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Abstract We present a new model for two-component
scalar dark matter (DM), consisting of two complex scalar
fields. In this model, both the DM components are stable due
to the remaining Z4 gauge symmetry, which is the remnant
of the U(1)" local symmetry. When the resonance condi-
tion for DM masses is fulfilled, we show that the elastic co-
scattering processes between two components of dark matter
(u-channel processes) are enhanced due to the Yukawa poten-
tial with a small effective mass for the lighter DM mediator,
so we can use such co-scattering processes for dark matter to
explain the small-scale problems at galaxies. Moreover, there
are also semi-annihilation processes that two components of
dark matter annihilate into one dark matter particle and a
dark photon/Higgs, which are enhanced by the u-channel
Sommerfeld factor. Focusing on some benchmark models
for two-component dark matter satisfying the observed relic
density, we obtain the bounds for the dark photon portal
couplings from the direct detection for boosted dark mat-
ter, which is produced from the semi-annihilation processes
at the galactic center.

1 Introduction

Dark matter (DM) is ubiquitous in the universe, from galax-
ies, large scale structures to cosmological scales, and it
is measured precisely by Cosmic Microwave Background
(CMB) data from Planck [1]. However, there is no clue for
identifying the nature of dark matter, although there have
been a plenty of models for dark matter and a lot of efforts to
test them by direct and indirect experiments. Weakly Inter-
acting Massive Particles (WIMP) paradigm has been one
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of the interesting avenues in searching for dark matter, but
the bounds from the direct detection experiments such as
XENONNT [2], PandaX-4T [3], LZ [4], etc, have ruled out
most of the parameter space for weak-scale dark matter.

Dark matter has been assumed to be composed of a single
species of particles in the extension of the Standard Model
(SM), so there has been an interesting interplay between the
DM annihilation, the DM-nucleon scattering and the DM
production, providing a guideline for constructing a consis-
tent model for dark matter. However, dark matter can be com-
posed of more than one species of particles in the so called
multi-component dark matter scenarios, so new interactions
between dark matter particles can play a crucial role not only
in the evolution of dark matter abundance, large scale struc-
tures and galaxies, but also in the detection prospects for dark
matter.

The extended dark sector is welcoming to make the N-
body DM simulation compatible with the observed rotation
velocities in galaxies at small scales. For instance, light medi-
ators for dark matter (¢-channel mechanism) [5] or a multi-
component dark matter with resonant mass conditions (-
channel mechanism) [6—8] can make the dark matter self-
interactions enhanced and velocity-dependent [9]. Then, self-
interacting dark matter can provide a solution to the small-
scale problems such as core-cusp problem, too-big-to-fail
problem, diversity problem, etc [5, 10-14], although we need
amore precise understanding of the baryonic feedback on the
DM simulation [15,16]. In particular, in the latter u-channel
mechanism where there are more than one species for dark
matter candidates with comparable masses, the dark mat-
ter self-scattering can be enhanced to solve the small-scale
problems for a small velocity of dark matter at dwarf galax-
ies without a light mediator, and there are interesting signals
for direct and indirect detections, depending on the relative
fractions of dark matter abundances [6,7].

In this article, we consider a model with Z4 discrete gauge
symmetry for two-component dark matter. The U (1)’ local
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symmetry is spontaneously broken to Z4 such that a complex
scalar field ¢ and the lighter component of another complex
scalar field ¢, can be both candidates for stable dark matter.
In comparison, in the Z; model considered in Refs. [6,7],
¢ was taken as being a complex singlet scalar field charged
under the U (1)’, while ¢, was considered as being a neutral
singlet scalar under the U (1)’. In this case, ¢ would not be
stable due to the loop-induced decays with Z’ interactions
unless a twin partner of ¢; with a similar direct coupling
to ¢, is introduced [8]. In the current paper, the Z4 symme-
try provides a consistent framework for two-component dark
matter because it makes both ¢, (or the lighter of scalar fields
belong to ¢») and ¢ absolutely stable.

Focusing on the case with degenerate masses for two real
components of ¢, we just call the second dark matter ¢,.
The Z4-invariant self-interactions between ¢; and ¢, are
responsible for the u-channel mechanism for enhancing the
DM self-scattering cross sections under the resonant mass
condition as well as determining the relic density for multi-
component dark matter. We call the dark matter in our model
“self-resonant dark matter”. We remark that the qualitative
discussion of the current work is still valid even for the gen-
eral case with split masses for ¢;, after the resonant mass
condition is introduced between ¢ and the lighter compo-
nent of ¢».

In the presence of the resonant mass condition for ¢; and
¢o, namely, my >~ 2m1, the tree level co-scattering processes
between ¢ and ¢, (or ¢>§) become divergent in the limit of a
small momentum transfer for dark matter. Thus, we develop
the Bethe—Salpeter formalism for getting the enhanced co-
scattering cross sections following closely the method taken
by some of the authors in Refs. [6,7]. Moreover, we show
how the semi-annihilation processes, ¢1¢§T) — ¢IY , with
Y = X, hy, and their complex conjugates, where X is the
dark photon and % x is the dark Higgs, can be also enhanced
by the u-channel Sommerfeld factor. The boosted dark mat-
ter ¢1 produced from the semi-annihilation processes carries
a sizable kinetic energy such that it can be probed by direct
detection experiments above the detector threshold. We dis-
cuss the compatibility of the effective self-scattering cross
section for dark matter with the observed rotation velocities
in galaxies and galaxy clusters. We also choose some bench-
mark models for dark matter with weak-scale or sub-GeV
scale masses and show how the parameter space for dark
photon portal couplings is constrained by the relic density,
indirect detection such as CMB bound, and the direct detec-
tion for boosted dark matter coming from the galactic center.

The paper is organized as follows. We begin with the
model setup consisting of two complex scalar fields for dark
matter and a complex scalar field for the dark Higgs mecha-
nism and identify the dark sector interactions as well as the
DM interactions with the SM. We apply the Bethe—Salpeter
formalism for the non-relativistic co-scattering processes
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Table 1 The U(1)’ charges and & P X

Z4 transformations for dark

scalars Uy 41 42 44
UlY 224 i -1 +1

between ¢ and ¢, and obtain the effective Yukawa-type
potential only for one linear combination of the initial states,
|¢p1¢2) and |¢1¢; ). Then, we obtain the velocity-averaged
cross section for the co-scattering between two different
species for dark matter and the one for the self-scattering
for ¢ only and compare between them. Next we provide
the Boltzmann equations for the relic abundances for two-
component dark matter and present the direct detection cross
sections for halo dark matter, the bound from CMB recombi-
nation, direct detection for boosted dark matter. Finally con-
clusions are drawn. There are three appendices containing
the DM annihilation cross sections in the model, the direct
detection cross sections for Higgs and dark photon portal
couplings as well as the kinematics for the semi-annihilation
processes for multi-component dark matter.

2 The setup

For a working model for self-resonant dark matter [6—8], we
introduce a complex scalar x for the symmetry breaking of
U(1) to Z4, two additional complex scalars, and ¢y, ¢y, for
multi-component dark matter. The extra gauge boson asso-
ciated with U (1)’ is denoted by X ,,. We assume that the SM
particles including the Higgs doublet are neutral under the
U(1)'. We specify the charges for alocal U (1)’ symmetry and
the Z4 transformations for the dark scalars, as summarized
in Table 1.

The U (1)’ invariant Lagrangian for the SM Higgs and dark
scalars is given by

1
L =|Dux*+ D>+ Dugl* — 7 X XM

|
—E Sln%’ X'LLVB/’“J - V(X’ ¢1v ¢2) + LH,portal (1)

where X, = 9, X, — 3,X, is the field strength tensor for
the extra gauge boson, the covariant derivatives are D, x =

(au_4igXXy.)Xa Du¢] = (a/L_igXXu)(bl, D,u¢2 = (au_
2igx X )2, and the scalar potential is
V(x. o1.¢2) = m% x> + Aglx|* + milg1)? + 1o
+m3| ol + Aalealt

+ 3 Ayilx Plei P + Apalet Plgal® + (s1m1347 + hec.)
i=1,2

+(K1X+¢>§ +K2XT¢2¢12 +h.c.). (2)
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Moreover, sin £ is a gauge kinetic mixing term between the
extra gauge boson and the U(l)y gauge boson. We can
also introduce Higgs-portal couplings like |H |>?Ogqri With
Odark = |X|2, |¢1|2, |¢2|2. That is, the Lagrangian for the
SM Higgs doublet is extended with the Higgs-portal interac-
tions to the dark scalars,

L portal = |DpHI? = Ap|HI* —my | H* =y H? x|
—Ami|HPo1* — rmal H? |92l 3)

2.1 U(1) symmetry breaking vacuum

We assume that the SM Higgs H and the dark Higgs x get
nonzero VEVs by H = (0, vy)T /+/2 and (x) = %ﬁ Uy,
respectively, but ¢, ¢» donot get VEVs. By setting the VEVs
for ¢1 and ¢, to zero, we find that the minimization conditions
for the potential with respect to the dark Higgs and the SM

Higgs are given by

1

0=m} +iyvy + EAXHU%,, Q)
2 2 1 2

OzmH—'—)\HUH—i_E)\’XHUX’ (5)

or the VEVs are determined by

2(hymm?y — 2h,m3)

U2 =
" Ahphyg =32y
20, gm2, — 2hgm?)
2= X (6)
x Ahmhy — Ay

Furthermore, from the mass matrix for the SM Higgs and
the dark Higgs, it turns out that the conditions for a local
minimum are given [17] by

Ay =y > 0, @)
Aygm2 — 2k, m>
XHMY «my >0, (8)
Aypma, — 2Agm?
xaMy —27gmy > 0. 9)

We note that there are other important constraints on the quar-
tic couplings in our model, such as unitarity, perturbativity,
vacuum stability [17], when the fields are far away from the
local minimum or the energy increases far above the VEVs
[18]. However, we don’t consider the extra constraints on the
quartic couplings explicitly in the following discussion, as
energies or field ranges for the typical processes are near the
VEVs.

Then, after x gets a VEV, the U (1)’ gauge symmetry is
broken spontaneously to Z4 and the U (1)’ gauge boson gets
a nonzero mass as my = 4gxv,. Moreover, the effective
mass terms and the dimensionful interaction terms for ¢, ¢2,

which are relevant for the u-channel processes, are shifted,
as follows,

Lot = —m7 ol d1|* — m3 ol ol
—(m33 + gim1pIp7 + gamigng? +hec)  (10)

with
2 = m S ag0? i (11)
M eff =M1+ 5401V, T 5AHI Vg
1 1
m%,eff = m% + Elxzvi + E)»sz,zq, (12)
1
m3 = —=kivy, (13)
V2
KUy
2= : (14)
¢ V2m

In particular, the scalars in ¢, namely, ¢, = \/li(s +ia),

have split masses, due to the effective ¢§ term, as

mg = m3 o + 2m3, (15)

my = m3 o — 2m3. (16)

As aresult, the direction for ¢; and the scalars in ¢, are stable
as far as m%’eff > 0, mf > (0 and mg > (, which constrain
the bare mass parameters and the quartic couplings for the
DM scalars, as follows,

1 1
2 2 2
m1+§kX1vX+EKH1vH >0, a7
1 1
m3 + Exxzvi + gxmv%, + V2«10, > 0. (18)
We note that two real scalar fields of ¢, are degener-
ate in mass, i.e. my = my = moeff, for mz = 0 or

1 = 0. In this case, for the later discussion, we use the nota-
tions, my for my ¢, for simplicity. If m3 # 0 or k1 # 0,
mg # mg: a(s) is the second dark matter candidate for
m% > O(mg < 0). In the latter case, the resonant mass condi-
tion changes from my = 2m (for m3 = 0) to mgs) = 2m;
(for mz #£ 0).

