
Eur. Phys. J. C (2020) 80:143
https://doi.org/10.1140/epjc/s10052-020-7656-9

Regular Article - Theoretical Physics

Velocity-dependent self-interacting dark matter from thermal
freeze-out and tests in direct detections

Lian-Bao Jiaa

School of Science, Southwest University of Science and Technology, Mianyang 621010, China

Received: 17 October 2019 / Accepted: 15 January 2020 / Published online: 18 February 2020
© The Author(s) 2020

Abstract A small fraction of millicharged dark matter
(DM) is considered in the literature to give an interpreta-
tion of the enhanced 21-cm absorption at the cosmic dawn.
Here we focus on the case that the main component of DM is
self-interacting dark matter (SIDM), motivated by the small-
scale problems. For self-interactions of SIDM being com-
patible from dwarf to cluster scales, velocity-dependent self-
interactions mediated by a light scalar φ are considered. For
fermionic SIDM �, the main annihilation mode ��̄ → φφ

is a p-wave process. The thermal transition of SIDM � φ �
standard model (SM) particles in the early universe sets a
lower bound on couplings of φ to SM particles, which has
been excluded by direct detections of DM, and here we con-
sider SIDM in thermal equilibrium via millicharged DM. For
mφ > twice millicharged DM mass, φ could decay quickly
and avoid excess energy injection to big bang nucleosynthe-
sis. Thus, the φ–SM particle couplings could be very tiny
and evade direct detections of DM. The picture of weakly
interacting massive particle (WIMP)–nucleus scattering with
contact interactions fails for SIDM–nucleus scattering with
a light mediator, and a method is explored in this paper with
which a WIMP search result can be converted into the hunt
for SIDM in direct detections.

1 Introduction

Modern astronomical observations [1] indicate that dark mat-
ter (DM) accounts for about 84% of the matter density in our
universe, while the particle characters of DM, e.g., masses,
components and interactions, etc., are currently unclear yet. If
DM and ordinary matter are in thermal equilibrium in the very
early universe, the DM particles would be thermal freeze-out
with the expansion of the universe. One of the popular ther-
mal freeze-out DM candidates is weakly interacting massive
particles (WIMPs) with masses in a range of GeV–TeV scale.
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For WIMP type DM, the target nucleus could acquire a large
recoil energy in WIMP–nucleus scattering in direct detec-
tions of DM. Yet, confident WIMP signals are still absent
from recent sensitive direct detections [2–13].

DM may have a multitude of components. Recently, a
stronger than expected 21-cm absorption at cosmic dawn was
reported by EDGES [14], and a possible explanation is that
neutral hydrogen was cooled by the scattering with a small
fraction of MeV millicharged DM [15–27]. If so, what is the
main component of DM? In addition, the �CDM model is
successful in explaining the large-scale structure of the uni-
verse, while deviations appear in small scales (� 10 kpc),
such as the core–cusp problem, the missing satellites prob-
lem, and the too-big-to-fail problem (see, e.g., Refs. [28–31]
for details). These small-scale problems may indicate some
features of the main component of DM, and possible strong
self-interactions between DM particles could provide a solu-
tion to the core–cusp and too-big-to-fail problems [31–39].1

In this paper, the main component of DM is considered to be
self-interacting dark matter (SIDM).

For collisional SIDM, to resolve the small-scale prob-
lems, the required scattering cross section per unit DM mass
σ/mDM is � 1 cm2/g, while constraints from cluster colli-
sions indicate that σ/mDM should be � 0.47 cm2/g [44,45]
(see Ref. [31] for a recent review). In addition, the den-
sity profiles of galaxy clusters indicate that the correspond-
ing self-interaction should be � 0.1–0.39 cm2/g [37,46,47].
This tension could be relaxed if the scattering cross section
of SIDM is velocity dependent. Here we consider the light
mediator to be a scalar φ, which couples to the Standard
Model (SM) sector via the Higgs portal. When the mass of
the mediator mφ is much smaller than the SIDM mass (out-
side the Born limit), the scattering could be enhanced at low
velocities [48,49]. Thus, the self-interactions of SIDM could
be compatible from dwarf to cluster scales.

