier results and from other
experiments, and in Sec. VI we summarize our results and
give our conclusions.

II. ELECTROMAGNETIC FORM FACTORS
OF DARK MATTER

Spin-1/2 dark matter can have the following electro-
magnetic form factors. These are the magnetic moment
described by the dimension-5 operators,

91 _
‘cmagnetic = A—lﬂ( oy F uv» (1)

where ¢, is a dimensionless coupling and A is the mass
scale of the particles in the loop which generate the dipole
moment. The magnetic moment of Dirac fermions is
u=2g,/A, and the operator (1) is zero for Majorana
fermions.

Similarly electric dipole operator is of dimension-5,

9 .
[’electric = A_2 l)(G”DYS)(Fﬂw (2)

where the electric dipole moment of Dirac fermions is
D =2g,/A\, and the operator (2) is zero for Majorana
fermions.

Finally the anapole moment is a dimension-6 operator

93 .
'Canapole = A_§ l)(VMyS)(aUF/w- (3)
This operator is nonzero for Dirac as well as Majorana

fermions and the coefficient g, = g3/(A3) is called the
anapole moment of y.

Stringent bounds on sub-GeV mass dark matter are put
from the observation of ye~™ — ye™ scattering [3] in direct
detection experiments like Xenon-10 [4], DarkSide [5] and
Xenon-1T [6].

Using the experimental limits on dark matter electron
scattering from Xenon-10, Xenon-1T and DarkSide bound
on the electric dipole, magnetic dipole and anapole form
factors of dark matter have been put in Refs. [7,8].

Real and complex scalar dark matter can have interaction
with two-photons by dimension-6 Rayleigh operator

94 v
£2¢2y = A_qu ¢F/WFM . (4)

These will contribute to ¢p¢p — yy annihilations which can
be constrained from CMB [17]. In the absence of CP
violation the FF operator does not arise. The annihilation
¢¢ — yy takes place via s-wave in the leading order and
cross section o(¢pp — yy)v ~ (gﬁ)mé/Aj [17]. Bounds on
the operator (4) from XenonlT [6] and gamma ray
searches from dwarf spheroidal satellites (dSphs) [30]
and halo of the Milky Way [31] by Fermi-LAT are
obtained in Ref. [17] for dark matter with mass larger
than O(GeV).

III. THERMAL HISTORY OF THE UNIVERSE
WITH ANNIHILATING DARK MATTER

Recombination occurs around z = 1100 when electrons
and protons combine together to form neutral hydrogen. If
the annihilation cross section of dark matter particles is
sufficiently large, it can modify the history of recombina-
tion and hence can leave a clear imprint on CMB power
spectrum. The shower of particles produced due to anni-
hilation can interact with the thermal gas in three different
ways. (i) The annihilation products can ionize the thermal
gas, (ii) can induce induce Lyman-a excitation of the
hydrogen that will cause more electrons in the n = 2 state
and hence increase the ionization rate and (iii) can heat the
plasma. Due to the first two effects the evolution of free
electron fraction y, changes and the last effect changes the
temperature of baryons. The equation governing the evo-
lution of the ionization fraction in the presence of annihi-
lating particles is given as

dy. 1
it~ 0+ oaE) P

—I(2) - Ix(2)l. (5

Here R, is the standard recombination rate, I, is the
ionization rate due to standard sources and Iy is the
ionization rate due to annihilating dark matter particles.
The computation of standard recombination rate was done
in [32-34] and it is described as

[Ry(2) = 1,(2)] = C x [rznyap — Bp(1 =z, )e v/ bsTo].

(6)
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Here ny is the number density of hydrogen nuclei, ap and
pp are the effective recombination and photoionization
rates for principle quantum numbers >2 in Case B
recombination, vy, is the frequency of the 2s level from
the ground state and 7', is the temperature of the baryon
gas. The factor C appearing in Eq. (6) is given by

[1 + KA2slan(1 _Ze)]

C p—
(14 KA sny (1 =x.) + KBpny (1 =yx.)]

. (7)

Here Ay, is the decay rate of the metastable 2s level,
ng(1 —y,) is the number of neutral ground state H atoms

and K = &EAT;(Z) where H(z) is the Hubble expansion rate at

redshift z and 4, is the wavelength of the Ly-a transition
from the 2p level to the 1s level.