A nonzero «1 splits the masses between s and a, but it
is sufficient to take the mass relation between ¢; and one
of s and a for the u-channel enhancement. So, the existence
of the u-channel enhancement does not depend on the mass
splitting between s and a. So, for simplicity, we can take the
same masses for s and a.

In general, the dark matter abundance at present depends
on the mass splitting between s and a, |mg — m,|, and the
lifetime of the heavier one. As far as |ms—mg,| < Tt .., where
Tt o. is the freeze-out temperature of about 0.2 min(my, m,),
the relic density calculations would depend little on the mass
splitting. Moreover, the u-channel condition would be satis-

fied for both s and a, if |mg — my| S M = my@),/2 — m;l—(l”)

where M is the effective mass for the #-channel resonance, as
will be shown in the later section. Henceforth, for simplicity,
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. 2
we focus on the former case with degenerate masses for ¢», m
& 92 = "X hy X, X"+ 8g3hL X, X!
namely, mg = mg. Uy

2.2 DM self-interactions

First, from Eq. (10), we collect the self-interaction terms for
dark scalars, ¢1, s, a, as follows,

1
Lo-sa = =51+ gmis(} + 1%
1
+ﬁi(g1 — gmia($? — i)

1
—E)L]Z(Sz +a%)|¢1?
1
—stz +a?? — a1t (19)

Here, we assumed that all the couplings for dark scalars are
real. After the U(1)’ is broken, the stability for ¢; and the
lighter particle among s and a are guaranteed because of the
remaining Z4 symmetry:

Zy: o —>ipy, s—> —s, a— —a, (20)

as far as mg, m, < 2mj. As a result, the multi-component
dark matter can be realized in our model.

2.3 DM interactions with the dark sector

Expanding the dark Higgs x around the VEV by x =
\%(vx + hx) in unitary gauge, we can also get the interac-
tion terms for the dark Higgs i x and the dark scalars, from
Eq. (1), as follows,

1
Lix—g1.5.a = —hy ”xhi - Z)‘xh;
1
=3 ha1 Quhx + )l
1
—hx2Qughx + h3)(s* + a*)

1 1 :
——x1hx(s* —a%) — EthXS(fﬁlz + ¢

V2
1
—zithXa(fihz —¢7). 1)

We note that the Higgs-portal interaction for y, namely,
|H |?|x|?, givesrise to a Higgs mixing after electroweak sym-
metry is also broken.

Moreover, the U (1)’ gauge interactions for the dark Higgs
hx and dark scalars, ¢, s, a, are given by

2
m
Lx = —X hyX, X" +8gxh% X, X"
Ux

Figx X, (@] 0" 1 — 10 ) + g2 X, X" Pl ¢
F2igx X, (30" dy — 20" h) + 4% X, X pleho

@ Springer

+igx X, (@] 0" 1 — 10" ) + g2 X, X" Pl
—2gx X, (s a — adts) +2g% X, X" (s> + a?).
(22)

Due to the gauge interactions in Eq. (22), s decays into a + X
for my > m, + my while a decays into s + X for m,; >
mys + my. Even if the X boson produced from the decays
of s or a is off-shell, either s or a is unstable, as X can
decay into the light fermions in the SM through the gauge
kinetic mixing, so we can regard only the lighter particle
among s and a as being a stable dark matter, whereas the
relic abundance of the heavier particle depends on the mass
splitting, |mgy — m,|, and the lifetime of the heavier particle.

2.4 DM interactions with the SM sector
For |£] < 1, there is a small mixing between the dark gauge

boson and the Z boson, for which the neutral current inter-
actions [27,28] become

Lne >~ Apdiy + Zy (Jg + szWJ;;)
+XM( —eJiy + Jjé), (23)

with ¢ = cwé&, and J]f:LM, Jg and J )’(L are electromagnetic,
neutral and dark currents, given by

Ju=efv"0rf. 24)
e -
L= Fy— fy*(®=2s%,00) 1, (25)

JX =igx(@]0"$1—$10"$])+2igx (90" $2— 20" $3)
—igx(p] 91 —10 ) —2gx (sd"a—ads). (26)
Here, we note that the gauge kinetic mixing has been included
for the linear interactions of the extra gauge boson in addition
to those in Eq. (22).
Moreover, the SM Higgs A, (from H T —
mixes with the dark Higgs hx by

0, v+ h)),

e

2

hy =cos@hy —sinbh, hr, =sinbhy +cosbh, 27

with

AyHVZV

tan 20 = (28)

AHV? — Ay v)z( '
Then, we also obtain the effective couplings for the dark
Higgs-like scalar /1 and the SM Higgs-like scalar 5 to multi-
component dark matter and the SM fermions, as follows,

_ 2 2
Liihe = =Yy, 47 g, 11117 = 3y 74, h21011]

1

1
_zyhmshl 52 - Ethaahl a2
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1 2 1 2
__YhzsshZ s — Eyhzaah2 a

2

—(pihy + X paho) f f, (29)

with
yhmﬁ:m = Ay1Vy c0SO — Ayvsinb, (30)
Vnrol oy = Ay1Vy Sinf + Agjvcoso, (31)
Yhyss = (Ax2vy + V2K1) cos @ — Appv sind, (32)
Yhyss = (Ay2vy + V2k1) sin 6 + Apav cos 6, (33)
Yiaa = (ky2vy = V/261) €086 — dppvsin 6, (34)
Yhsaa = (Ay2Vy — v/2k1) sin 6 + Apgov cos 6, (35)
Ap1 = —% sin @, (36)
Afa = ? cosd. 37)

For mg = m, = my, namely, for k1 = 0, we can identify the
effective couplings for the dark matter ¢, by Yniglgy = Yhiss:
withi =1, 2,.

In the later discussion, the u-channel resonances appear
for multi-component dark matter with my ~ 2m; and/or
m, =~ 2m1, but we focus on the benchmark models with
mg = mg =~ 2m for the DM self-scattering, the relic den-
sity and the direct and indirect detections, for which the scalar
self-interactions in Eqs. (19) and (21) and the gauge inter-
actions in Eq. (22) as well as gauge-portal and Higgs-portal
interactions in Egs. (23) and (29) are relevant.

3 DM self-scattering with z-channel resonances

We discuss the dark matter co-scattering processes with
u-channel dominance at tree level and present the Bethe—
Salpeter formalism for the non-perturbative results for them.
In the following discussion, we assume the case m; = my,
without loss of generality.

3.1 Dark matter co-scattering at tree level

We consider the elastic scattering, ¢15 — ¢1s and its com-
plex conjugate, which can have a non-perturbative enhance-
ment near mg ~ 2m1 [6,7]. The dark Higgs also contributes
to the elastic scattering in the #-channel but we don’t con-
sider it in the following discussion by assuming that the dark
Higgs is not so light as compared to the DM mass.

For the elastic scattering process, ¢1(q)s(p) — ¢1(¢")
s(p), the tree-level scattering amplitude Fw(p, q;p.q)is
given by

~ 4g2m%
Csu(pogsp'g)=——"—
! (p—q)*—m?

4¢2m}

= -7 (38)
FqP -

with gg = %(gl + g2) and w = po — g, being the energy
exchange. Then, in the non-relativistic limit for initial parti-
cles, we get

2
m%—a)2=m%—<\/m%+ﬁ2—\/m%+‘7/2>

m N
~ my(2m: —ms)—l—(—l-l-m—l)pz

N

+(-1+ Z_i)aﬂ. (39)

We note that the energy exchange w does not vanish in the
non-relativistic limit, unlike the case for the elastic scattering
between the same particles, so the process is not instanta-
neous.

As a result, the tree-level scattering amplitude FW( P, q;
P’ q') becomes

Tsu(poq; 0. q)
4¢2m3

2
( P = :,"Tj'q’) +mg(2my — my)

I

(40)

Then, we find that the effective squared mass of the u-channel
mediator is semi-positive definite for my; < 2my. For p =
g’ = 0, the above tree-level scattering amplitude diverges at
my = 2mj.

Similarly, for the elastic scattering process, ¢1(q)a(p) —
¢1(qa(p’), the tree-level scattering amplitude Fa,u (p,q; p,
q") is given by
~ SR 4g2m%
Lau(p.q;p',q) P—q)y—m?

4gami

=== (41)
1P —=§'1> +m} — o?

with g, = \sz (g1 — g2)- Following a similar step for the non-
relativistic limit for the initial particles, we can approximate

the above result to

Fa,u(pa Q1 p/3 q/)
4gam7

o

: 42)
(V25— [2eg) + ma@mi —my)

So, the above tree-level scattering amplitude diverges at
mg =2m for p =g’ =0.

For mg = m, = my, for the DM co-scattering pro-
cesses of our focus in the later discussion, ¢1(q)¢2(p) —

$1(¢")p2(p) and $1(q)¢ps(p) — ¢1(¢")pa(p’) and their

@ Springer
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Fig. 1 Tree-level Feynman diagrams for the DM co-scattering pro-
cesses with u-channel, ¢1¢o — ¢142 and ¢ ¢ — ¢T¢2; ¢1¢; -
$1¢2 and [ ] — o

complex conjugates, the corresponding u-channel ampli-
tudes at tree level shown in Fig. 1 are given by

= A 431’”1
Cogostnen(Pq5 P, ) = =g —m (43)
p my
~ 4g1gom7
L, (r.¢:p.¢)=—""—. (44)
D1, —> P12 (p— q/)z _ m%

Similarly, for ¢1(9)1(p) — $1(q"$3(p") and ¢1(9)d2(p)
— ¢1(q’ )¢;( p’) and their complex conjugates, as shown in
Fig. 1, we also obtain

2.2
. (p,q;p' ’)__& (45)
sy —>prpy PP 4= P—aP2-—m
4g1g2m1
Forprrina} (Prai P4 = “—gr—m (46)

Then, the tree-level u-channel scattering amplitudes with a
complex scalar ¢» in Egs. (43)—(46) diverge at mo = 2m
for p = g’ = 0. Other DM co-scattering processes with
u-channels are complex conjugates of the above processes.

In the non-relativistic limit for two-component dark mat-
ter, the DM co-scattering cross section for 1 C — ¢ C, with
C = s,a or ¢y, is, at tree level, given by

1

9p1C—>p1C = 167(m; + me)?

~ 2
Fupicone| - @)

However, as will be discussed shortly, we need to take into
account the non-perturbative effects from the u-channels for
the DM annihilation.

For mgy = m, = mg, the non-perturbative co-scattering
cross section can be written with s-wave dominance [6,7], as

4
O prgn = 77 SN o, (48)

and its complex conjugate, with 1| being a mixture of two
DM pairs, (¢1¢2) and (¢1¢;), k = pv, u being the reduced
mass for ¢ — ¢(T) and &g being the phase shift for the elas-
tic co-scattering, which is determined by solving the Bethe—
Salpeter equation for | or its complex conjugate, as will be
shown in the next subsection.

@ Springer

3.2 Bethe—Salpeter equations for DM co-scattering

In this section, we use the Bethe—Salpeter(BS) formalism
for the enhanced self-scattering cross section as well as the
DM annihilation cross section, based on the u-channel dom-
inance.

For simplicity, we consider the case that the real and imag-
inary parts of the complex scalar ¢, have degenerate masses,
namely, for my = m, = m;. However, the results of the
following discussion are applicable to the general case with
split masses for ¢, as far as the resonant mass condition is
satisfied between ¢ and the lighter component of ¢;. In this
case, we can work in the basis with two complex scalars,

(¢1, #2).