1 See Refs. [40–43] for the scenario of warm DM as regards the small-
scale problems.
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For fermionic SIDM �, the annihilation ��̄ → φφ is
a p-wave process. In the early universe, if SIDM and the
SM particles were in thermal equilibrium for a while via
SIDM particles � φ � SM particles, this thermal equilib-
rium sets a lower bound on the couplings of φ to SM particles
[50–52]. For the light φ required by the velocity-dependent
scattering between SIDM particles, the lower bound of the
φ–SM particle couplings set by the thermal equilibrium has
been excluded by the present DM direct detections [52].2

Thus, this type thermal freeze-out SIDM has been excluded
by direct detections, and freeze-in SIDM is considered in the
literature [53–55].

For velocity-dependent SIDM required to solve the small-
scale problems, if the relic abundance of SIDM was set by
the thermal freeze-out mechanism in the early universe, how
to evade present constraints becomes an issue (especially
direct detections of DM). This is our concern in this paper.
For multi-component DM, besides the thermal equilibrium
via SIDM � φ � SM particles, SIDM could be in thermal
equilibrium with millicharged DM, which was in the thermal
equilibrium with SM particles in the early universe and could
give an explanation about the anomaly 21-cm absorption at
the cosmic dawn. To avoid the excess energy injection into
the period of the big bang nucleosynthesis (BBN) or an over-
abundance of φ, the lifetime of φ should be much smaller
than 1 s, and this can be achieved in the case of mφ > twice
millicharged DM mass. Thus, SIDM could be in thermal
equilibrium with SM particles via millicharged DM, and the
φ–SM particle couplings could be very tiny and evade direct
detections of DM. In addition, for SIDM–target nucleus scat-
tering mediated by a light mediator, the momentum transfer
could be comparable with the mediator mass mφ in direct
detections, and SIDM–nucleus scatterings would be differ-
ent from WIMP–nucleus scatterings [56]. The scenario above
will be explored in this paper.

This paper is organized as follows. The interactions in
the new sector will be presented, and the self interactions of
SIDM will be discussed in the next. Then, the direct detection
of SIDM will be elaborated. The last part is the conclusion.

2 Interactions in the new sector

In this paper, two possible components of DM, the main com-
ponent of SIDM � and a small fraction of millicharged DM
χ , are of our concern. For a small fraction of millicharged
DM, it could give an explanation about the 21-cm absorp-
tion, and possible interactions between millicharged DM and

2 For example, for the case of the SIDM mass ∼ 20 GeV and [mφ /SIDM
mass] ∼ 10−2, the SIDM–nucleon scattering cross section set by the
thermal equilibrium is � 10−40 cm2, which has been excluded by DM
direct detection experiments.

SM particles have been studied in Refs. [19,23,26]. Here we
focus on SIDM, i.e., key transitions or interactions between
SIDM and millicharged DM, SM particles. The effective
interactions mediated by a new scalar field � are

Li = −λ��̄� − λ0�χ̄χ − μh�

(
H†H − V 2

2

)

−λh�
2
(
H†H − V 2

2

)
− μ

3!�
3 − λ4

4! �
4 , (1)

whereV is the vacuum expectation value, withV ≈ 246 GeV.
The � field mixes with the Higss field after the electroweak
symmetry breaking, and a mass eigenstate φ is generated (see
e.g., Ref. [57]). Here we suppose the mixing is very tiny, and
thus φ couplings to � and χ can be taken as equal to that of
the corresponding � couplings. The effective couplings of φ

to SM fermions can be written as

Li
φ f = −θmix

m f

V
φ f̄ f, (2)

where the mixing parameter θmix is very tiny compared with
1. Here the particles playing important roles in transitions
between DM and SM sectors are our conern. There may be
more particles in the new sector, and DM particles may also
be composite particles [58–64].