The term Iy appearing in Eq. (5) represents the evolution
of free electron density due to nonstandard sources. In our
case it is due to annihilation of dark matter during
recombination, which increases the ionization rate in two
ways: (i) by direction ionization from the ground state and
(ii) by additional Ly-a photons, which boosts the popula-
tion at n = 2 increasing the rate of photoionization by
CMB. Hence, the ionization rate Iy due to dark matter
annihilation is expressed as

Ix(2) = Ixi(2) + Ixa(2). (8)

Here Iy;(z) represents the ionization rate due to ionizing
photons and Iy, represents the ionization rate due to Ly-a
photons.

The rate of energy release ’fl—’f per unit volume by a relic
self-annihilating dark matter particle can be expressed in
terms of its thermally averaged annihilation cross section
(ov) and mass m, as

X
E
T -+

where Qpy is the dark matter density parameter, p,. is the
critical density today, ¢ is degeneracy factor 1/2 for
Majorana fermions and 1/4 for Dirac fermions, and f(z)
is the fraction of energy absorbed by the CMB plasma,
which is O(1) factor and depends on redshift. A detailed
calculation of redshift dependence of f(z) for various
annihilation channels is done in [25,35-38] using gener-
alized parametrizations or principle components. It is
shown in [26,39,40] that the redshift dependence of f(z)
can be ignored up to a first approximation, since current
CMB data are sensitive to energy injection over a relatively
narrow range of redshift, typically z ~ 1000 — 600. Hence
f(z) can be replace with a constant f, which we take as 1
for our analysis. Here we use “on-the-spot” approximation,
which assumes that the energy released due to dark matter
annihilation is absorbed by IGM locally [24,41,42].

The terms appearing on the right-hand side of Eq. (8) are
related to the rate of energy release as

[dE/d1]

Iy; = XinH(Z)E,- (10)
IXa:(l—C);(a%. (11)

Here E; is the average ionization energy per baryon, E, is
the difference in binding energy between the 1s and 2p
energy levels of a hydrogen atom, ny is the number density
of hydrogen nuclei, and y; and y, represent the fraction of
energy going ionization and Ly-a photons respectively,
which can be expressed in terms of free electron fraction as
Xi=Xa=(1=2.)/3 [22].

A fraction of energy released by annihilating dark matter
particles also goes into heating the baryon gas, which
modifies the evolution equation for the matter temperature
T, by contributing one extra term K, as

dT, 8oragT? .
(1425t =0 de (7, Toyp)
dz 3m,cH(z) 1+ fre +xe
2 k
i +2T,. (12)

_3kBH(Z) 1 +fHe +Ze

Here the nonstandard term K, arising due to annihilating
dark matter is given in terms of rate of energy release as

Ky = xn (dE/dt), (13)
np(z)

with y, = (1 + 2y,.)/3 being the fraction of energy going
into heat.

In this work we consider annihilating dark matter with
electromagnetic form factors. We will now obtain the
energy deposition rate for dark matter with anapole
moment, electric dipole moment and magnetic dipole
moment. One can define a quantity p,,, that depends on
the properties of dark matter particles as

Pamn = f <::}> . (14)

The current constraint on p,,, with velocity independent
{ov) is 1.795 x 1077 m*s~'kg~! 95% C.L. from Planck-
2018 [27]. In our analysis we will use various electromag-
netic form factors and mass of the dark matter as our model
parameters rather than p,,,. Hence we will express energy
deposition rate in terms of these parameters for annihilating
dark matter with anapole and dipole moments.
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A. Dark matter with anapole moment

The annihilation cross section for dark matter with
anapole moment is given as [12]

2g5am?
<GU>)()(—>8+8’ = A3 £ Urzel’ (15)

where a = ¢?/(4x) and v,y is average relative velocity
between the annihilating dark matter particles in the center
of mass frame. The thermally averaged velocity can be
expressed in terms of temperature by 1 (3m,)(v) =3T.
Hence the cross section (15) can be expressed in terms of

temperature as

T
(60) yymsete = 45 am? (m_> (16)

X

After decoupling the temperature of the dark matter
behaves as T o (1 + z)?. Assuming the decoupling temper-
ature of the dark matter 7'; of the order of % we get

(1+2)° T3
T=T; =T, -2 (1 +z)>
ey
1072
= —0(1+2)2 (17)
my

Here z, and T, are the redshift of dark matter decoupling
and the temperature of photons at that redshift respectively,
which is the same as T;. T is the current temperature of
CMB. Using Eq. (17) the annihilation cross section (16)
becomes

(00) yer- = H0GaTH1+2% (18)

Hence using Egs. (18) and (14) we can obtain the
expression for p,,, as

40¢%aT?
Pann = M(l + Z)z' (19)
my,

As mentioned earlier we will choose f ~ 1 here. Since p,,,
is velocity dependent, the rate of energy release given by
Eq. (9) will be
dE 2202 40g3aT} (142" (20)
— = pic — .
qr  Pe¢ibm m, z
Here the redshift dependence of the energy deposition rate
is modified as compared to (9).