Then, we only have to consider four pairs of combi-
nations of fields for self—scattermg with u- channel dOIIll-

nance, namely, (¢2 PP — ¢2¢1, (92, ¢2)¢1 — ¢2¢1,
((]52, ¢2)¢1 g ¢2¢1 and (¢27 ¢2)¢1 g ¢2¢1-

First, we consider a pair of self-scattering processes,

$2(P)p1(q) — $2(p))¢1(g") and ¢ (P)d1(q) — $a(p )by

(¢"). Then, the corresponding non-perturbative scattering
amplitudes satisfy the following relations,

; d*k
ixa(p,q) =~ —Ga2(p)G1(q) oo
X[F¢z¢1—>¢z¢1(l7’ @G p+q—kkxalp+qg—kk)
+F¢2¢1—>¢>§¢1 (p.gsp+q—k.k)xp(p+q—k, k)],
(49)

. d*k
ixs(p.q) = —Gz(p)Gl(cn/W
X [1:¢;¢1_>¢2¢1 (p.gsp+q—k.k)xalp+q—k k)

i pip (P a: P+ a4~k R)xs(p+q — k. k)}
(50)

where G12(p) = W are the propagators for dark
2

scalars, I'’s are the tree-level scattering amplitudes, and

G2(p)G1(CI)F¢2¢|—>¢2¢] (py qv P/, q/)3 (51)
GoUP)GI@DT iy g0, (P 0 P 0D (52)

xa(p,q) =
xB(p,q) =

By using the relations between the tree-level scattering
amplitudes,

wld

Pospsoion = Dofoision = 5 Tortromaon: (53)

2
~ 82\ =~
F¢>§¢1—>¢§¢>1 = <g_]) Lgr1— o1 s (54)
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we can rewrite the BS equations in Egs. (55) and (56) as

) d*k ~
ixa(p,q) = —Gz(p)Gl(q)/ Wrmwwm
x[m(p g —k k) + %XB(P +q—k k)], (55)

. $) d*k ~
ixp(p,q) =~ —EGZ(P)GI(C]) Wrmm—wm
x[xA(p +q—k k) + %xB(p +q —k,k)] (56)
Thus, from Egs. (55) and (56), we find that
3
xB(p,q) = 5XA(P’ q)- (57)

Therefore, plugging Eq. (57) into Egs. (55) or (56), both
xB(p, q) and x4(p, q) satisty the same BS equations,

2
1+5)6:61@

ixa,B(p,q) >~ —(
1

d*k ~
X | Gyl ee—on (P aip+q =k k)
xxa,.B(p+q—k, k). (58)
Then, redefining x4 g(p, q) = Xa.5(P, Q) with
i), (59)

mji

1 )4
P=3p+q, Q=M(——
ma

with u = mmy/(m1+m>7) and using the BS wave functions
in momentum space,

Tas(0) = /&X‘A 5(P. ), (60)

we obtain the following coupled BS equations,

2
(% - E)WA 3(0)
n

:_(1+

g% d3k/
@2n)3

<\/7Q+\/> )1/, 8K,

(61)

with
7 a _ 1 4g%m%
( m V my ) T dmmy
m2
/ Q + / —I— my(2my — my). (62)

As aresult, in terms of the BS wave functions in position
space,

d*0

vas®= [ 5= ¢07 4 5(0), (63)

the coupled BS equations in Eq. (61) can be recast into the
following,

1
=5V IAB@ + Ver@vap( — 1 25) = EVa®.
(64)
where
g\«
Ver(9) = = (14 22) = 77, (65)
81’ r
2
with a = f—}r and M = my_ /2 — % Here, from Eq. (57),

the BS wavefunctions in position space are related by
. & -
VB (x) = —Pa(X). (66)
81
It is illuminating to consider the BS equations before

inserting Eq. (57) into Egs. (55) or (56), in the form of the
following coupled BS equations,

2 31/
& e Vi) = [ M My
2m)3 my mi

2u
> 7 82~ 7/
x(wk )+ g—lwg(k >>, (67)
QZ - 3k ~
(ﬂ - EB)‘“(Q) “a ) @n)? (v v )
x (JA k") + i—ffis (k’)), (68)

which can be recast into the following,

Lo (@) v (L E ) (vl

Es O > (W ()?)>
= 2. 69
( 0 Ep) \ s (69
Then, for the BS wave functions with the same energy
eigenvalues, E4 = Ep = E, we find that only one of

the linear combinations of the BS wave functions, ¥ =
(I/IA + & 1/;3) with N = 14+ 52 2 , has a nonzero effective
Yukawa type potential given by Eq (65) while the orthog-
onal combination, ¥, = ﬁ(lﬂg - & £244), is free from the
Yukawa potential. Therefore, for the analysis of the enhanced
cross sections with the u-channel resonances, we can set
Yp = g—fw, which is the same as Eq. (66).
We note that in our model with the remaining Z4 symme-
try, the result for a toy model for self-resonant dark matter in
Refs. [6,7] is modified by the overall factor, (1 + g2) in the

effective Yukawa potentlal in the BS equation as in Eq (65).

In addition to (¢, ¢2)¢ 1 = ¢2¢1, which was considered
above, there are three other pairs of coupled self-scattering
processes with u#-channel enhancement which preserve the

Zy symmetry: (¢2, p1)d1 — did1, (ba, P2)p] — Pagp)

@ Springer
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and (qbg, (j)z)qb;r — ¢>2+¢1r. Then, we find that there is an uni-
versal u-channel enhancement in all the DM co-scattering
processes, because the linear combinations of the DM pairs
1 .
for the other channels,! Y = J_ﬁ(wA + g—flﬁg), satisfy

the same BS equations as for the case with (¢2, gb;)qbl —
¢2¢1. Actually, (¢;, ¢2)¢f — q);qﬁf is the CP conjugate of
(2. 6))1 — dag1. whereas (¢, ¢)$1 — p1¢1 is the CP

conjugate of (4], $2)¢| — ¢2¢; -

For the DM co-scattering, we can use the numerical solu-
tion for the DM co-scattering cross section, og’l‘a_l) e and
perform the velocity average for dark matter in the halo. Then,
we can define the effective u-channel scattering rate for dark

matter as

nina total <0v>u,eff
Cuscat = —5— (DM Oy 2 4 4y V) = DM —— ——

npm mi

(70)

where (0v)yeft = (00, o V) ri(L=r1) /(B2 ri+1=r1),

with 7] being the fraction of ¢ in the DM relic abundance,
namely, r1 = Q1/QpwMm. Here, we note that npy = n1 + na
and ppM = mny + mons.

In Fig. 2, we depict the effective u-channel self-scattering
cross section for ¢ — ¢P1¢2 as a function of the aver-
aged velocity (v), for m; = 3,7 GeV on left and right plots,
respectively. We chose gefr = / g% + g% = 0.3, 0.45 on the
left and right plots, respectively, and r; = % for both plots.
For A = 1 —my/(2my), we also took A = 1070, 3 x 107°
onleft,and A = 107°, 2 x 10~° onright, from top to bottom.
In Fig. 2, we showed the fitted data used from Ref. [9] for
comparison, but we don’t pursue fitting the u-channel self-
scattering cross section. Instead we just illustrate how the
self-scattering cross section can be made velocity-dependent
due to the u-channel resonance such that the self-scattering
gets suppressed at large DM velocities for galaxy clusters for
perturbative DM couplings [6,7].

3.3 Some limiting cases of the Bethe—Salpeter equation

By taking the BS wave function for the DM self-scattering
with the u-channel resonances [6,7] as

uy(x)

Yps(X) = — CRIF (71)

with x = %,u,o/r and o’ = (1 + g3/g})e, we can rewrite the
BS equation in Eq. (64) with E = %,uvz as

a  Id+1)
[ﬁ - x—2:|ul(x)

4 —cx 1 2
+E e (=D 'u;(bx) +a“u;(x) =0 (72)

1A and B stand for the ordered pair of the initial states in the DM
co-scattering.

@ Springer
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where
2v my 2M
a=—, =—, c= . (73)
o mi ua’

Then, for cx < 1, we can approximate e~ “* >~ 1 — cx, so
the s-wave solution, u¢(x), satisfies the following approxi-
mate equation,
d*up(x) 4

4
e + Euo(bx) + (azuo(x) - ?Cuo(bx)> =0.(74)

As a result, for a? 2 4c/b, namely,

UZ\/Zot’Mml :\/305’M (75)
ma 2my

wherem, =~ 2m is taken on the right-hand side, the BS equa-
tion for s-wave in Eq. (74) becomes Coulomb-like or weakly-
coupled (Coulomb limit), as far as the non-linear wave func-
tion is comparable to the linear counterpart, uo(bx) ~ uo(x),
for cx < 1. In this case, we can apply the standard results
for the DM self-scattering or the Sommerfeld factor for the
case with the Coulomb potential [19,20]. We note that the
lower bound on the DM velocity in the Coulomb limit can
be rewritten as the upper bound on A = 1 — m»/(2my), as
follows,

v4

S —.

~ 182
Thus, for a given averaged DM velocity in the dwarf galaxies,
the amount of detuning from my = 2m is constrained.

On the other hand, in the opposite limit with a> < 4c/b

3a'M
orv < é"ml,

radial equation for the hydrogen atom for ug(bx) ~ ug(x),
so the DM bound states between ¢ and ¢, form only for
4c/b ~ - with n being integer or

(76)

the BS equation in Eq. (74) becomes the

8Mm1 1

- an

o’'umy  n

Then, for my >~ 2m1, the above resonant condition for the
DM bound states with the u#-channel becomes

2m ,
mp~ ——n (78)
o
or
Ol/2

A~ — . 79

1152n* (79
We note that the combination of the above resonant condition
with the non-perturbative limit, namely, v < ggﬂ;’:’l , gives
rise to the upper bound on the DM velocity by v < ﬁa’ .

Even if the DM bound states do not form, the self-
scattering cross section [19-21] and the DM annihilation
cross section [19,20,22] can be enhanced significantly near
the resonant conditions. In particular, the resonant condition
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u-channel: m;=3GeV, g.=0.3

104 S
)
E 1000 :
R
g 100:
E
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v
1 e’ . . . . . .
10 50 100 5001000 500010
<v>[km/s]

Fig. 2 The effective u-channel self-scattering cross section for
192 — P12 as a function of the averaged velocity (v). We chose

the DM self-couplings as geff = +/ g% + g% = 0.3, 0.45 on the left and

in Eq. (78) leads to the phase shift for the DM co-scattering
with the u-channel being 8o ~ 7 [19-21], so the corre-
sponding DM co-scattering cross section in Eq. (48) and the

co-scattering rate in Eq. (70) becomes maximized, because
total ~ 4r

Oyi—>pipr = %2°

3.4 Comparison with z-channel case and enhancement
factors for u-channel case

We consider the analytic results for the Yukawa type poten-
tial, V(r) = —"‘7/ e~ Mr in the case of the 7-channel reso-
nances for the DM self-scattering and interpret them for the
DM co-scattering cross section and the Sommerfeld factor
for the DM annihilation in the case of the u-channel reso-
nances in our work.

