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ABSTRACT: Asymmetric dark matter (ADM) is an attractive framework relating the ob-
served baryon asymmetry of the Universe to the dark matter density. A composite particle
in a new strong dynamics is a promising candidate for ADM as the strong dynamics nat-
urally explains the ADM mass in the GeV range. Its large annihilation cross section due
to the strong dynamics leaves the asymmetric component to be dominant over the sym-
metric component. In such composite ADM scenarios, the dark sector has a relatively
large entropy density in the early Universe. The large dark sector entropy results in the
overclosure of the Universe or at best contradicts with the observations of the cosmic mi-
crowave background and the successful Big-Bang Nucleosynthesis. Thus, composite ADM
models generically require some portal to transfer the entropy of the dark sector into the
Standard Model sector. In this paper, we consider a dark photon portal with a mass in the
sub-GeV range and kinetic mixing with the Standard Model photon. We investigate the
viable parameter space of the dark photon in detail, which can find broad applications to
dark photon portal models. We also provide a simple working example of composite ADM
with a dark photon portal. Our model is compatible with thermal leptogenesis and B — L
symmetry. By taking into account the derived constraints, we show that the parameter
space is largely tested by direct detection experiments.
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1 Introduction

The existence of dark matter (DM) has been overwhelmingly established by a wide range
of cosmological and astrophysical observations. Nevertheless, its nature remains elusive
apart from several properties: its electromagnetic interaction is feeble; it is cold enough to
cluster along the primordial gravitational potential; and it is stable at least over the age of
the Universe. Identification of the nature of DM is one of the most important challenges
of modern particle physics (see, e.g., refs. [1-3]).

In the present Universe, the mass density of DM is about five times larger than that
of the Standard Model (SM) baryon [4]. This coincidence can be naturally explained when
the DM number density has the same origin as the baryon asymmetry of the Universe and
the DM particle mass is in the GeV range. Such a framework is called asymmetric dark
matter (ADM) (see, e.g., refs. [5-7]).

Among various models of ADM, models of a composite ADM (e.g., dark baryon DM)
have several advantages [8, 9]. The DM mass in the GeV range naturally arises by the
strong dynamics without fine-tuning. A large annihilation cross section of composite DM
into a lighter degrees of freedom (e.g., dark meson) makes the symmetric component of the



relic DM density negligible. Accordingly, the DM density is dominated by the asymmetric
component.

By construction, however, the effective number of massless degrees of freedom in the
composite dark sector is sizable in the early Universe. If those particles are also stable, their
energy density overcloses the Universe, or contributes to the effective number of neutrino
degrees of freedom, Neg, too much, depending on their masses [10]. Thus, some light portal
particle is needed to transfer the entropy of the dark sector to the SM sector.

A simple possibility for such a portal is a light dark photon. It has a mass in the
sub-GeV range and decays into the SM particles (mainly into the leptons) through kinetic
mixing with the SM photon. In this paper, we investigate the impact of decaying dark
photon on Ngg in detail and identify the viable parameter space. We remark that our
analysis is rather generic in DM (not limited to ADM) models with the dark photon portal
up to straightforward modifications.

We also construct a minimal ADM model with B — L symmetry. Right-handed neutri-
nos are introduced to generate the B — L asymmetry via thermal leptogenesis [11] (see also
refs. [12-14] for reviews). They also naturally explain the observed tiny neutrino masses
via the seesaw mechanism [15-19]. We reach a simple model with a QCD-like SU(3) strong
interaction and a QED-like U(1) gauge interaction. By taking into account the derived
constraints, we show that such a model can be tested by direct detection experiments of
DM through the coupling to the dark photon.

The organization of the paper is as follows. In section 2, after introducing the thermal
history of composite ADM, we clarify the cosmological requirement for the dark photon
portal. In section 3, we construct a composite ADM model in a bottom-up approach. The
final section is devoted to our conclusions.