To enhance the self-interactions of SIDM at low veloc-
ities, the case of 2mχ < mφ � m� is our concern. The
relation μ � λm� holds if the Yukawa couplings are sim-
ilar to that of the SM Higgs boson, and the φ3-term will
be negligible in SIDM annihilations. In the period of SIDM
freeze-out, the main annihilation mode of SIDM is the p-
wave process ��̄ → φφ, and the annihilation cross section
is approximately

σannvr ≈ 1

2

λ4
(
s − 4m2

�

)
48π

(
s − 2m2

�

)
s2

(
s + 32m2

�

)
, (3)

where vr is the relative velocity between the two SIDM par-
ticles. The factor 1

2 is for the ��̄ pair required in SIDM
annihilations. s is the total invariant mass squared, with s =
4m2

� + m2
�v2

r + O(v4
r ). In Eq. (3), the terms of O(v4

r ) are
neglected. The lifetime of φ should be much smaller than a
second with the constraint of the BBN. As φ couplings to SM
fermions should be very tiny to evade constraints from direct
detection, and here the dark sector decay of φ predominantly
decaying into χχ̄ pairs could do the job (mφ > 2mχ ). In
addition, the mass mχ � 10 MeV can be tolerated by con-
straints from the BBN [19,65], and here mφ � 20 MeV is
adopted. For fermionic χ , the decay width of φ is

�φ � λ2
0mφ

8π

(
1 − 4m2

χ

m2
φ

)3/2

. (4)

Hence a very tiny mixing θmix between φ and SM Higgs
boson is compatible with the BBN constraint, and SIDM
could evade the present DM direct detection hunts.
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Fig. 1 The effective coupling λ as a function of SIDM mass m� , with
m� in a range of 10–500 GeV. Here the relic fraction of SIDM fSIDM �
99.6% is taken

3 Self interactions of SIDM

Here we first estimate couplings set by the relic abundance
of DM. The total relic abundance of DM is �Dh2 = 0.120±
0.001 [1], and there are two components of DM in this paper,
the main component of SIDM � and a small fraction of
millicharged DM χ . To explain the 21-cm anomaly, MeV
millicharged DM with a relic fraction about 0.4% could do
the job. Thus, the relic fraction of SIDM fSIDM � 99.6%
is adopted. Taking the millicharged DM in Ref. [26] as an
example, the effective degree of freedom from the new sector
is about 7.5 (fermionic millicharged DM, dark photon and
φ) at the SIDM freeze-out temperature T f . Considering the
relic fraction of SIDM and the effective degree of freedom
[66] from SM + the new sector, the effective coupling λ can
be derived for a given SIDM mass m� , as shown in Fig. 1.
Additionally, considering the perturbative limit, αλ (αλ =
λ2/4π ) should be very small compared with 1.

For the case of mφ � m� , the p-wave annihilation
��̄ → φφ with φ decaying into χ̄χ could be enhanced
or suppressed at low velocities with the Sommerfeld effect
considered [67,68], which is related to the mediator’s mass.
Note a parameter

εφ ≡ mφ

αλm�

. (5)

In the region of εφ � 10−3, the annihilation cross section
scales as 1/vr, and in the region of 10−3 � εφ � 10−1,
the annihilation cross section has resonant behavior [68].
In the region of εφ � 10−1, the annihilation cross section
scales as v2

r . In addition, to explain the anomalous 21-cm
absorption at the cosmic dawn, the millicharged DM χ̄χ

required should be colder than the neutral hydrogen. The
energetic millicharged DM from low-velocity SIDM anni-
hilations should be as small as possible, and therefore the
case of εφ � 10−1 is our concern. In this case, the energetic
millicharged DM χ̄χ injected from low-velocity SIDM anni-

hilations are deeply suppressed by v2
r , and a bound of φ mass

is mφ � 0.1αλm� .
Now we turn to the self-interaction of SIDM in the non-

relativistic case. The transfer cross section σT in SIDM self-
scattering is

σT =
∫

d�(1 − cos θ)
dσ

d�
, (6)

and dσ
d�

is the differential self-scattering cross section of a
SIDM pair. In the Born regime (αλm�/mφ � 1), the cross
section can be computed perturbatively, which is approxi-
mately constant for different relative velocities. To obtain
an enhanced self-interaction of SIDM at low velocities, the
nonperturbative regime (αλm�/mφ � 1) is considered here.
Within the nonperturbative regime, for m�vr/mφ � 1, the
result can be obtained in the classical limit, i.e., the cross
section [48,49]