There exist analytic solutions to the BS equation in the
case for the DM self-scattering with the ¢-channel reso-
nances, when the Yukawa potential is replaced by the Hulthén
potential,

a/ 8 efér

Vu(r) = Tl (80)

with § = %2 M. Then, the phase shift &o for the s-wave self-
scattering for dark matter [19-21] is given by

B iTOg +1_—2)
wm( ) o

rr=1+4iwtw /> -1, (82)
w

with w = % and y = ‘% Moreover, the Sommerfeld factor
for the s-wave annihilation for dark matter is also given [19,
20,22] by

u-channel: m;=7GeV, g.=0.45

104 - - "
v
E 1000:
ey
E
3, 100:
E
% 10:
v
9 lws . . . . . Y
10 50 100 5001000 500010
<v>[km/s]
right plots, respectively, and | = 4 for both plots. The black dashed
lines correspond to ogejf/mi = 10, 1,0.1 cm? /g from top to bottom,

and the regions above the red dashed lines exceed the unitarity bound

So = FAa)ro-)
) = |——t A
FTOs+a_—1)
_ 'y sinh(2r w) . (83)
cosh(Qrw) — cos (2mw, /< — 1)

‘We note that the Sommerfeld factor can be recast into another
form, which is more convenient when the Coulomb limit with
y/w < 1is taken, in the following,

5 my sinh(2r w) .
2 sinh [nw (1 —H)] sinh [nw (1—{-@)]

(84)

Using the above results from the #-channel resonances,
we interpret the conditions for the large self-scattering and
the Sommerfeld factor for dark matter in our case. We first
note that w 2 1 is the classical regime and w < 1 is the
quantum regime; y/w < 1 is the Coulomb limit (or weakly-
coupled regime) and y/w = 1 is the strongly-coupled
regime [23].

First, in the Coulomb limit with y/w <

< 1, which
corresponds to «’8/(kv) < 1, the Sommerfeld factor
becomes

wo’ 1
So >~ — (85)

v _ra

and the phase shift becomes

5 g TO+ A= D)
O_arg< TOTG) )

~ arg(F(l - %)) + %yln(Zw) (86)

where weused '(Ay +A_ — 1) = (A4 + 2= —2)'(A4+ +
A —2) =2iwl' (A4 + A— — 2) in the first line and we took
w = k/§ 2 1 (classical) in the second line. Then, the first
term in Eq. (86) is the /-dependent phase shift and the second

@ Springer
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term corresponds to the universal phase shift [24], which
diverges in the limit of § — 0. As aresult, fory = «’/v 2 1
(non-relativistic), we obtain

5 a’l kv N o m &7)
~—In|— — -
0 2v da’ 20 4

Therefore, for &’/v = 1, the Sommerfeld factor becomes
larger than unity and the phase shift varies between 0 and 5.

Second, from Eq. (81), the resonance condition for the
DM self-scattering, o = %, is achieved for A_ >~ —n with

n being zero or negative integer, namely,

w L —1~n+1, (88)
w

forw < 1 (quantum). Thus, for y/w 2 1 (strongly-coupled),
the resonance condition becomes

B 4o'my 1

onr (m+ DY
which corresponds to Eq. (78) in the previous subsection.
Here, we took p >~ %m1 for my >~ 2m . We note that under

the condition given by Eq. (88), the Sommerfeld factor in
Eq. (83) becomes

n=09_11_21 _37"' ) (89)

S0~ wy sinh(2rw)
0= Ccosh@mw) — 1
y 0/2
~ T~ 90
w wlv? ©0)

where we took w < 1 and Eq. (89) in the second line. There-
fore, for w < 1, the phase shift can be made close to 7 by
the resonance condition and the Sommerfeld factor becomes
larger than unity for o/ (7v) 2 1.

We also remark that away from the poles of the gamma
function, a low momentum expansion of the phase shift can
be taken in the effective range theory, as follows,

1,
kcot8y = —— + ~rok?, 1)
a 2
with
Lo o )
a=5(VOu+n+yOa—m+2y). ©2)
2 L] o © -
ro=za——(v7 A +n)+y¥y (A —-n) +2y
3 367

x [3(1%”(1 +m -y -n)

(v @A+ +y@a—m+ 16;(3))] ©3)
Here, n = yw = % is a velocity-dependent quantity,
¥ =~ 0.5772 is the Euler-Mascheroni constant, " (z) are
the polygamma functions of order n, and ¢ (3) is the Riemann

zeta function. As a result, applying to the DM co-scattering
cross section in Eq. (48), we get

@ Springer

47 a?

1+ k2(a® — arg) + §a2r3k*

total ~
OY1—>pidp —

(94)

We note that the effective range term can be ignored for k <
: : : total ~ 2 :

.l /ain the Bprn approximation, so O S by 4 a*, which

is velocity-independent.

4 DM self-scattering with s-channel resonances

We discuss the implications of the resonant condition taken
in the u-channel co-scattering processes for the s-channel
processes for self-annihilation processes. We perform the
velocity averaged self-scattering cross section for the lighter
component of dark matter and compare it with the u-channel
co-scattering case.

4.1 Dark matter self-scattering at tree level

We also consider the elastic scattering, ¢1¢; — ¢1(T)¢§i)
and its complex conjugate, for which the dark scalars, s, a,
contributes to the s-channel. In this case, the contribution
from the dark scalars s, a can be important because they are
absolutely stable for my, m, < 2m.Onthe other hand, in the
case of @1 — @{¢1, ss — ss,aa — aa, and sa — sa
(or popp — qbé“d)gf) and ¢§ ¢ — <¢>;r ¢, for degenerate
masses for s and a), there are also s-channel contributions
from the dark Higgs hy or the extra gauge boson X, but
they are limited by nonzero decay widths. Thus, we focus on
o117 — ¢1(T)¢§T) with the DM s-channel resonances.

For the DM scattering process, ¢1(q)¢1(p) — ¢1(q" )1
(p"), with s, a in the s-channels, the corresponding tree-level
scattering amplitude FS, 1(p,q; p,q’) is given by

dgimi  Agimi
(p+q?—m2 (p+q)?—m2
4¢2m?

Toi(p.q:p.q) = —

2.2
— 4gsm1 +
|p+ql>+m2—EZ  |p+q|>+m2—EZ’

(95)

with Ecy = po + go being the COM energy. For the non-
relativistic limit for dark matter, E¢qy, &~ 2m 1+ ﬁ (P> +3>),
so we can approximate Eq. (95) in the COM frame to

~ 4g2m?
Toi(p.q:pq) ~ ——25——
s1(P. g3 P q) 2 —dm? — 4
4 2m2
R e ©6)
mg —4mi7 —4p
Thus, for p = 0, the above tree-level scattering ampli-

tude diverges at my = 2my or m, = 2my, similarly to the
case with the u-channel resonances. In general, we can take
mg, mg < 2my such that the lighter one between s and a is
stable, so there is no decay width appearing in the propagator
for either s or a.
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¢1 ¢1 ¢1 ¢T Then, again considering the case with mg = m, = m; and
\ P . , 1 taking the non-relativistic limit for ¢, the above DM self-
\ ¢2 ‘ 2 | ¢ o ¥ scattering cross section becomes
e S e g* L 102
‘ i ‘ k a""d’l_)"biﬂ"’fﬂ - 8nm% (v +v2)?’ (102)
/ \ / N
D1 1 01 qu{ withv2 = 4AQ2 — A), A = | — my/(2my) > 0, and
Fig. 3 Tree-level Feynman diagrams for the DM sej!f—éscattering pro- i= g% + g%, 191 —> P101, (103)
cesses with s-channel, ¢1¢1 — ¢1¢1 and P11 — ¢, m’ o1 — ¢1r¢1f

Similarly, for the DM scattering process, ¢1(g)o1(p) —
¢>I(q’)¢f(p’), with s, a in the s-channels, the corresponding
tree-level scattering amplitude T's »(p, ¢; p, ¢') is given by
Agimi Agami
(p+q?—mi  (p+q)*—m]

_ 4gimy 4gamy

_|ﬁ+31|2+m32~_Egm |ﬁ+é|2+m3_Egm.

o7
Then, in the non-relativistic limit for dark matter, we can
approximate Eq. (97) in the COM frame to

Tso(p.qipq) = —

dgimi  dgami
m%—4m%—4[52 m%—4m%—4ﬁ2.

(98)

Tso(p.q:p q) =~

Thus, for p = 0, the above tree-level scattering amplitude
diverges at my = 2m| or m, = 2m1, similarly to the case
with the u-channel resonances. As compared to ﬂ, 1, there is
a deconstructive interference between s and a contributions,
SO Fsgz vanishes in the limit of an unbroken U (1), namely,
for gg = g, and my = my,.

In the following discussion, as in the u-channel case, we
focus the case that the real and imaginary parts of the complex
scalar ¢, have degenerate masses, namely, for my = m, =
my. In this case, from the tree-level Feynman diagrams shown
in Fig. 3, the s-channel self-scattering amplitudes become

4(g} + g5)m?

Toi(p.gip.q) = TRt (99)
—
I’:’ R A 8g1g2m%
s,2(l7,6],[),4)——w—2mz- (100)
—

Then, we can take my < 2m; such that ¢, is absolutely
stable, so there is no decay width appearing in the propagator
for ¢,. For the general case with split masses for ¢», as far
as the resonant mass condition is satisfied between ¢ and
the lighter component of ¢;, the current discussion on the
s-channel case is still valid.

The DM self-scattering cross section with s-channel dom-
inance, ¢1¢; — qbr)q)fﬂ, is, at tree level, given by

1 1~ 2

0100 = Toms| soror—ois)” (101)

We comment on the s-channel self-scattering in compari-
son to the u-channel co-scattering discussed in the previous
section. Comparing the u-channel co-scattering cross section
in Eq. (48) and the s-channel self-scattering cross section for
P11 — @191 in Eq. (102), the former is dominant if

2ra’?

_ 104
m%(v% +v2)2 (104)

4t o
i >
5 sin” 8o 2

For v > v, =~ v/8A, we need v> > %oz’z/sin2 80, for which
the enhancement factor for the u-channel is mild for §p >~ 7,
as discussed in the previous section. On the other hand, for
v S ve > +/8A and §p ~ 7, we need v? < 288(AJa’)?.
Therefore, taking v> ~ 10~ at dwarf galaxies, we find that
the u-channel co-scattering is dominant over the s-channel
self-scattering, as long as o’ < 0. 17(A /107°) | sin 8¢|. How-
ever, for a small &g, namely, off the resonance, we also
need to take into account the s-channel self-scattering. A
similar conclusion can be drawn for the cross section for
another s-channel self-scattering process, ¢1¢1 — ququ,
with g1 = g».