B. Dark matter with electric dipole moment

For DM with electric dipole moment the annihilation
cross section is given by [11]

aD?

— 2

<O-U>;()(—>e+e‘ - W Vtel» (21)
where v, is the relative velocity of two annihilating weakly
interacting massive particles. For thermal averaged cross
section T = m,(vZ,)/3. So the annihilation cross section
for dark matter can be expressed in terms of temperature as

] (22)

n,

Assuming 7'y ~ % and using Eq. (17) for temperature of the
dark matter the annihilation cross section for dark matter
with electric dipole moment becomes

_ 5aDT}

2
(00) )y sere = 2m)2( (14 2)°. (23)
Hence using (14) we get
5aD*T?
Pamn = 730(1 + Z)z' (24)
2m;,

In this case the energy deposition rate will be

dE _1 5 500 5aD°T§

i~ 2 T T

(1+2)8. (25)

Here also the redshift dependence is modified as compared
to (9), since the thermally averaged cross section is velocity
dependent.

C. Dark matter with magnetic dipole moment

For dark matter with magnetic dipole moment the
annihilation cross section is given as [11]

(0'1}>H%+e- = o, (26)
and hence
2
apu
= 217
Pann m (27)

Here the annihilation cross section does not depend on the
velocity of dark matter so the energy deposition rate will be

dE 1 , , au?
—=_ Q2 (1+42)° 2
a7 2Pcc DM )(( z)°% (28)

which has the same redshift dependence as in Eq. (9).

D. Rayleigh dark matter

For scalar dark matter with Rayleigh coupling (4) the
annihilation cross section is given by [17]
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TABLE I. Priors on input parameters for annihilating dark matter.

Type of dark matter coupling

Priors

Anapole

Electric dipole
Magnetic dipole
Rayleigh coupling

5.0 < In (10°(g4/GeV~2)) < 40
-5.0 < In(10"¥(D/(e — cm)) < 40
—10.0 < In(10°(u/pg)) < 15.0
-10.0 < In(10°g4/ (A2GeV~2)) < 20.0

—-3.0 <logyy(m,/GeV) < 2.0
—-3.0 < logyy(m,/GeV) < 2.0
-3.0 < logyy(m,/GeV) < 2.0
—12.0 < logyy(m,/GeV) < 2.0

TABLE II. Planck-2018 and BAO constraints on anapole momentum and mass of the dark matter with the other

six parameters of ACDM.

Parameter 68% limits 95% limits 99% limits
Q1 0.02243 =+ 0.00013 0.02243+0:00026 0.022437 00054
o1 0.11917 = 0.00090 0.1192+00018 0.1192:505524
- 0.0567 4 0.0072 0.057+991> 0.057-0:020
In(10°(g,/GeV~2)) <226 <296 <319
log;o(m,/GeV) e e .
In(101°4,) 3.048 £0.014 3.04810920 3.0487005
ng 0.9670 £ 0.0037 0.96701 00073 0.96707 007
H, 67.73 £0.41 6773108 6771
(g3)m, IV. CMB CONSTRAINTS ON VARIOUS
OVggmrr = 7 (29 MULTIPOLE MOMENTS OF DARK MATTER
As mentioned earlier annihilating dark matter increases
and hence the ionization fraction during recombination and heats the
) plasma. Hence the evolution equations of free electron
= (94)2%# ‘ (30) fraction and matter temperature get modified as given by
A Egs. (5) and (12) respectively. The nonstandard ioniza-

Here again the annihilation cross section is independent of
the velocity of dark matter, so the energy deposition rate
will be the same as (9):

dE 1 (g3)m
2 202 4)"¢ 6
— = —pzc 1+ 2)°. 31
dr 2Pc DM Ai ( ) ( )
1.0
2
E
8 05/
<
o
0.0 . . . .
10 20 30 40
IN(10°(ga/GeV~2))
1.0
ol
3
8 054
o
a
0.0 . . . .
-2 -1 0 1

log1o(my/GeV)