2 ADM thermal history and cosmological constraints on dark photon

In this section, we discuss the thermal history of ADM where the dark photon plays a
crucial role. We also derive cosmological constraints on the dark photon parameters.

2.1 ADM sector

Before discussing constraints on the dark photon, let us overview the models of composite
ADM. For that purpose, we consider a SU(N.)p gauge dynamics, which is referred to
as the QCD’ in the following. There are Ny-flavors of vector-like dark quarks (Qf, Q)
(¢ =1---Ny) with B — L charges of (¢p—r,, —qp—r). Hereafter, fermions are taken to be
the two-component Weyl fermion. We assume that the masses of the dark quarks,

Cmass = Z szQzQZ +h.c. 5 (21)

are smaller than the dynamical scale of the QCD’, Aqcpr.

Below the dynamical scale, we assume that the QCD’ exhibits a confinement
where the dark quarks are confined into dark mesons and dark baryons. By assum-
ing spontaneous chiral symmetry breaking, we expect that the lightest mesons are the



pseudo-Nambu-Goldstone modes, i.e., the dark pions. The dark pions obtain masses of
my = O(y/mgAqcpr), which are smaller than the dark baryon masses of my = O(Aqep)
for mg < Aqcp/. As the dark baryons carry B — L charges, the lightest ones are good
candidates for ADM.! The annihilation cross section of the dark baryons into the dark
mesons is quite large due to the strong dynamics, with which the symmetric part of the
DM relic is negligibly small [20-24]. As a result, the DM abundance is naturally dominated
by the asymmetric component.

In our scenario, we assume that the B — L symmetry is softly broken by right-handed
neutrino masses, Mg, which carry a B — L charge of —2.2 The right-handed neutrinos
couple to the SM particles via

1 o ~
Ln-sMm = §MRNRNR +ynvHLNR + h.c., (22)

which trigger the seesaw mechanism. Here, H and L denote the SM Higgs and the lepton
doublets, respectively. The Yukawa coupling is related to the light neutrino masses via
y]2v ~my,Mp/ v%w with vgw being the vacuum expectation value of the Higgs. The B — L
(i.e., baryon) asymmetry is generated by thermal leptogenesis when the cosmic temperature
is around the right-handed neutrino mass, T~ Mg 2> 10*° GeV [12-14].

Once the B — L asymmetry is generated, part of it is propagated into the dark sector
through the portal interaction,

1
M

*

LB_Lportal = OpOsm + h.c., (2.3)
where Op (Ogm) is a B — L charged but gauge invariant operator consisting of the dark
(SM) sector fields. Here, M, denotes a portal scale with n + 4 (n € N) being the mass
dimension of the operator, OpOgy. We remark that the portal operator, OpOsn, may
carry a net B— L charge of —2m (m € Z). In such a case, the portal scale has a dependence
on Mg as M} ~ MM~ ™ where M, is a B — L neutral mass parameter. The ADM
scenarios with B — L neutral portal operators (i.e., m = 0) were discussed in the literature
(e.g., refs. [25, 26]).
The portal interaction eventually decouples at the cosmic temperature of

(2.4)

M. >1/(2n—1)
Mp1, ’

TDNM*<

where Mpr, ~ 2.4 x 10! GeV denotes the reduced Planck scale. For a successful ADM
scenario, Tp is required to be lower than Mp. In the following, we also assume that Tp is
higher than the electroweak scale, i.e., the portal interaction decouples before the Sphaleron
process decouples. After the portal interaction decouples, the B — L number is conserved
independently in the SM sector and in the dark sector. The DM particle is quasi-stable as

"We assume that the lightest dark baryons are the ones with the lowest spin, while the detailed mass
spectrum does not change the following discussion qualitatively.