4.2 Velocity-averaged self-scattering

There are several definitions for the averaged self-scattering
cross section, such as the velocity-averaged cross sec-
tion (o'v), the momentum-transfer cross section (ov?), the
energy-transfer cross section, (ov3) [23], etc. In this work,
we consider the velocity-averaged self-scattering cross sec-
tion, as follows,

Vesp

(ov) = f (v, vo) (cv)dv, (105)

0
where the Maxwell-Boltzmann distribution for the dark mat-
ter velocity is given by

2
4u Y

€ ’
N
with vy being related to the averaged velocity by (v) =~
2v0/+/7, and vegp is the escape velocity in the dark mat-
ter halo. Here, o can be oot in Eq. (48) for the DM

i O i Eq. (102) for th If.
co-scattering or G¢1¢1—>¢}'1')¢r) in Eq. (102) for the DM self-

fv,v) = (106)

scattering.
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s-channel: m=0.3GeV, g.=0.05
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Fig. 4 The effective s-channel self-scattering cross section for
P11 — ¢7§ﬂ¢fh as a function of the averaged velocity (v). The
effective coupling is given by ger = (gf + g5 + Gg%gg)%, We

For the DM self-scattering, we obtain the velocity-
averaged cross section as

g4 v2
ey — — O _<
1100 = 2373 F<v8>’ aon
with
Zesp 3 —2
v te
Fay= | ° L 4
@= | @¥er
1
~ 5((1 +a)e“T(0, a) — 1). (108)

Here, I'(0, a) is the incomplete gamma function given by

e e} e—t
', a) =/ —dt.
a 1

Therefore, from the effective s-channel scattering rate for
dark matter,

(109)

2
n (V)5 eff
1 total |\ _ 5.e
Fx,scalt = (nlgsoa V) = opM —, (110)
Y mi

@ Springer

s—-channel: m;=1GeV, g.;=0.12
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chose r; = 1 for all the plots. The black dashed lines correspond to

ogeir/m1 = 10, 1, 0.1 cm? /g from top to bottom, and the regions above
the red dashed lines exceed the unitarity bound

with o = 64 4 56, + Tgpigl sl We define the effec-

tive s-channel self-scattering cross section as (Ov)geff =
(o) /G 1 = )%

We comment on the limits of the velocity-averaged cross
section for the s-channel self-scattering. Using I"(0, a) =~
—y —Ina for a < 1, we obtain the velocity integral for
Ve K Vg as

2 2 2
1 1
F(”—;):—lnv—g:—lnv—o (111)
w20 T2 8A

where we approximated vf ~ 8A for A « 1. Therefore,
there is a logarithmic enhancement for the DM self-scattering
cross section due to the s-channel resonance, but it is bounded
by unitarity as (ov) < 4n(k%) = (0V)max. For k = %mlv,
we obtain (0 v)max = 324/7/ (m%vo). On the other hand, for
Ve > vp, the velocity integral becomes

2 2 2
F(’%):v_ozzv—o (112)
w2/ 202 T 16AQ - A)

In this case, there is no enhancement for the DM self-
scattering.



Eur. Phys. J. C (2026) 86:401

Page 13 0f 26 401

In Fig. 4, we depict the effective s-channel self-scattering
cross section for ¢1¢p; — ¢§T)¢§T) as a function of the
averaged velocity (v), for ri = % and various choices
of my and gegr = (g? + gg + 6g12 g%)%. We also chose
A=10"%2x107%3 x 1076 x 107, in the order of
magenta, orange, cyan and purple lines (namely, from top to
bottom). In the plots in the lower panel of Fig. 4, the regions
above the red dashed lines exceed the unitarity bound. In
Fig. 4, we also showed the simulation data used from Ref.
[9] for comparison, but we don’t pursue fitting the s-channel
self-scattering cross section.

As a result, we find that the self-scattering cross section
becomes velocity-dependent due to the s-channel resonance
such that it becomes suppressed at large DM velocities for
galaxy clusters. However, for perturbative DM couplings as
in the upper panel in Fig. 4, for a sub-GeV scale DM mass, we
need A ~ 1070 to get the velocity-dependent self-scattering
from the s-channel consistent with the observed data. For
instance, for m; = 3 GeV and g.ff = 0.3, we can take a wide
range of A suchas A = 1 —6 x 107° for the s-channel case,
while a smaller A suchas A = (1 —3) x 1079 is favored for
the u-channel case. Therefore, the s-channel enhancement
for the DM self-scattering is less efficient than in the case
with the u-channels.

5 Relic density for dark matter

We present the Boltzmann equations governing the relic den-
sities for two-component dark matter in our model and show
some benchmark models for DM and mediator masses of
weak-scale or sub-GeV-to-GeV scale, satisfying the correct
relic density.

5.1 Dark matter annihilations

Multi-component dark matter in our model can annihilate
through the self-interactions in the dark sector in Eq. (19)
such as a U (1) invariant term, ¢;¢2, a Z4 invariant term,
q)ijf, and the interactions involving the dark Higgs in
Eq. (21) and the extra gauge boson in Eq. (22).

We consider the benchmark models with m; >~ 2m or
m, =~ 2m; for the u-channel resonances in our model.
Thus, the self-interactions for dark matter give rise to the
self-annihilations, ss(aa) — ¢1¢]T; the dark Higgs and
the extra gauge boson lead to the extra self-annihilations,
ss(aa), 1] — [ f,VV, hihi, haha, hiha, XX, with
f being the SM fermions and V. = W, Z, and the
co-annihilations, sa — f f, ¢§T)s(a) — ¢§T)h1(h2),

$\"s@) — ¢{"X. p1s.d1a — $lhi(h). ¢{s(@) —
qbiT)a(s).

In particular, for my = m, = my, the self-interactions
for dark matter give rise to the self-annihilations, ¢2¢, —

G161, ba2dr — $10], $16) — $14]; the dark Higgs and
the extra gauge boson lead to the extra self-annihilations,
23, d1d] — f f.VV, hihi, hahy, hiha, XX, and the
co-annihilations, ¢2¢>I — g1 X (hy, ho), ¢>;f¢>1f — g1 X (hy,
h»), and their complex conjugates.

5.2 Boltzmann equations

For simplicity, we consider the case withmg = m, = my. We
also assume that two-component dark matter keeps in kinetic
equilibrium during the freeze-out process.> For instance, rel-
atively small couplings from dark photon or Higgs portals
in our model are sufficient to maintain the two-component
dark matter in kinetic equilibrium [27,28]. Then, the evolu-
tion of the number densities are governed by the Boltzmann
equations,

ng, +3Hng = _(UU>¢1¢I_>ff‘,vv,hlhl,hzhz,hlhz,xx

. %, ¢4
x(n¢ln¢]1 n¢ln¢};>
HOV) g5 p10) <"¢’2"¢§ - ”¢1”¢>;">

(2 _
+(U”>¢z¢z»¢l¢?(”¢z "¢1”¢T)

, 2 .
+<°’”>¢§¢§ﬁ«>1¢1("¢§ nony)
“2(ov) . -‘-(nz — (n -;-)2)

¢1¢1‘\'¢1¢] b1 d’l

+ 2 [(“”>¢z¢f—>¢li("¢2"¢1_”‘f“”")

i=X,hy,hy
OV g (1314 ~ ”4"”")]

p>

i=X,h1,h2

+<UU>¢2¢1ﬁ¢'{'i<n¢2n¢1 - n¢,'l¥'ﬂi)i|, (113)

ﬁ¢2 + 3Hn¢2 = —(ov)

[“’”M;@%:i(%gnm ~ )

b2y — f F.VV, hihi hohohihy, XX
_eq eq
X (’%z”(pg n¢2n¢;)
(V) g5l 10] ("¢2”¢§ - ”4’I”¢I>
(V) 4192119 (”¢2 - "¢§)
(2 — .
20V 410 (”¢z ”¢1”¢1‘)
_ 2 )2
20V) 40014} <”¢z (141) )
2 The co-annihilations, ¢2] — ¢1X (h1, ha), pid] — ¢1X (1, ha),
could make the dark matter ¢; heated due to the mass due to the mass
difference between ¢, and the mediator particles. But, the Sommerfeld
effects for the co-annihilation processes during the freeze-out are small

and the elastic scattering between ¢ and the SM particles can maintain
the kinetic equilibrium for dark matter, so the heating effect is small.
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(OV) gy 59192 (”‘f’z - ”¢§>

- X [W”)md)bmi(’”’znﬂ_”¢'”")

i=X,hy,hy
+(av>¢2¢ﬁ¢¥-i<n¢2n¢,l—nd—ni)], (114)

and the corresponding Boltzmann equations for n o andn ne
1 2
Here, we assumed that 4y, X are in thermal equilibrium with

the SM plasma.

Assuming no CP violation in the dark sector, we can take

Ny, = Nyr = %nl and ng, = nyr = %nz and n; = n;q for
1

the co-annihilation channels, so the Boltzmann equations in

Egs. (113) and (114) become

. 1
ni +3Hn1 = 7E<Gv)¢1¢i"~>ff,VV,h]hl,llzhz.hlhz,XX

x(n% — (n?q)z)
1

+—(ov)

5 (115)

2 .2
D20) 202, Dy b — b1 ("2 ”1)7

. 1 2 eqy2
fiz +3Hny = _E<"“>¢z¢§a.ff’,vv,h]hl,hzhz,hlhz,XX(”z — () )
B Dy )(n2 —n2>
) D203~ 016] brdr—pe 12 7

1
) D (00t F OV i)
i=X,hy,hy

X (nz - n;q).

As a result, the abundances for both ¢ and ¢, compo-
nents depend on the annihilations of the heavier pair into the
lighter pair and the self-annihilation channels into the SM
and dark sector particles. But, only the abundance for ¢; is
affected directly by the semi-annihilation channels between
two components of dark matter. When the gauge kinetic mix-
ing and the dark Higgs-portal couplings are small, the self-
annihilation channels of dark matter into the SM and dark
sectors are suppressed, so the self-interactions between two
components of dark matter and the associated dark Higgs
couplings are dominant in determining the relic density. In
this case, the faction of ¢, in the total relic abundance gets
highly suppressed, due to the strong annihilations of the heav-
ier component ¢».

In Figs. 5 and 6, we depict the evolutions of the relic abun-
dances for two-component dark matter by varying the DM
and mediator masses as well as the DM couplings. In the
left of Fig. 5 (BM1), we took a relatively small dark gauge
coupling but turned on nonzero couplings between dark mat-
ter and dark Higgs (or SM Higgs). So, in this case, the relic
abundance for ¢, is relatively large. On the other hand, in
the right of Fig. 5 (BM2), we took a sizable dark gauge cou-
pling and turned off the couplings between dark matter and
dark Higgs (or SM Higgs), so the dark matter can annihilate
dominantly into a pair of dark photons. Thus, in this case,

(116)
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the dark matter abundance is dominantly determined by ¢;.
Similarly, in Fig. 6 (BM3 and BM4), we considered the case
with smaller masses for DM and mediators, finding that rel-
atively small couplings for dark matter are necessary for the
correct relic density.

In Table 2, including the benchmark models in Figs. 5
and 6, we make a summary of the predictions for the semi-
annihilation cross sections for multi-component dark matter
at tree level, the DM fraction of ¢, the u-channel Sommer-
feld factor, as well as the effective self-scattering cross sec-
tions for u-channel or s-channel. We note that the correct DM
relic density and other direct and indirect DM constraints are
satisfied for the benchmark models.

The effective self-scattering cross sections for u#-channel
and s-channel and the Sommerfeld factor with the u-channel
resonance depend on the detuning parameter from the reso-
nance mass condition, A = 1 —my/(2m), which is positive
and small for the u-channel resonance. In Table 2, we chose
A = 107 for all the benchmark models and the choice of
the other parameters is explained in Table 2. Then, we com-
puted numerically the effective self-scattering cross sections
for u-channel or s-channel at the scales of dwarf galaxies for
the DM relative velocity chosen to v = 20 km/s. As a result,
we find that the effective self-scattering cross section for u-
channel is much larger than the one for the s-channel in most
of the benchmark models except BM6. For a larger value
of A, both u-channel and s-channel enhancements become
less significant, because the effective mass of the u-channel
mediator (¢1) gets heavier and the s-channel gets off the res-
onance.

On the other hand, we also obtained the Sommerfeld
factor in each benchmark model in Table 2 by setting the
DM velocity to v = 1073 at galaxies. Then, we can set
the CMB bound on the decay branching ratios of the dark
photon or dark Higgs into eTe™, as will be discussed in
Sect. 6.2. We note that at the scales of dwarf galaxies
with the DM velocity v = 10~4, the Sommerfeld fac-
tor reads in the order of benchmark models in Table 2:
So = 1.20 x 10°, 224, 267, 88.8, 1.34, 1.08. Thus, the Som-
merfeld factor increases slightly in dwarf galaxies as com-
pared to the case at galaxies, except BM1.