(a) Marginalized constraints

tion rate Iy to compute free electron fraction can be
obtained using Eq. (8) along with Egs. (10) and (11). We
use these equations along with energy deposition rates
(20), (25), (28) and (31) for dark matter with anapole
moment, electric dipole moment and magnetic dipole
moment, and Rayleigh coupling to modify RECFAST
routine [34] in cAMB [43]. We have also checked our

2

log1o(m,/GeV)

10 20 30 40
IN(10%(ga/GeV~=2))

(b) Joint 68% CL and 95%CL constraints

FIG. 1. Constraints for anapole moment and mass of the dark matter using Planck-2018 and BAO data.
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TABLE III.  Planck-2018 and BAO constraints on electric dipole momentum and mass of the dark matter with the
other six parameters of ACDM.
Parameter 68% limits 95% limits 99% limits
szbh: 0.02244 4 0.00014 0.02244t8°;§§(1‘;§2g 0'02244j80'§§§§2
Q.h 0.11921 £ 0.00091 0.11925)001s 0.1192 0054
, 0.0565 + 0.0073 0.0560015 0.0561 007
In(10'3(D/ (e — cm)) <12.9 <228 <26.7
log,y(m,/GeV) > —0.963 e e
In(1014,) 3.048 £0.014 3~048f%%%% 1 3_04&%%%?93
n, 0.9670 =+ 0.0037 0.96701 03071 0.96707 0057
H, 67.72 £ 0.41 67.721052 67744
analysis using CosmoRec [44] and HyRec [40,45] code and Rubin “variance of mean”/“mean of chain variance”

instead of RECFAST, and we found similar results. With
this we obtain modified theoretical angular power spec-
tra, which can be used to compute the bounds on various
electromagnetic form factors and mass of the dark matter
from Planck-2018 data using cosmMoMmcC [46]. The priors
for the multipole moments and mass of the dark matter
are given in Table I. All these priors are sampled
logarithmically to cover a larger range for the new
parameters. We also vary the other six parameters of
ACDM model with priors given in [47]. We have imposed
flat priors for all parameters.

We use the lower bound for the mass of dark matter with
anapole moment, and electric and magnetic dipole moment as
1 MeV since the annihilation channel for this case is
xx — e"e”. However, in case of scalar dark matter with
Rayleigh coupling [17], the dark matter annihilates to photons
having energy around 1 eV during recombination, which is
used as the lower bound for mass of Rayleigh dark matter. We
also use BAO and Pantheon data along with Planck-2018
observations for our analysis. We perform MCMC conver-
gence diagnostic tests on four chains using the Gelman

1.0

0.5 1

Probability

0.0 . . : -
0 10 20 30
In(10*8(D/(e — cm))

1.0 /
0.5

0.0

Probability

l0g10(m,/GeV)

(a) Marginalized constraints

R-1 statistics for each parameter.

The constraints obtained for anapole moment and mass
of the dark matter along with other six parameters of
ACDM model are shown in Table II. Figure 1 represents the
marginalized constraints on anapole moment and mass of
the dark matter along with joint 68% C.L. and 95% C.L.
constraints on both the parameters from Planck-2018 and
BAO data.

It can be seen from Table II that

ga <7.163x10° GeV™2 95% C.L. (32)

The constraints obtained using Planck-2018 and BAO
data on electric dipole moment and the mass of the dark
matter along with the other six parameters of the ACDM
model are listed in Table III. Figure 2 depicts the margin-
alized constraints on electric dipole moment and mass of
the dark matter and with joint 68% C.L. and 95% C.L.
constraints on both the parameters from Planck-2018 and
BAO data.

o =

10g10(m,/GeV)
L

-3

0 10 20 30
IN(108(D/(e — cm))

(b) Joint 68% CL and 95%CL constraints

FIG. 2. Constraints for electric dipole moment and mass of the dark matter using Planck-2018 and BAO data.
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TABLEIV. Planck-2018 and BAO constraints on magnetic dipole momentum and mass of Majorana fermion dark

matter with the other six parameters of ACDM.