20ne can gauge the B — L symmetry, which is spontaneously broken by a vacuum expectation value of
a scalar whose B — L charge is —2.



the decay rate through the portal interaction is suppressed by powers of Aqcps/M,. In the
ADM models with a large annihilation cross section, the DM mass is determined by the
ratio of the B — L asymmetries between the DM and the SM sectors, Apn/Asm, that is,

30Asm

mpMm =~ 5 GeV x 0T A

(2.5)

Here, we used the ratio between Agy and the baryon asymmetry observed today,
Asm/Ap = 97/30 [27]. The value of Agn/Apwm, which is typically of O(1) [as we will
see later, e.g., in eq. (3.11)], depends on the dark sector model. The DM mass in the GeV
range can be naturally explained by the dynamical scale of Aqcy = O(1) GeV. This is
another advantage of the composite ADM models.

2.2 Dark photon portal

In the composite ADM models, we assume a strong gauge dynamics in the dark sector.
Thus, the dark sector entropy is sizable in the early Universe, since the dark sector is
thermally connected to the SM sector via the portal interaction. Thus, if the dark pions are
stable, they overclose the Universe or contribute to the effective number of neutrino degrees
of freedom, Neg, too much, depending on their masses [10]. To evade these problems, we
introduce a dark photon of the U(1)p gauge interaction, referred to as the QED’, under
which the dark quarks are charged. In the presence of the dark photon, the dark pions can
annihilate or decay into the dark photons, which makes the dark pion harmless.

The mere introduction of the massless dark photon does not solve the problem, since it
also contributes to Neg too much. To avoid this problem, we further assume that the dark
photon has kinetic mixing with the SM photon and becomes massive by a Higgs mechanism
in the dark sector: ] 1

Lpr-p = iFWFW + 5wﬁ,A;A’“. (2.6)

Here, F' and F’ are the field strengths of the SM photon A and the dark photon A’,
respectively, and m.,, denotes the mass of the dark photon. Through the kinetic mixing
parameterized by €, the massive dark photon decays into SM fermions with a decay rate,

2 ’
F,y/ = Nch%gozm,y/ ~0.3s!x Nen (10510) <1O(T)n1\’;[eV) . (2.7)
Here, o denotes the QED fine-structure constant. When the dark photon mass is lighter
than twice of the muon mass, it decays only into a pair of the electron and the positron,
and hence, Ny, = 1.

Now, let us summarize the thermal history. Above the decoupling temperature of the
portal interaction, T, the dark sector and the SM sector are in thermal equilibrium and
the B — L asymmetry is distributed in the two sectors.

Below Tp, two sectors evolve independently. In the dark sector, the confinement
of the strong gauge dynamics takes place at the temperature of Tocp ~ Aqep. DM
(i.e., the lightest dark baryon) annihilates into the dark mesons with a very large cross
section of O(47/m¥,,), with which the symmetric component of DM is erased and only the
asymmetric component is left over. The U(1)p charged dark pions also annihilate into the



dark photons with a cross section of O(4ra’?/m?,) with o/ being the QED’ fine-structure
constant. This cross section is large enough to make the relic dark pions a subdominant
component of DM for o/ ~ a.? Note that the relic density of the neutral pions is also
suppressed when the neutral pions are in chemical equilibrium with the charged pions
through the inelastic scattering.? The dark photon eventually decays into the SM fermions
via the kinetic mixing, so that the initial entropy of the dark sector is transferred to the
SM sector.
To realize the above thermal history, we arrange the masses so that

2 X me < My < Mgy < MPM 5 (2.8)

where m, denotes the electron mass. The first inequality is required to allow the decay of
the dark photon. The second and the third inequalities are required for the annihilations
of the charged dark pions and DM. As the DM mass is of O(1) GeV, we assume that m,/
and m,s are in the sub-GeV range.

In the following numerical analysis, we take the Ny = 2 and N, = 3 case, which is the
minimal choice as studied in section 3.2. It should be noted that the derived constraints
in the following analysis is not significantly changed for a composite ADM model with a
different gauge group and/or a different number of the flavors. Furthermore, our analyses
also apply to a more generic dark sector (not necessary the composite ADM) models that
have a dark photon portal, with straightforward modifications.