σ clas
T �

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

4π

m2
φ

β2 ln(1 + β−1) β � 0.1 ,

8π

m2
φ

β2

1+1.5β1.65 0.1 � β � 103 ,

π

m2
φ

(
ln β + 1 − 1

2 ln β

)2
β � 103,

(7)

with β ≡ 2αλmφ/m�v2
r . For m�vr/mφ � 1, an analytic

result for the resonant s-wave scattering with Hulthén poten-
tial is [49]

σHulthén
T = 16π

m2
�v2

r
sin2 δ0 , (8)

where the phase shift δ0 is given in terms of the � function,
with

δ0 = arg

(
i�(λ+ + λ− − 2)

�(λ+)�(λ−)

)
, (9)

and

λ± ≡ 1 + im�vr

2κmφ

±
√√√√αλm�

κmφ

− m2
�v2

r

4κ2m2
φ

. (10)

Here the parameter κ is κ ≈ 1.6. In nonperturbative
regime, the self-interaction between SIDM particles could
be enhanced at low velocities, which may resolve the small-
scale problems and evade constraints from clusters. The cor-
responding parameter spaces will be derived in the follow-
ing.

For velocity-dependent self-interactions of SIDM, the typ-
ical relative velocities vr in the dwarf, galaxy, and cluster
scales are 20 km/s, 200 km/s and 2000 km/s, respectively.
In the nonperturbative regime of εφ � 1, the self-scattering
cross section σT of SIDM can be described by σ clas

T , σHulthén
T

for the given relative velocities. For the given SIDM masses
(m� = 10, 30, 100 GeV), the typical self-interactions at
dwarf, galaxy, and cluster scales are shown in Fig. 2. Con-
sidering σT /m� � 1 cm2/g at dwarf and galaxy scales and
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Fig. 2 The self-scattering cross section per unit SIDM mass σT /m�

as a function of the parameter εφ at dwarf, galaxy, and cluster scales
with SIDM masses m� = 10, 30, 100 GeV. The solid, dashed, and dot-
dashed curves are corresponding to dwarf, galaxy, and cluster scales
with the typical relative velocities vr = 20 km/s, 200 km/s, and 2000

km/s, respectively. For 1 ≤ m�vr/mφ ≤ 2, both the classical result
σ clas
T and the resonant result σHulthén

T are depicted. The dotted lines
from top to bottom are for cases of σT /m� = 1, 0.3, and 0.1 cm2/g,
respectively. The vertical lines are corresponding to a lower bound of
mφ with mφ = max

[
20 MeV, 0.1αλm�

]
adopted

σT /m� � 0.1–0.3 cm2/g at cluster scale, there are parameter
spaces to resolve the small-scale problems and these mean-
while be compatible from dwarf to cluster scales, with 10
� m� � 40 GeV.

In the above self-interactions of SIDM, the monochro-
matic typical relative velocities vr are adopted in the dwarf,
galaxy, and cluster scales. Actually, the distribution of SIDM
velocities needs to be taken into account, and this will give
a mild modification. In the inner regions of dwarf galax-
ies, galaxies, and clusters, the inner profile is related to the
velocity-averaged self-scattering cross section per unit of
SIDM mass 〈σT vr〉/m� [37], where

〈σT vr〉 =
∫ vmax

r

0
f (vr, v0)σT vrdvr, (11)

and a Maxwell–Boltzmann velocity distribution is assumed,
with

f (vr, v0) = 4v2
r e

−v2
r /v2

0√
πv3

0

. (12)

The escape velocity can be taken as vmax
r , and v0 is a parame-

ter related to the typical velocities in the DM halo. In the inner
regions of halos, vmax

r is much larger than v0, and the aver-
aged relative velocity 〈vr〉 is 〈vr〉 � 2v0/

√
π . Here we take

the averaged self-interaction cross section as 〈σT vr 〉/〈vr 〉,
and we adopt the constraints of 〈σT vr 〉/(〈vr 〉m�) � 1 cm2/g
at dwarf and galaxy scales and 〈σT vr 〉/(〈vr 〉m�) � 0.1–0.3
cm2/g at cluster scale. Considering the velocity distributions,
the self-interactions of SIDM at dwarf, galaxy, and cluster
scales are shown in Fig. 3, with m� = 10, 30 and 39 GeV,
and the corresponding ranges of mφ are shown in Fig. 4. It
can be seen that there are parameter spaces to resolve the
small-scale problems and meanwhile they can be compatible
with constraints from clusters.