Parameter 68% limits 95% limits 99% limits
Q1 0.02244 + 0.00013 0.022440.00026 0.02244 10 50034
Q.1 0.11920 + 0.00091 0.1192-90018 0.11925950%3
z 0.0564 + 0.0073 0.056091> 0.0560:0%0
In(10° (4/pz)) 2.0 <5.69 <736
loglo(mx/GeV)
In(101°4,) 3.047 £0.014 30471002 3.047505%9
n, 0.9671 4 0.0037 0.9671+00073 0.96711 0303
H, 67.72 + 0.41 67.724082 67.7:1%

We can see from Table III that

D <7978 x 10 ecm 95% C.L. (33)
Table IV represents the constraints on magnetic dipole
moment and mass of the dark matter obtained from
Planck-2018 and BAO data. Here also we have quoted
the constraints on the other six parameters of ACDM.
Figure 3 represents the marginalized constraints on magnetic
dipole moment and mass of the dark matter along with joint
68% C.L. and 95% C.L. constraints on both the parameters.
Again we can read from Table IV that
U <2959 x 1077 ug 95% C.L. (34)
Similarly Table V lists the constraints on Rayleigh
coupling and mass of the scalar dark matter. Figure 4
represents the marginalized constraints on both of these
parameters along with joint 68% C.L. and 95% C.L.
constraints from Planck-2018 and BAO data. Again we
have mentioned constraints on the other six parameters
of ACDM.

1.0
>
3
S 051
o
a

0.0 . . . .

-5 0 5 10
IN(10%(1/up))

1.0
N — —
2
2 051
<
[-%

0.0 .

) -1 0 1
log10(m,/GeV)
(a) Marginalized constraints
FIG. 3.

We can see from Table V that

g—‘; < 1.085x 1072 GeV2 95% C.L. (35)
A

4

The upper bounds given by Eqs. (32)—(35) are obtained
after marginalizing over all other parameters.

V. COMPARISON WITH CONSTRAINTS FROM
OTHER EXPERIMENTS

In order to obtain the correct relic density of sub-GeV
dark matter we require mediators in the sub-GeV mass
range [2]. We can describe dark matter interactions, where
the energy transfer is so small, with effective operators like
anapole, dipole and Rayleigh form factors, which are
effective below the cutoff scale A ~GeV. These low
energy effective form factors cannot be constrained from
colliders, and the best bounds are obtained from the low
energy processes like electron scattering in direct detec-
tion experiments or in searches of sub-GeV scale gamma
rays from galaxies. The constraints which can be
obtained on TeV scale effective theories from colliders

log10(my/GeV)

-10 -5 0 5 10
In(10°(u/ug))

(b) Joint 68% CL and 95%CL constraints

Constraints for magnetic dipole moment and mass of the dark matter using Planck-2018 and BAO data.
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TABLE V. Planck-2018 and BAO constraints on Rayleigh coupling and mass of dark matter with the other six

parameters of ACDM.

Parameter 68% limits 95% limits 99% limits
Q1 0.02244 + 0.00013 0.022440.00026 0.02244 10 50034
Q. 0.11919 =+ 0.00092 0.1192+00018 0.119250 0053
, 0.0567 + 0.0074 0.057+0913 0.057509%
In(10°(g4/A2GeV-2)) <643 <16.2 <19.7
logyy(m, /GeV) < =355
In(10194,) 3.048 £ 0.015 304810030 3.0481005)
n 0.9671 & 0.0037 0.9671+00073 0.967170000c
H, 67.73 £ 0.41 67.73708!

67.7"}1

is studied in [48]. We compare the bounds from CMB
distortion by dark matter annihilation obtained in this
paper with the bounds on the electromagnetic form
factors from other experiments and astrophysical obser-
vations in this section.

A. Electric, magnetic and anapole moments

For sub-GeV mass fermionic dark matter the best bounds
come from the ionization of atoms with electron scattering
process y + e~ — y + e~ in direct detection experiments
like Xenon-10 [4], DarkSide [5] and Xenon-1T [6].
The most stringent bounds come from Xenon-10 [4]
and Xenon-1T [6] which are dark matter mass dependent.
The bound on anapole moment of Majorana dark matter is
ga < (10-0.5 x 107!) GeV~2 in the mass range m, =
(0.2 MeV-1 GeV) [7]. This is more stringent than the
CMB bound g, <7.163x10* GeV~2 (for m, > 0.5 MeV)
since the CMB bound is based on annihilation
process yy — ete™, whose cross section is velocity
suppressed (15).