2.3 Dark photon recoupling

The most stringent constraints on the dark photon property comes from the constraints
on Neg = 3.154+0.23 [4] by the precise measurements of the cosmic microwave background
(CMB). Through the decay and the inverse decay of the dark photon, the dark sector
recouples to the SM sector at the low cosmic temperature. We define the recoupling scale
factor, ayp, by
Ky(my /Ty)
3H(ath) = Kg(mﬂ//T,Y/)F’YI s (2.9)
where H denotes the Hubble expansion rate, K, denotes the nth order modified Bessel
function of the second kind, and the dark photon decay rate at rest, Iy, is given by eq. (2.7).
We approximate the evolution of the dark photon temperature T’/ as a function of the
scale factor, a, by,

a /
%TQCD’ for a < aQCDp’ »

T’Y' = TQCD’ for aqgep’ < a < ap, (2.10)
%TQCD’ for ag <a.

3The relic density of the dark pions is subdominant for m,. /o’ < O(100) TeV.
41f the corresponding chiral symmetry is anomalous for the QED’ as in the case of the SM, the lightest
neutral pions decay into the dark photons with a short lifetime.



Here aqcps denotes the scale factor at the confinement. During the period of the dark
hadron decoupling, the dark photon temperature does not scale by a~! as the dark hadron
energy density is transferred to the dark photon. Since the details of the QCD’ confine-
ment are not tractable, we simply assume that the dark photon temperature does not
change during the dark hadron decoupling. Long after the dark hadron decoupling, on the

other hand, the dark photon temperature again scales by a~!.

The normalization of the
dark photon temperature well below Tcps can be reliably estimated by the entropy con-
servation before and after the QCD’ confinement, which leads to ap = (41/3)3aqcpr.
Here, we count all the degrees of freedom including the QED’ breaking Higgs before
the QCD’ confinement, while we count only the dark photon after the confinement. In
the following numerical analysis, we take Tocpr = 10 x Toep with the SM QCD tran-
sition temperature Toop = 170MeV, although the result does not change as long as
Toco /Tgep = O(10-100).

We also estimate the cosmic temperature of the SM sector, T', as a function of the scale
factor by using the entropy conservation, following ref. [28]. Here note that 7' = T’ for
a < ap, where ap denotes the scale factor when the portal operator decouples. The impact
of the resultant dark photon density on Neg depends on whether the reheating temperature
of the SM sector by the dark photon recoupling is above or below the neutrino decoupling
temperature, Ty-qec =~ 3 MeV. This is because the dark photon energy primarily heats up
the electromagnetic particles only. To see the temperature at the recoupling, we define
T as

psm(atn) + py(aen) = psvry (Ter) (2.11)

where the left-hand (right-hand) side denotes the energy densities (after) the recoupling.
Here, the energy demnsity of the dark photon before the recoupling, p.(atn), is evaluated
with the following distribution function:®

1
exp(y/m2, + (a/ap)’p?/Te) =1

The energy density after the recoupling, psm4./, is simply given by the one in thermal

f’Y’(p7a’TF) = (212)

equilibrium with a common temperature T¢,. For To, > T,-gec, Wwe judge that the dark
photon recoupling reheats the whole SM sector. Otherwise, we judge that the recoupling
reheats only the electron and the photon. In the latter case, we estimate the temperature
of the electron+photon system, Teom, by

Pr+e(atn) + pyr(ath) = pyretr (Teom) (2.13)

which differs from T¢,, while we assume that the neutrino temperature is not affected by
the decay of the dark photon.

®This is valid when double Compton scattering and bremsstrahlung of the dark proton become inefficient
before the dark photon becomes non-relativistic. If the dark photon is in thermal bath when it becomes
non-relativistic, the entropy conservation requires p,»  a®/In(a). A similar situation can be found in the
freeze-out of self-interacting DM through a 3 — 2 process [29]. The resultant p,s(a.y) is different from our
evaluation only by a small logarithmic factor.