We note that the Sommerfeld factor is calculated numeri-
cally for the u-channel case, but we can refer to the 7-channel
case in Sects. 3.3 and 3.4 about the qualitative and quanti-
tative discussion on a large Sommerfeld factor. As a result,
we found that a sizable Sommerfeld factor can be obtained
on or off the resonances for the benchmark models (BM1-—
BM4) in Table 2. On the other hand, the Sommerfeld factor
is So ~ 1 for the other benchmark models, BM5-BM6, in
Table 2, because of small self-interactions for dark matter,
ie.a = (g% +g%) /(47), which is much smaller than the DM
velocity, v ~ 10™% — 1073, at dwarf galaxies and galaxies.
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my=100GeV=m,/2, mx=50GeV, m;, =80GeV
g1 =gg=0.195, gx=0.06, /\X1 =0.01, /\)(ZZAH»]:/\HQZO.O(”

10-101

10-12|

1014}

Fig. 5 The relic abundances for two-component dark matter, ¢; and
¢7, in blue and red lines, respectively. We took m; = my/2 =
100GeV = 2my, my,, = 80GeV, and g = g2 = 0.195, gx = 0.06,
and the nonzero quartic couplings are Ay; = 0.01, A, = 0.001,
and Ay = Aga = 0.001, on left (BM1). We took m| = my/2 =

m1=13GeV=my/2, mx=5GeV, m;, =10GeV
91=9-=0.088, gx=0.004, AX1 =AX2=0'00022‘ AH‘I =AH2=0

T T T

10710

10712

1014

x=m, /T

Fig. 6 The relic abundances for two-component dark matter, ¢; and
¢», in blue and red lines, respectively. We took m; = my/2 =
13GeV, mx = 5GeV, my, = 10GeV, for both plots. We chose
g1 = g2 = 0.088, gx = 0.004, and the nonzero quartic couplings

m1=100GeV=m,/2, mx=50GeV, m;,=80GeV
g1 =gz=0.08, gX=0.18, /\X1 ZA)QZ/\H1 Z/\Hz:O.

x=m, /T

100GeV = 2mx = my,, and g1 = g» = 0.08, gx = 0.18, and the
other dark sector couplings in the potential are set to zero, on right
(BM2). The dashed lines correspond to the cases where ¢, ¢, are in
thermal equilibrium

my=13GeV=m,/2, mx=5GeV, m;, =10GeV
g1 =gz=0.05, gX=O.062, AX1 =/\X2=/\H1=/\H2=0

T T T T

5 10 50 100
x=m, /T

are Ay1 = Ay2 = 0.00022, on left (BM3). We took g1 = g2 = 0.05,
gx = 0.062, and the other dark sector couplings in the potential are
set to zero, on right (BM4). The dashed lines correspond to the cases
where ¢1, ¢, are in thermal equilibrium

@ Springer



401

Page 16 of 26

Eur. Phys. J. C

(2026) 86:401

Table 2 The Sommerfeld factor and the effective self-scattering cross
sections in benchmark models. We took m» ~ 2m; with A = 107°
and v = 20km/s for the effective self-scattering cross sections, in
all the benchmark models. The other parameters for BM1-BM4 are
chosen as in Figs. 5 and 6. For BM5 and BM6, we took ¢ = 1073,

and other nonzero parameters to A,| = Ay = 10~* in BMS5, and

Ayt = Ay2 = 3 x 1077 in BM6. We note that (o0 v)% = (ov)

0

(av)hl = (ov)

0
¢T¢;—>¢1h1 ’

0
b p—>di1 X

and oy eff and o efr are the effective self-

scattering cross sections for u#-channel and s-channel, respectively

my myx mp, 81,2 gx (ov)% (Uv)gl T So Oueff/ M1 Oseff/M]
[GeV]  [GeV]  [GeV] [em?/s] [em?/s] = &L [em?/g]  [cm®/g]
BM1 200 50 80 0.195 0.06 1.7x107%  1.6x107% 0834 1.42 x 10°  0.347 0.00108
BM2 200 50 80 0.08 0.18 25%x 1075 25%x1075  0.996 181 0.00844 4.41 x 1073
BM3 26 5 10 0.088 0.004 1.6x1072° 13x1072 0.165 243 1.52 3.92 x 1074
BM4 26 5 10 0.05 0.062 12x107% 1.1x107% 0.994 28.8 6.00 0.00305
BM5 1 15 0.8 0.014 1.8 - 51x1072  0.9998  1.019 37.8 0.333
BM6 0.2 0.6 0.04 0.0039 0.5 - 34%x 1073 09996  1.016 0.0231 0.252
6 Probes of self-resonant dark matter where r; = Q;/Qpwm, pai = mima/(myg + m;) are the

We propose ways of testing the self-resonant dark matter
models, such as direct detection for halo dark matter, CMB
recombination, direct detection for boosted dark matter, etc,
and show how the proposed benchmark models can be con-
strained.

6.1 Direct detection for halo dark matter

The DM-nucleus elastic scattering, ¢>§T)N — ¢§T>N , 1S pos-
sible through the exchanges of the dark Higgs or the extra
gauge boson [29]. On the other hand, the dark Higgs is
responsible for sN — sN oraN — aN,butsN — aN or
aN — sN with the extra gauge boson exchange is kinemati-
cally forbidden in the standard halo model if § = |ms—m,| =
100keV [17,30]. But, for § = |my — m,| < 100keV, the
inelastic processes, sN — aN or aN — sN, are kinemati-
cally allowed, so the gauge kinetic mixing can be constrained
by direct detection experiments for the inelastic processes.

For my = m, = m», both ¢§T)N — ¢1(T)N and d)S)N —
¢g) N arerelevant for direct detection through the dark Higgs
and the extra gauge boson exchanges [29].

We also note that the DM-electron elastic scatterings,
quT)e — ¢§T)e, s(a)e — s(a)e or s(a)e — a(s)e, are also
relevant for light dark matter with sub-GeV mass [31,32] or
boosted dark matter coming from the DM co-annihilations
[29]. For my = m, = ma, both ¢>}T)e — qbi”e and
¢>§T)e — gbg)e are present due to the dark Higgs and the
extra gauge boson exchanges [29].

For mg = m, = my, from the results in the appendix
A, the averaged cross section for the ¢;-nucleon coherent
scattering is given by

2

coh h

= 2

o + = ri
98/ =A " dm

x [(ch)fp +(A - Z)c,(f)fn>2 + Zz(gg))z} (117)
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reduced masses for the system with ¢; and a target nucleus
A, and cg?n, gf,l) are the effective couplings to nucleons, and
fp.n are the nucleon form factors. For instance, for Blxe
nucleus, A = 131 and N = 54.

Similarly, the elastic scattering cross section between dark
matter ¢; and electron is given by

2
o Me’i r
bibl—e 2

4nmi

N . A 2 200202 2
5 [< Vgl gy N elyh.¢}¢[> n deqi gye mi:|

2 2 4
mh2 mhl my

(118)

where . ; = mim,/(m, 4+ m;) is the reduced mass of the
¢;-electron system.

6.2 CMB recombination

The dark matter annihilation, ¢I¢§ﬂ — ¢1Y with Y =
X, h1, can be constrained by the CMB bound [25]. We define
the effective efficiency parameter for CMB recombination
[26] as

my/2 ete™ dN,
Jo TAECE 2 f¢ TE

Jeft (m2) = (119)

mj
where fe?;r[ is the efficiency factor® for ¥ — eTe™, and we
took the range of the lepton energy to m, /2 when two leptons
coming from the Y decay are back-to-back. As compared to
the DM self-annihilation, DM + DM — ete™, where the
rate for the energy deposition is given by (av)mDMn%M, the

3 Efficiency factors are computed for e* e~ or photons produced from
the DM annihilations in Ref. [26], but we used the results only for
eTe™ because they are produced from the direct decays of the mediator
particles in our work.
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total deposit energy, 2mpyw, is replaced by m, and the inter-
action rate, (O’U)I’lZDM/Z = (o v)p%M/(2m2DM), is replaced
by (ov)niny = (ov)ri(l — rl)p]%M/(4m1m2). Thus, at the
CMB recombination, the relative velocity for dark matter gets
small [6,7], so the Sommerfeld factors for the enhanced cross
sections for the semi-annihilation channels in our model can
be constrained by the Planck data [6,7,25] as in the follow-
ing,4

(ov) by BR(Y = ete™) <41 x 1072 cm3/s

99—
(5) e (ew)
0.1 ri(1—ry)) \100GeV )’

with 71 = Q1/Qpm.

In Table 3, taking the same benchmark models as in
Table 2, we show the CMB bounds on the branching ratios
of the mediators, X/h| — e™e™. In most of the benchmark
models, the DM abundances are highly asymmetric abun-
dances for two-component dark matter, the tree-level semi-
annihilation rates are already small due to the lack of one of
the components of dark matter. Thus, the CMB limits on the
decay branching ratios of the mediator particles into electron
and positron become weak in most of the benchmark mod-

els, except BM1, for which a very large Sommerfeld factor
is achieved.

(120)

6.3 Direct detection for boosted dark matter

The co-annihilation channels, qf)s(a) — ¢§T)h1, ¢§T)s(a)

— ¢>ET)X, b15, pra — qb;fhl, can make the resultant dark

matter ¢>§T) boosted for my,, mx < my). So, it leads to an

interesting consequence for direct detection [33—-35]. More-
over, the corresponding annihilation cross sections can be
enhanced by the u-channel resonances at present, so the DM
flux as well as the indirect signals from the decay products
of hy or X can be increased accordingly [6,7,36,37].
Focusing on the case with my = m, = my, we con-
sider the DM co-annihilation channels, ¢2¢f — 1 X (hy),
qqujf — ¢1X(h) and their complex conjugates, so the
resultant dark matter ¢>fT) gets boosted for my,, my < mj.
In this case, as discussed in Sect. 2.2, only if the initial states
for the co-annihilation channels is a mixture of two DM
pairs, Y1 ~ V¥4 + 5—?1//3 or its conjugate, with A = (¢1¢2)
and B = (¢1¢;), there is a Sommerfeld enhancement due
to the DM co-scattering processes, (¢; , ) — (152¢>1f and
(¢; L) — ¢; ¢>I. As aresult, the DM co-annihilation cross
sections get enhanced by an universal Sommerfeld factor Sp,

4 We have corrected a typo in the formula in Refs. [6,7], from m> to
4m.

as follows,
. _ 0

(O'v)¢2¢|'—>¢1X(h1) = So <UU>¢2¢T%¢1XU1|)’ (121)
, _ 0

<“v>¢§¢f—>¢.x(h1) =S <0U>¢;¢I‘_)¢1X(hl), (122)

with (o v) being the tree-level DM co-annihila

0
5" ¢] 1 X (h1)
tion cross sections.

Moreover, we consider the differential flux for boosted
dark matter (BDM) qbfT) at the location of the Solar System,
coming from the semi-annihilation processes for dark matter
in our galaxy, ¢2¢T — ¢1Y with Y = hy, X, or their CP
conjugate processes, is given by

ddy, . 1
dE| o 8rmimy

) dCD(pT
dQ/ ds (r) = !
f Lo.s. Pom dEl

wherer (s, 6) = \/r% + 52 — 2rgs cos § withre = 8.33kpc
being the distance of the Sun to the galactic center and r| =
Q1/Q2pmMm. The differential number of the boosted dark matter
@1 is given [6,7] by

dNg, 1

Vi—oY " gE, Erl(l —r1)

{ov)

(123)

dN¢1 ’
d—Elz(S(El AR (124)
where
E2 +m? — m? 1
Ei = CmTlY, Ecm =my +mp + EMUrzel,
cm
(125)

with u = mymy/(m1 +m>) and v being the relative veloc-
ity between ¢T and ¢», so the kinetic energy of the boosted
dark matter, 7 = E| — my, is also given by

_ (Eem — m1)2 - m%/

T/
: 2Eem

(126)

Here, since there is no directional information in the current
direct detection experiments, we need to integrate the solid
angle over the whole sky in the computation of the flux.