4 Direct detection of SIDM

Now we turn to the direct detection of SIDM. In WIMP-
type DM direct detections, the momentum transfer |q| in the
WIMP–target nucleus elastic scattering is generally assumed
to be much smaller than the mediator mass mmed, and thus
the WIMP–nucleus elastic scattering cross section could be
derived in the limit of zero momentum transfer, |q2| → 0.
The q-dependent squared matrix element for WIMP–nucleus
spin-independent (SI) elastic scattering |M�N (q)|2 can be
written as

|M�N (q)|2 = |M�N (q)|2|q2=0
m4

med(|q2| + m2
med

)2

×|FSI
N (q)|2 , (13)

where FSI
N (q) is the nuclear form factor. For a small momen-

tum transfer with 1/|q| larger than the nuclear radius, the
nuclear form factor is |FSI

N (q)|2 → 1. Note

Fmed(q
2) = m4

med(|q2| + m2
med

)2 . (14)

In the limit of |q2|/m2
med → 0, one has Fmed(q2) � 1.3

Thus, the WIMP–nucleus scattering is a contact interaction,
and a constant WIMP–nucleus scattering cross section can
be extracted from the recoil rate [69], without consideration
of the mediator’s mass. For the scalar mediator φ of concern,
mφ/m� is ∼ 10−3, and the velocity of the incoming SIDM
vin relative to the Earth detector is vin/c ∼ 10−3. Therefore,
the zero momentum transfer limit fails in direct detections.

In GeV SIDM–target nucleus elastic scattering, the tar-
get nucleus can be considered to be at rest initially, and the
momentum transfer is q → (0, q). The nucleus recoil energy
ER is

3 In the case of Fmed(q2) ≈ 1, the q-dependent nuclear form factor
FSI
N (q) needs to be considered for heavy nuclei.

123



Eur. Phys. J. C (2020) 80 :143 Page 5 of 9 143

Fig. 3 The velocity-weighted self-scattering cross section per unit
SIDM mass 〈σT vr 〉/m� as a function of the mean relative velocity 〈vr 〉
at given SIDM masses m� = 10, 30 and 39 GeV. The solid curves for
each SIDM mass are values of 〈σT vr 〉/m� , with the orange one, purple
one corresponding to the lower bound, upper limit of mφ’s range being
taken, respectively. The averaged cross section per unit SIDM mass is
taken as 〈σT vr 〉/(〈vr 〉m�) � 1 cm2/g at dwarf and galaxy scales and

〈σT vr 〉/(〈vr 〉m�) � 0.1–0.3 cm2/g at cluster scale. Additionally, the
upper limit of 〈σvr 〉/(〈vr 〉m�) is also constrained by the lower bound of
φ massmφ � 20 MeV. The points are the inferred values of 〈σT vr 〉/m�

from dwarfs (red), low surface brightness galaxies (blue) and clusters
(green) [37]. The dashed lines from top left to bottom right are for the
case of constant σT /m� with σT /m� = 100, 10, 1, 0.3, 0.1 and 0.01
cm2/g, respectively