2.3.1 Dark photon recoupling above the neutrino decoupling temperature:
Tcr > T, -dec

When the reheated temperature of the SM sector by the dark photon recoupling exceeds
the neutrino decoupling temperature, i.e., Ty > T)-gec, most energy of the dark-photon
is re-distributed among the photons, the electrons, and the neutrinos. This situation
corresponds to the kinetic mixing parameter of

1/2
€ >10710 x (10 MeV) .

2.14
o (2.14)

Even in this case, a portion of the thermalized dark photons releases its energy at the
temperature below 7),_gec, which reheats only the electrons and the photons. Thus, such
late-time energy injection affects the neutrino-to-photon temperature ratio, 7, /7. By
considering the entropy conservation in the electron+photon+dark photon plasma and
that in the neutrino plasma independently, one finds

1/3 ~1/3
L _ (4 14 5 5y (Tomdec) , (2.15)
T, \11 112 713

v-dec

Here, s./(T,-dec) is the entropy density of the dark photon at T, -gec. As a result, the
effective number of neutrino types is changed to

45 50 (T-dee) \ 2 - ou
Nog = (1 + 13 " NEM (2.16)
where NS = 3.046 [30] (3.045 in the recent analysis [31]) is the SM value. From the
CMB observation, we find that the dark photon mass is bounded from below,
My 2, 20 MeV . (2.17)

We note that the constraint does not depend on € in this case since the criterion depends
only on the entropy density of the dark photon at the neutrino decoupling temperature
(see figure 1).

2.3.2 Dark photon recoupling below the neutrino decoupling temperature:
Tcr <T -dec

When the kinetic mixing parameter is smaller than eq. (2.14), the dark photon recoupling
reheats only the electron and the photon thermal bath, while the neutrino temperature
does not get contributions from the dark photon. In this case, the entropy conservation of
the neutrino plasma for a > ay-gec and that of the electron+photon+dark photon plasma
leads to the neutrino-to-photon temperature ratio after the recoupling;:

E _ i 13 Tu—dec Ay-dec (2 18)
Tw 11 Teom atn . '



Collider Experiments

Beam Dump Experiments

10° 10’ 10? 10°
m,IMeV

Figure 1. Constraints on the dark photon parameters. The blue shaded regions are excluded
by the cosmological constraints discussed in sections 2.3.1 (left) and 2.3.2 (bottom). We take
Tocor = 1GeV and ap/agep: = 3, although the result barely depends on their values. The
gray shaded regions are excluded by SN 1987A [32, 33], beam dump experiments, and collider
experiments [34]. The red lines show the upper limit on e at 90% CL for mpy = 8.5GeV from
the DM direct detection experiment (see section 3.2). We set ap = « (lower) and ap = «/100
(upper). In our analysis, we use the Maxwell velocity distribution with the velocity dispersion of
vp = 220km/s, which is truncated at the Galactic escape velocity, vese = 544km/s. The local
circular velocity is also fixed to be veire = 220km/s with the peculiar motions of the Earth being
neglected. We use a conventional value of the local DM density, ppm = 0.3 GeV/cm?, assuming
that half of the total DM consists of p’. We note that the direct detection constraint is sensitive to
the DM mass, while the other constraints are not.

Accordingly, the effective number of neutrino degrees of freedom is estimated to be
. Tu—dec 4 Ap-dec 4 (SM)
Nog = NSM) (2.19)
Teom Gth

The lower blue shaded region of figure 1 shows the resultant constraint. Roughly speaking,

the upper limit on € for a given m., corresponds to the dark photon lifetime of O(1)s, and
hence, to the dark photon decay at the neutrino decoupling temperature. In the figure, we
take account of the muon, the charged pion, and the charged Kaon decay channels in I'./
in addition to the electron one, when those modes are kinematically allowed.

3 Bottom-up construction of a composite B — L ADM model

In this section, we discuss a minimal model of composite B — L ADM, which achieves the
thermal history discussed in the previous section. For Ny = 1, an operator Op charged
under the B — L symmetry is also charged under U(1)p, and hence, no B — L portal
interaction is allowed. Thus we take Ny = 2 as a minimal model.