We note that for K <« mi,mp and K <« (m% —
m%,)/(ng), with K = %,uvrzel, we get the energy of the
boosted dark matter as

2m? + 2mimy + m3 — m?
E|~ 1 M2 T, — My (127
2(my + my)
or the kinetic energy as
2 2
m5 —m
T~ —2 Y (128)
2(my +my)

This is a good approximation, as far as (my — my)/ma >
v, ~ 107° for vre; ~ 1072 in our galaxy.
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Table 3 CMB bounds on the

mp, [GeV]  So BR(X — e¢te™)  BR(h — ete)

branching ratios of the mediator ma[GeVl mx1GeV]
decays, X/hy — eTe™ BMI 200 50

BM2 200 50

BM3 26 5

BM4 26 5

BM5 1 1.5

BM6 0.2 0.6

80 142x10° 23 x107* 2.5x%x107%
80 181 0.18 0.18

10 243 0.14 0.16

10 28.8 0.35 0.38

0.8 1.019 - 0.017

0.04 1.016 - 0.014

As a result, we can rewrite the differential flux in the fol-
lowing form,

] = Opsm 8(T1 — 1Y) (129)
dT
with
Ppsm = — (1= rp) - (3.2 % 1073 cm_zs_l)
2mo
=2 r{ov), g,
% mj P2 —>P1Y . (130)
100 MeV 1026 cm3 s—!

The differential rate for the boosted DM, ¢ or ¢I, per
target mass for direct detection experiments is given by

dR 4 1 ©

—_— = — dT
dTA ma Tl,min
dosy d®
Nt 1 (131)
dTy dT;
with
do +
dosi _ 1(dog,—a | “"¢i-4 (132)
dTy 2\ a1, AT, )

First, we note that 71 min is the minimal kinetic energy for
the boosted dark matter for the kinetic energy of the nucleus
T4, given by

Ty 2T4 (m1 +ma)?
Flomin = (7 - ml)[l * \/1 T A Ta—2m1 2 )

(133)

in which either (4) or (—) signs are taken for 74 > 2m or
T4 < 2m;. Moreover, the total differential cross section is
composed of coherent and incoherent parts [35], as follows,

d d d
aost _ <ﬂ) + (ﬂ) (134)
dT dTa ) con dT4 ) inc
with

d0’51> Uscf)h 2

- = [Fsi(q)]” (135)
(dTA coh TA,max i

dUSI) Gérllc 2

- = (1 —|Fsi(@)]7)- (136)
(dTA inc TA,max i

@ Springer

Here, the maximal kinetic energy of the target nucleus after
scattering is given by

T\ (Ty +2m;)
(mi+mp)?/Q2ma) + T’

TA max = (137)
and the form factor for the target nucleus is, in the dipole
nucleon approximation [38],

>\’
F =14+ — ,
s1(q) < +AA)

with Ay ~ 0.843GeV(0.8791fm/R4) and R4 being the
charge radius of the target nucleus. Moreover, the spin-
independent cross sections for coherent and incoherent scat-
terings are given by

(138)

coh _ 2 coh
ogp = — +
ry ¢1.9,—-A

2
_ Maa o) M+ \2, 2,02
Zﬂm%[(z% fp+ (A= 2)c! fn) + 222,
(139)
inc _ inc
ST = 2%, 4]
2
_ Maa M )2 (1,2 M ,\?
= o [Z(cp fp) + 2+ a=-2)( )|,
(140)

respectively. Then, the total event rate in units of the number
events per day and kg is given by

(141)

In Fig. 7, we show the differential event rate for the spin-
independent elastic scattering of boosted dark matter per day
per kg in units of keV~! in the case of the Xenon target
nucleus. We fixed the semi-annihilation cross section for
¢I¢§T) — ¢1Y with Y = X, h; for the benchmark mod-
els, BM5, BM6, respectively, and we also took the gauge
kinetic mixing to se = 2 x 10~* and the u-channel Sommer-
feld factor to Sy = 1. If we increase the Sommerfeld factor,
the differential event rate in Fig. 7 increases by a factor of
So.

We note that there is a maximal kinetic energy for the target
nucleus given in Eq. (137). As the nuclear recoil becomes
undetectable below the detector threshold T}, there is alower
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® €e = 2x107, S':T =1 old. However, we increase m, the DM flux coming from our
galaxy gets suppressed. Thus, we can constrain our model
3 by the direct detection of boosted dark matter with relatively

Z 107101 BM5 . small masses.

% We also remark that the semi-annihilation processes,
% o2l | ququ — ¢1X(h), ¢;¢I — ¢1X(h1), and their conju-
3 gates, can be enhanced by the Sommerfeld factor with the
= BM6 u-channel resonance in our model as discussed in Sect. 3, so
';f 10-14 \ . we could take a larger cross section for the semi-annihilation
z processes at present than the thermal cross section. In this
J ‘ ‘ ‘ ‘ case, we could take a larger DM mass well to go above the
0.1 1 10 100 1000 104 detector threshold, as the DM flux can be sizable even for
Txe [keV] a larger DM mass due to the enhanced annihilation cross

Fig. 7 The differential event rate for the spin-independent elastic scat-
tering of boosted dark matter as a function of the kinetic energy of the
Xenon target nucleus. We took benchmark models for light dark matter,
BMS5 and BM6, in Table 2

bound on the DM kinetic energy 77, from T4 max > Tw. For
instance, taking the kinetic energy of the boosted dark matter
from Eq. (128) with my >~ 2m and my <« m1, we obtain
the lower bound on the DM mass for direct detection [35],
as follows,

15 4 2
~¢<1+— 1+ mA).
o\ 5

M1 min = 3, T (142)
Tin

Therefore, we need to take the DM mass to be greater

than m min for a direct detection of boosted dark matter

at XENONNT. For instance, for the case of the XENONnT

experiment, the detector threshold is given by Ty, = 3.3 keV

[2], so we obtain m| min =~ 10.7MeV. For my < ma, we

~

would need a larger DM mass to pass the detector thresh-

my =15 GeV,gx = 1.8, Ayy=Ayp=107*

0.100 |

Logyo(Qh?)

/.

0.02 0.05 0.10 0.20 0.50
mq [GeV]

0.050 -

91=02

Fig. 8 (Left) Parameter scan for the relic density for self-resonant light
dark matter in the DM self-couplings (g1 = g2) vs m| =~ my/2. The
benchmark model, BM5, (marked in white star), lies on the red line
which indicates the contour line satistying the observed relic density.

sections.

In the left of Fig. 8, we show the parameter scan for
the relic density for self-resonant light dark matter in the
parameter space for DM self-couplings (g1 = g2) vs mj.
We took my =~ 2m; for the self-resonant condition and
mp, = 1.6m; < my and my > my, for which the semi-
annihilation channels with dark Higgs, ¢2¢>f — ¢1h; and
¢;¢I — ¢1h1, are kinematically open. In this case, there
is more freedom to make the decay branching fraction of
the dark Higgs into ete™ small enough in the presence
of new light particles in the dark sector, being consistent
with the CMB bound. We also chose the other parameters
to gy = L.8and A, = A0 = 10~* and set the Higgs-
portal couplings and Higgs mixing angle to zero. The param-
eter scan results contain the benchmark model BM6 on the
red line along which the observed relic density is obtained.
The color gradation in the left of Fig. 8 indicates the total
abundance of self-resonant dark matter in the parameter
space.

my = 1.5 GeV, gx = 1.8, Ay1=A,p=10"*

T T

0.100 - E

0.050¢ XENONNT ]

0.010

0.005 b

DARWIN
mpx/mo= 0.8,
r1=0.9998,SE=1
5x10~4 . . . .
0.02 0.05 0.10 0.20 0.50
mq [GeV]

0.001 ¢

(Right) XENONNT and DARWIN (projected) bounds for boosted dark
matter in the gauge kinetic mixing (¢) vs m|. We consider the X gauge
portal for BDM-nucleus elastic scattering
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On the other hand, in the right of Fig. 8, we also show
the limits on the gauge kinetic mixing (&) vs the DM mass
m1 from the direct detection for boosted dark matter at
XENONNT [2] and DARWIN (in prospect) [39]. The flux
for boosted dark matter relies on the semi-annihilations into
the dark Higgs while the direct detection for BDM-nucleus
elastic scattering is dominated by the gauge kinetic mixing
of the X gauge boson. But, we ignored the Higgs portal
couplings for the dark Higgs. Here, we took m, =~ 2my,
my =15GeVand Ay; = A2 = 1074, as in the left plot,
and set g1 = g» = 0.014, my,,, /mp = 0.8, r; = 0.9998, and
the u-channel Sommerfeld factor to Sg = 1. Thus, the direct
detection limit can constrain the parameter space for boosted
dark matter extended from the benchmark model BM7.

We remark that for a large Sommerfeld factor, the bounds
on ¢ from XENONnT and DARWIN get more stringent by
the factor of +/Sp. For instance, if we choose larger values
for g1, g2 for sub-GeV scale dark matter, the relic density
would be smaller due to larger DM annihilation cross sec-
tions. However, if there is a way to reproduce dark matter
from the decays of a heavy particle that dominates at late
times, larger DM annihilation cross sections would be help-
ful for the correct relic density [40].

As a result, we find that the gauge kinetic mxing ¢ is
bounded to be below 10™% — 1073 in the range, m; = 20 —
750 MeV.Fore 2 0.1, alarge BDM-nucleus scattering cross
section would attenuate the kinetic energy of boosted dark
matter during the propagation throughout the Earth below the
detection threshold [35]. We also note that for sub-GeV scale
dark photon, the parameter space up to £ = 107> — 1073 is
already excluded by the direct detection for halo dark matter
(non-boosted dark matter) and collider data such as Belle-II
[41-44], BaBar [45,46], NA64, [47—-49], etc, depending on
the decay branching ratios of the dark photon.

We also remark that the couplings of the mediator parti-
cles with sub-GeV scale masses can be constrained by Big
Bang Nucleosynthesis (BBN) or CMB (Ne¢r), depending on
their lifetimes and the fraction of the energy density [S0-53].
For instance, if the dark photon of masses below GeV scale
decay dominantly into the SM particles, the BBN bound on
the lifetime of the dark photon would be tx < 100s [51,52].
Thus, the dark photon must decay into the dark sector such
that the energy injection into the SM during BBN gets sup-
pressed. This is consistent with the limit from CMB discussed
in Sect. 6.2 where a small decay branching fraction of the
dark photon into eTe™ is required for a sizable u-channel
Sommerfeld factor.

7 Conclusions

We presented a new model for two-component scalar dark
matter, consisting of ¢; and ¢;, where both the DM compo-

@ Springer

nents are stable due to the remaining Z4 gauge symmetry, as
far as the DM masses satisfy my < 2mj. The Z4 symme-
try in the model ensures the stability of two-component dark
matter. This is in contrast to the case for the Z, model [6,7]
where ¢ is a complex singlet scalar field charged under the
U (1) and ¢, is a neutral singlet scalar under the U (1)’, being
subject to loop-induced decays due to Z’ interactions.