ER = μ2
�Nv2

in

mN
(1 − cos θcm) = |q|2

2mN
, (15)

where mN is the target nucleus mass, μ�N is the reduced
mass of the SIDM–nucleus system, and θcm is the polar angle
in the center-of-momentum frame in the SIDM–nucleus scat-
tering. For a given recoil energy ER , the minimum incoming

velocity of SIDM is vmin
in =

√
mN ER/2μ2

�N . The avail-

able maximum values |q|2max are related to the maximum
velocity squared (v2

in)max and the maximum nuclear recoil
energy Emax

R in DM detections. For SIDM with the escape
velocity vesc, the SIDM incoming velocity squared is v2

in ≈
v2

esc + v2⊕ − 2vescv⊕ cos θ , where v⊕ is the Earth’s velocity
relative to the galactic center (the influence of the Earth’s
annual modulation is not taken into account). The values of
vesc = 544 km/s and v⊕ = 232 km/s are adopted. For DM
direct detection experiments, the results from XENON1T
[9], LUX [7], and PandaX-II [6] set strong limits on WIMP
type DM with masses � 10 GeV. Here the nucleus recoil
energy region of interest in the XENON1T experiment [9],
i.e. [4.9, 40.9] keVnr, is employed to set the range of |q|2 in
calculations.

In the SIDM–target nucleus SI elastic scattering, the dif-
ferential cross section can be evaluated as

dσ SI
N (q)

dER
= mN

2μ2
�Nv2

in

σ SI
N (q)

∣∣∣
q2=0

Fmed(q
2)

∣∣∣FSI
N (q)

∣∣∣2
, (16)

with |q| = √
2mN ER . The SIDM–nucleus scattering cross

section at q2 → 0 is

σ SI
N (q)

∣∣
q2=0 = σ SI

p

∣∣
q2=0

μ2
�N

μ2
�p

×
[
Z + fn

f p
(A − Z)

]2

, (17)

Fig. 4 The values of mφ required for given SIDM masses of m� =
10, 30 and 39 GeV (Fig. 3). The stars are the lower bounds (orange)
and upper limits (purple) of mφ

where σp|q2=0 is the SIDM–proton scattering cross section
in the limit of q2 = 0, μ�p is the SIDM–proton reduced
mass. Z is the number of protons, A is the mass number
of the nucleus, and fn and f p describe the SIDM-neutron
and SIDM–proton couplings, respectively. For φ-mediated
scattering, one has fn = f p, and the SIDM–nucleon elastic
scattering cross section can be defined as

σ SI
n ≡ σ SI

p

∣∣
q2=0 . (18)

Now, Eq. (16) can be rewritten as

dσ SI
N (q)

dER
= mN

2μ2
�pv

2
in

σ SI
n Fmed(q

2)A2
∣∣∣FSI

N (q)

∣∣∣2
. (19)

Here a reference value of Fmed(q2) is introduced in direct
detections, i.e., a reference factor Fmed. For all target nuclei
in one species, the factor Fmed is
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Fig. 5 The reference factor F̄med as a function of SIDM mass m�

in SIDM–target nucleus (131Xe) SI elastic scattering. The solid curve
is the result of F̄med, with SIDM mass in a range of 10–39 GeV and
mφ = 20 MeV. Here the range of the recoil energy ER and the detection
efficiency ε(ER) in XENON1T (2018) experiment [9] are adopted as
inputs. For comparison, the dashed line is for the case F̄med = 1

Fmed =
∫ Ehigh

R

E thr
R

dER ε(ER) dR
dER

∫ Ehigh
R

E thr
R

dER ε(ER) dR
dER

∣∣
Fmed(q2)=1

, (20)

where ε(ER) is the detection efficiency for a given recoil
energy ER , and dR

dER
is the differential recoil rate (see the

appendix for details). For target nuclei in the same species,
we have

Fmed =
∫ Ehigh

R

E thr
R

dER ε(ER)Fmed(q2)
∣∣FSI

N (q)
∣∣2

η(vmin
in )

∫ Ehigh
R

E thr
R

dER ε(ER)
∣∣FSI

N (q)
∣∣2

η(vmin
in )

.

(21)

The WIMP search results σ SI
n (WIMP) for WIMP–nucleus

elastic scatterings with contact interactions, can be converted
into the SIDM search results σ SI

n (SIDM) via the relation

σ SI
n (WIMP) � fSIDMσ SI

n (SIDM) × Fmed . (22)

For the WIMP search result of XENON1T (2018) [9], the
detection efficiency ε(ER) in the nuclear recoil energy region
of interest is released (Fig. 1 in Ref. [9]). To estimate the
SIDM–nucleus scattering, here mφ = 20 MeV is adopted as
input. After substituting values of the corresponding param-
eters, the results of Fmed can be derived, as shown in Fig. 5.
It can be seen that the approximation of contact interactions
between WIMP–nucleus scatterings fails, and the mediator’s
mass needs to be considered in direct detections of SIDM.