The bound on electric dipole moment of Xenon-10 [4]
and Xenon-1T [6] of Dirac dark matter with mass in

1.0
z
=
8 05
o
o
0.0 r . .
0 10 20
IN(10°g4/(A3GeV~2))
1.0 1
2
=
8 05
o
o
0.0

~10 8 s ~4 Y 0
log10(my/GeV)

(a) Marginalized constraints

the range m, = (0.2 MeV-1 GeV) is D < (6.6 x 1078
3.9 x 1072%)e cm [7]. This is again more stringent than the
CMB bound D < 7.978 x 10~ ecm (for m, > 0.5 MeV)
as the annihilation cross section for electric dipole anni-
hilation is velocity suppressed (21).

Finally bound on magnetic dipole moment from
Xenon-10 [4] and Xenon-1T [6] of Dirac dark matter
with mass in the range m, = (0.2 MeV-1 GeV) is u <
(1.2 x 107°-5.9 x 1078)up [7]. This is comparable to the
CMB bound u < 2.959 x 10~ 7ug (for m, > 0.5 MeV).
The CMB bound is comparable with the direct detection
bounds as the annihilation cross section for magnetic dipole
annihilation is not velocity suppressed (26).

B. Rayleigh form factor of scalar dark matter

Constraints on the Rayleigh form factor (4) are obtained
from electron ionization by Xenon-1T [6] and by searches
for y ray line spectrum in the Milky Way center by Fermi-
LAT [31]. For dark matter of mass ~GeV the bound
from the Fermi-LAT search is g4/A2 < 107 GeV~2, and
from Xenon-1T the bound is g,/A2 < 0.25 GeV~2 [17].

log10(my/GeV)

~10 0 10 20
IN(10°g4/(A3GeV~2))

(b) Joint 68% CL and 95%CL constraints

FIG. 4. Constraints on Rayleigh coupling and mass of scalar dark matter using Planck-2018 and BAO data.

023519-8



CONSTRAINTS ON ELECTROMAGNETIC FORM FACTORS OF ...

PHYS. REV. D 104, 023519 (2021)

The CMB bound obtained in the paper gj/Aj < 1.1 x
10~2 GeV~2 is weaker than the Fermi-LAT bound but is
valid for a larger range of dark matter masses up
to my > eV.

VI. CONCLUSIONS

Electromagnetic form factors are an important class of
interactions in the effective theories framework of classi-
fying dark matter interactions. Dirac fermion dark matter
with nonzero electric and magnetic dipole moments can
give the correct relic density Q,,h> = 0.11 by the yy < ff
freeze-out process if D=25x10""%ecm and u=
8.2 x 10~y respectively [11]. Majorana fermions with
anapole moment of mass 10 MeV with anapole moment
gy = 0.11 GeV~2 can be dark matter with the correct
freeze-out relic density [12].

Electromagnetic dark matter can be observed not only
via electron scattering direct detection experiments [3—8]
but can also be constrained from the CMB.

In this paper we have considered anapole and dipolar
dark matter with masses m, > O (MeV). We find that dark
matter with electromagnetic dipole or anapole form factors
will distort the CMB during the recombination era by
producing relativistic electrons via the process yy — eTe™.
We find that the Planck data gives the bounds on
electromagnetic form factors D < 7.978 x 10~ e cm and
u <2959 x 1077 pg, and g4 < 7.163 x 10° GeV~2.

Dark matter with O(MeV) mass in thermal equilibrium
with radiation will be ruled out by Big Bang
Nucleosynthesis (BBN) constraints on Ng;. These can
only be created after the BBN era by the freeze-in
mechanism. Freeze-in requires very small couplings and
our bounds on electric dipole and anapole moments also
rule out the freeze-out mechanism for relic density. These
may be produced by the freeze-in mechanism which
requires smaller couplings [2,49].

For scalar dark matter there is the dimension-6 Rayleigh
operator coupling with photons. We put the bound on the
Rayleigh coupling as /9\—% <1.085x1072GeV2 (95% C.L.).

This bound is valid for dark matter mass as low as O(eV).
Such light dark matter can only be produced by the freeze-
in mechanism to evade bounds from BBN.

Spectral distortion of the CMB can also arise from
radiatively decaying dark matter [50]. The bounds
derived on the radiative lifetime can be used for deriving
bounds on dipolar couplings of Majorana dark matter
which can have nonzero transition electric and magnetic
moments dipole.
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