For DM masses with m; being slightly smaller than 2m 1,
we obtained the resonance condition for the elastic co-
scattering processes between ¢; and qbg) (u-channel pro-
cesses) for which the corresponding cross sections at tree-
level become divergent at a zero momentum transfer for
dark matter. Thus, applying the Bethe—Salpeter formalism
for the resummation of the ladder diagrams for the u-channel
with two dark matter scalars, we derived a nonzero effective
Yukawa potential with an effective mass given by the amount
of detuning my from 2m, only for one of the linear combi-
nations of the initial states for dark matter.

We showed that the effective co-scattering processes for
dark matter become enhanced and velocity-dependent to
solve the small-scale problems at galaxies and they are
more important than the DM self-scattering processes for ¢y,
which are similarly enhanced by the s-channel mechanism.
The same DM couplings responsible for the co-scattering
processes give rise to the the semi-annihilation processes
for ¢ and qbg) annihilating into qﬁf and dark photon/Higgs,
which are enhanced by the u-channel Sommerfeld factor.
Thus, there is a nontrivial upper bound on the Sommer-
feld factor from CMB recombination, depending the decay
branching fractions of dark photon/Higgs. Focusing on the
benchmark models for two-component dark matter satisfy-
ing the observed relic density, we considered the possibility
of producing boosted dark matter with sub-GeV scale mass
from the semi-annihilation processes at the galactic center
and showed the parameter space for the gauge kinetic mix-
ing for dark photon versus the DM mass, which is consistent
with the XENONnT and DARWIN experiments.
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Appendix A: Dark matter annihilation cross sections

We list the annihilation cross sections for multi-component
dark matter composed of ¢ 1, ¢, which is the case with k] =
0 in our model.

The annihilation cross section of ¢;f ¢i(i = 1,2) into a
pair of SM fermions is given by

2.,1,2
(ov), v = _ e2’qgx Ne mi +amy
i T f wxXi (4m2—m%)2 +miT2
2
-
2
l
m%c 3/2 )‘flyh1¢f¢>,- )\f2yh2¢j¢i :
__2) R Rl s S (A
m; mi =My, it ™ My

with x; = m;/T and ¢; = 1,2 being the U (1)’ charges for
¢; withi =1, 2.

The cross section for qﬁj ¢; (i = 1, 2) annihilating into V'V
with V = Z, W are given by

Sye? 112mi2
{ov)

$i6;=VV " 2567 sin* Oy cos* Oy m“‘/

2 4
m m
x<4—4—V+3—V> (A.2)
2 4 .
mi ml-
. m3 (vhrr Ymgle virr gl \?
m2 \ myr 4m? — m? mye 4m? — m?2
i f i hy f [ ha

with 8y = 1 (2cos* Oy ) for V = Z (W). The cross-section
for dark matter annihilating into yy is loop-induced, given
by

e*m?

_ i
T o64mov2

2

<Gv>¢i¢>f—>w

Y NeQFA12(xp) + AL(xw)
f

(A.3)

« (U}\fl yh1¢,«T¢f

VA2 yh2¢j¢i 2
my 4m? —m? ’
! i hy

2 2
myg 4ms; —my,

We note that for a vanishing Higgs mixing angle, the DM
couplings to the Higgs-like scalars become Yngiey = Ax1Vy,
1

Vgl = FHIV: Vpyglgy = 2x2Vio and yy gty = Ar2v;
A =0and Ay = n%

We also list the cross sections for the additional DM
annihilations, in the limit of vanishing Higgs mixing (i.e.

Ayn = 0) and gauge kinetic mixing (i.e. § = 0), as follows,

IMijkl?

(V)iap = | — (mg —my)?
v 87 (mj +mj)? (mi +mj)?
o 11— (my + my)? (1 _(my _mj)z)_l
(m; +mj)? (mi+mjp*)
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2 2 2\?
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, 2.2 (
Mg | —Xxl( ; 2
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4 2 2 1
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Appendix B: Direct detection cross sections

We list the cross section formulas for direct detection
[29].

For my = mg = m», we consider the direct direction of
multi-component dark matter with ¢ and ¢> in our model.
The effective Lagrangian for dark matter-quark elastic scat-
tering is given by

A2V sie Aa1Yy i e

2¢i¢7l 4 h1¢i¢l —

Loeit =Y ( e+ —— >|¢i|2qq
i=1.2 M, my,

+ Y 8Dl n 8 — giaud0av"a,

i=1,2 Z/

(B.1)

with g1 = 1, g2 = 2. Then, the relevant matching conditions
between quark and nucleon operators are given by

(N)
N N , B.2
(NizgIN) = T £ (B.2)

for light quarks (¢ = u, d, s), and

2 my (N £

(NlgqIN) = 37 . 116

—i- Y (N>’

q=u,d,s
(B.3)



Eur. Phys. J. C (2026) 86:401

Page 23 of 26 401

for heavy quarks (¢ = ¢, b, t), and those for vector operators
are given by

(Nlay" M|N>—2NV“N N = p,
N|dy"d\N Ny N =p,
(Nldy"d|N) = V P (B.4)
(Nlay"u|N) = Ny*N, N =n,
(N|dy*d|N) =2Ny"*N, N =n.

As a result, we get the effective Lagrangian for dark matter-
nucleon elastic scattering as follows,

Aq2¥p of g1y, of
mpy (797 hag/ ¢i 91 g gi
Ly eff = E _m ( ) + 2 )
i=1,2 ha hy

N N
(X A A < 3) AN
q=u.d,s

+ Y B i g0, — ) 000)

i=12 Mx

X ((2Qu + Q) py"p+ (Qu + 2Qd)ﬁV“n) . (BD)

Thus, from 2Q, + Q4 = +1 and Q, + 20,4 = 0, there
is a nonzero interaction only for dark matter-proton scatter-
ing with X-portal. Consequently, we obtain the total spin-
independent cross sections for the ¢;-nucleus coherent scat-
tering [29], as follows,

2
coh _ A
%91~ 47”"52

(B.6)
< [2(e) 1o +29) + A - 2)(e 5]

where (g ; = mima/(ma + m;) is the reduced mass of the
¢i-nucleus system with m4 being the target nucleus mass,
Z, A are the number of protons and the atomic number,
respectively, and the effective couplings and form factors
are given by

, Ag2Yy, sie M1V gte
W = m—N< b ¢’>, (B.7)
Mg My, My,
= Y D+ ;fg ~ 0.28, (B.8)
q=u,d,s
2
o= D0 Iy + g ffe =028, (B.9)
q=u,d,s
. 2eqigxem;
g = q,g;( i (B.10)
my
gD ~0 (B.11)

Similarly, the q&iT -nucleus scattering cross sections have the
X contributions flipped in sign, given by

“,24,:'
¢l-A 471m'2
< [2(e0 1y~ 8) + A - (e £ - )]

Then, the averaged spin-independent cross section for dark
matter-nucleus coherent scattering is given

(B.12)

coh _ Ti coh coh
Toidf-A " 2( di=A T 0y —A)
W2 | |
= [(Zc§;>fp -2 1) + 260 ]
Tm;
(B.13)
with r; = Q;/Qpwm. As a result, the above dark matter-

nucleus scattering cross section is related to the normalized-
to-proton scattering cross section by

Jcoh (MN!)Z éi, ¢‘; ’ (B.14)
bis ¢ —-P HA,i A2
with uy; = mimy/(my +m;).
On the other hand, if the dark matter-nucleus scattering
is not coherent, such as for the boosted dark matter ¢, the
total spin-independent cross sections in Eqgs. (B.6) and (B.12)
should be replaced by

1nc _ Hai

%91 4nm%
2

x[ (e 7, +857) + A= 22 (el +24") }
(B.15)

2
e _ Mai
¢1-A 47rml2
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x| Z(c 1y —g") + A= 2 (e g —g") |,

(B.16)

respectively. Then, the averaged spin-independent cross sec-
tions for dark matter-nucleus incoherent scattering are given

by
1I1C )
—A

2 2
= ”L‘z[ (e 1) + Z<g,<}>>2 +=2)(c" 1) ]
(B.17)

. 1
inc _ 2 _inc
orgi-a " 2(%1 ato

Then, the above dark matter-nucleus scattering cross section
is related to the normalized-to-proton scattering cross section
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by
5 O,inc )
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¢1.¢1—p HA A

The elastic scattering between dark matter and electron is
mediated by CP-even scalars and the X gauge boson, so the
corresponding cross sections are similarly given [29] by
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where . ; = mim,/(m, 4+ m;) is the reduced mass of the

¢;-electron system.

Appendix C: Kinematics for boosted dark matter

Consider the DM co-annihilation processes, ¢I¢§T) — ¢1Y
with Y = hy, X, or its conjugate process.

In the galactic center of mass frame, from the momentum
and the energy for Y,

_ m2(2my +my) < B m_2y>1/2
by 2(my + m2) m3

m2y 1/2
x(l — —) : (C.1)
(2my + m»)?
2 2
+2 +
Ey — mj mimy my’ C2)
2(my + my)
the velocity for the Y particle [6,7] is given by
py _ maQmi+my) my \'?
Wy =1 —-="—5 o L)
Ey m3; + 2mymy + my m;
my 1/2
(R €3
(2m1 + m2)?

Similarly, with the momentum, p}| = py, and the energy for

¢1 appearing in the final states, given by

E; _ 2m% + 2mmo —l—m% — m%,
2(my + my)

the velocity for the boosted dark matter ¢»; from the DM

co-annihilations is given by

(C4)

o o= P mo(2my + my)
I

Ey

2m% +2mimy + m% — m%,
m?, 172 m?, 1/2

x| 1— — (1 — —2> .
m2 (2ml +m2)
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(C5)

Moreover, when the Y particle decays into a pair of lep-
tons, ignoring the lepton masses, we get the energy of the
leptons in the rest frame of the Y particle as E F= '"TY How-
ever, the energy of the leptons in the galactic center of mass
frame is boosted [6,7] to

1

Ef=— _f (1 —vy (:059)_1
Yy

(C.6)

where 6 is the angle between the velocity of the Y particle
and the lepton velocity, and

1 Ey

- _ .7
1 -} my

Yy =

Therefore, the leptons can carry the energies between EJT

and £ }“ with

ET — 1 ¥ vy my
Y 1+vy 2°

and the energy spectrum for the leptons is box-shaped with
the width being given by AEy = E]T —E; =vyyymy.

We also comment on the cosmic ray signatures from
boosted dark matter in our model.

Due to the same semi-annihilation processes discussed
for boosted dark matter in the previous section, namely,
qu(ﬁg) — ¢1Y with Y = X, hy and their complex conju-
gate processes, the subsequent decays of the boosted particle
Y,Y — ff, can produce leptons at galaxies, so they give
rise to cosmic ray signals t00.” Then, we can consider the
corresponding differential flux for the leptons as

(C.8)

do 1 dN
A (o) =) J

dE;  dwmymy . #195 =oY.ee T gE

(C.9)

where the differential number of leptons is given by

dN ¢ F
T L ;- E)OET — EpBREY — /),
dEf Ef _Ef ’ : ’

(C.10)
where

ET = l:FvYﬂ
! l+vy 2°

with vy being the velocity of the Y particle in the galactic
frame, given by

(C.11)

5 We also remark that the energetic leptons produced from the semi-
annihilation processes can be also constrained by the CMB recombina-
tion [6,7].
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Vy =

mp(2my + my)

m%+2m1m2 +m§,

2\ 1/2 2

m m

(12 (1 Y
< m%)

12
-~ G m2)2> . (C.12)

We note that we need to consider the J-factor for indirect
detection, in the following way,

J

1

) (C.13)

ds f ds pdy.
AQ lLo.s.
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