Now we launch a specific WIMP detection result (XE-
NON1T-2018 [9]) to the SIDM of concern. The cross sec-
tion of SIDM–nucleon (proton, neutron) SI elastic scattering
mediated by φ can be parameterized as

σ SI
n = λ2θ2

mixg
2
hnn

πm4
φ

μ2
�p , (23)

Fig. 6 The SIDM–nucleon SI scattering cross section in the form of
fSIDMσ SI

n Fmed as a function of SIDM mass, with mφ = 20 MeV.
The dashed curves from top to bottom are the scattering cross section
fSIDMσ SI

n Fmed for the case of θmix = 10−7, 10−8, 10−9, respectively.
The upper, lower solid curves are the upper limit from XENON1T [9],
the detection bound of the neutrino floor [71] respectively

where ghnn is the effective Higgs–nucleon coupling, with
ghnn � 1.1 × 10−3 [70] adopted here. For SIDM–nucleus
scattering with a light mediator φ, though the cross section
σ SI
n cannot be directly extracted from the recoil rate in direct

detections, the factor fSIDMσ SI
n Fmed is feasible, as discussed

above. Here we take 131Xe as the target nucleus of the liquid
xenon detector for simplicity. Considering the constraint of
WIMPs from XENON1T [9], the result for SIDM detection
is shown in Fig. 6. For SIDM with masses in a range of 10–39
GeV, the parameter θmix should be � 10−8.

In addition, for given SIDM and light mediator masses,
constraints on WIMP–nucleon scattering cross section
derived by different DM detection experiments cannot be
directly applied to the SIDM detection in company, and this
is due to the value of Fmed being related to some characters
of the detectors, i.e., the constituent of target material, the
nucleus recoil energy region of interest and corresponding
detection efficiency. In this case, the scattering cross section
fSIDMσ SI

n (SIDM) is available for comparison between dif-
ferent detection experiments, with

σ SI
n (WIMP)

Fmed
� fSIDMσ SI

n (SIDM) , (24)

i.e. the WIMP–nucleon scattering cross section divided by
the factor Fmed.

5 Conclusion and discussion

We have investigated a scenario of two-component DM, a
small fraction is MeV millicharged DM which could cause
the anomalous 21-cm absorption at cosmic dawn, and the
main component is SIDM which could resolve small-scale
problems. We focus on the main component of DM, i.e. the
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SIDM, in this paper. The velocity-dependent self-interaction
of SIDM mediated by a light scalar φ has been considered,
which can be compatible from dwarf to cluster scales, with
SIDM mass m� in a range of 10–39 GeV and the media-
tor’s mass required mφ ∼ 20−40 MeV. For fermionic SIDM
�, the main annihilation mode of ��̄ → φφ is a p-wave
process. As thermal equilibrium between SIDM and the SM
particles in the very early universe via the transition of SIDM
� φ � SM particles has been excluded by the present direct
detections of DM, here we considered the case that SIDM was
in thermal equilibrium with millicharged DM and φ predom-
inantly decaying into a pair of millicharged DM. Thus, SIDM
could be in thermal equilibrium with SM particles via mil-
licharged DM, and the φ–SM particle couplings could be
very tiny and evade present direct detections of DM.

Due to the small mediator’s mass required by the velocity-
dependent self-interactions of SIDM, the picture of WIMP–
target nucleus scattering with contact interactions fails for
SIDM–target nucleus scattering with a light mediator, and
thus the detection results for WIMPs cannot be directly
applied to the SIDM detection. A method is explored in this
paper, with which the results of σ SI

n (WIMP) in direct detec-
tion experiments can be converted into the SIDM search
results σ SI

n (SIDM), i.e., for given SIDM and mediator
masses, a mediator-dependent factor Fmed is included. With
this method, the XENON1T result is employed to constrain
the SIDM–nucleon SI scattering. The value of Fmed is related
to the constituent of target material, the nucleus recoil energy
region of interest and the corresponding detection efficiency.
It is welcome to release the nucleus recoil energy ER region
of interest and the corresponding detection efficiency ε(ER)

in DM direct detection experiments, and thus the WIMP
detection result can be employed in SIDM hunts. We look for-
ward to the search of SIDM in GeV scale by the future direct
detections of DM, such as PandaX-4T [72], XENONnT [73],
LZ [74], DarkSide-20k [75] and DARWIN [76]; the detec-
tions will reach the neutrino floor in the next decade(s).
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Appendix: The Fmed

To evaluate the reference factor Fmed, i.e., a typical value
of Fmed(q2) in direct detections, we start from the recoil
rate for the SIDM–target nucleus SI elastic scattering. The
differential recoil rate per unit target mass and per unit time
is

dR

dER
= ρDM fSIDM

mNm�

∫ ∫ ∫
d3vin

[
dσ SI

N (q)

dER
vin fE(vin)

× �
(
vin − vmin

in

)]
, (A.1)

where ρDM is the local DM density, fE(vin) is the velocity
distribution of SIDM relative to the Earth, and �(vin −vmin

in )

is the step function corresponding to the minimum incoming
velocity of SIDM for the recoil energy ER . Substituting Eq.
(19) into Eq. (A.1), we have

dR

dER
= ρDM fSIDM

m�

A2

2μ2
�p

σ SI
n Fmed(q

2)

∣∣∣FSI
N (q)

∣∣∣2

×η
(
vmin

in

)
, (A.2)

where η(vmin
in ) is

η(vmin
in ) =

∫ ∫ ∫
d3vin

fE(vin)

vin
�

(
vin − vmin

in

)
. (A.3)

The incoming velocity of SIDM vin is related to the SIDM
velocity vhalo in the halo via vin = vhalo − v⊕ (here the
orbital motion of the Earth is neglected). For SIDM in the
halo, the SIDM particles are assumed to be isotropic with a
Maxwell–Boltzmann distribution,

fhalo(vhalo) = 1

NF
exp

(
− v2

halo

v2
c

)
, (A.4)

where NF is the normalization factor, and the value of vc is
vc ≈ 220 km/s. Boosting this distribution to the Earth rest
frame, one has

fE(vin) = 1

NF
exp

(
− (vin + v⊕)2

v2
c

)
. (A.5)

A usual choice of the nuclear form factor FSI
N (q) is the

analytical Helm form factor [69,77], which can be expressed
as

FSI
N (q) = 3

rN |q| j1(rN |q|)e−|q2|s2
skin/2, (A.6)
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where sskin is the nuclear skin thickness parameter, with
sskin ≈ 0.9 fm. j1(x) (x = rN |q|) is the spherical Bessel
function of the first kind, with

j1(x) = sin x

x2 − cos x

x
. (A.7)

rN is the effective nuclear radius, with

rN =
√
c2
A + 7

3
π2a2 − 5s2

skin , (A.8)

where cA = 1.23 A1/3− 0.6 fm, and a = 0.52 fm.
Now, for target nuclei with multiple species, the factor

Fmed is

Fmed =
∑

i fi
∫ Ehigh

R,i

E thr
R

dER εi (ER)
dRi
dER

∑
i fi

∫ Ehigh
R,i

E thr
R

dER εi (ER)
dRi
dER

|Fmed(q2)=1

, (A.9)

where fi is the mass fraction of nuclear species i in the
detector, and E thr

R is the recoil energy threshold of the

target nucleus in detections. For nuclear species i Ehigh
R,i

is the upper boundary of the recoil energy for a given
SIDM mass, with Ehigh

R,i being the minimum of the two,

min
[
2μ2

�N (v2
in)max/mN , Emax

R

]
. εi (ER) is the detection effi-

ciency for a given recoil energy ER . dRi
dER

|Fmed(q2)=1 is the

differential recoil rate with the factor Fmed(q2) = 1 adopted.
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