SU(2)p | B—L | U1)p
Q1 2 4B-L 1/2
Q1 2 —qp-r | -1/2
Q2 2 - | -1/2
Q2 2 | —gp-1| 1)2

Table 1. The charge assignment of the minimal model with N, = 2 and N; = 2. The QED’
charges of dark quarks are normalized to be £1/2 without loss of generality.

3.1 N, = 2 case

In this section, we discuss a model with V. = 2 and Ny = 2. In table 1, we show the charge
assignment of the dark quarks. In this case, the dark pions

™o Q1Q1 — Q2Q2, T xQ1Q2, T ox Q2Q1, (3.1)

and the lightest baryons® are

box QiQz, box Q1Qs. (3.2)

The lowest dimensional portal interaction is
L 5 A w2
EN == WQlQZNR+h‘C" (33)

which requires ¢g_;, = 1.7 By integrating out Ng, we obtain

2
EBfL portal — Un (QIQQ)(LH)Z +h.c. ) (34)

MZM!?
and hence, M2 = M]%LM;2 Jy3 in eq. (2.3). A drawback of this charge assignment is that it
allows

LB mass = Mp(Q1Q2) + M;%(Qléz) +h.c., (3.5)

which result in the dark quarks masses of O(Mpg). Thus, the minimal charge assignment
contradicts with the assumption of the composite model.

We may take gp_1 = £1/2 to avoid the unwanted mass term in eq. (3.5). In this case,
the lowest dimensional portal interaction is

2

Yy A A N\2 2
LB_ L portal = W]XM(QIQQ (LH)* + h.c. (3.6)

In this case the lightest baryons are also Nambu-Goldstone modes due to the enhanced symmetry
breaking patter in the chiral limit, U(4)[D> SU(2)xSU(2)xU(1)] — USp(4)[D> SU(2)xU(1)]. Even if the
masses of the lightest baryons are degenerate with those of the dark pions, the thermal history discussed
above does not change as long as the dark baryon annihilation into the dark pions is efficient.

"Terms like QIQ;N%/M? are also possible. Hereafter we omit such parity conjugated terms for the sake
of notational simplicity, as they do not alter the discussion.



SUB)p | B—L | U1)p
Q1 3 qB-L 2/3
Q1 3 —qB-1 | -2/3
Q2 3 -1 | -1/3
Q2 3 —q-r | 1/3

Table 2. The charge assignment of the minimal model for N, = 3 and Ny = 2. The QED’ charges
are assigned so that one of the dark baryon becomes neutral.

This portal operator is a valid choice for the purpose of the ADM scenario. As we will see
shortly, however, we have a model with a simpler portal interaction for N, = 3. Hence, we
do not pursue this possibility further, although it is phenomenologically consistent.® We
also stress that the constraints on the dark photon parameter space in the previous section
is not significantly changed for the model with N. = 2 and Ny = 2, although they are
derived for N. = 3 and Ny = 2.

3.2 N, = 3 case

Now, let us consider the case with N. = 3 and Ny = 2. In table 2, we show the charge
assignment of the dark quarks. As the charge assignment is parallel to the QCD charge, it
is apparently free from quantum anomalies.” In this case, the dark pions are

0o Q1 — Q2Q2, T o< Q1Q2, 7T ox Q2Q1, (3.7)
and the dark baryons are

P @Qi@iQ2, P xQiQ1Q2, n x Q1Q2Q2, 1 x Q1Q2Q2. (3.8)

We summarize hadron mass formulas in the appendix A. We emphasize that the QED’
charge assignment in table 2 is the unique choice (up to trivial normalization) that makes
one of the dark baryon neutral and allows the following portal interaction.

The lowest dimensional portal interaction is

1 - -
Ln-D = W(QlQQQg)NR + h.c., (3.9)
which requires ¢gg_; = 1/3. Below the mass scale of Mg, the above portal interaction
results in
YN A ALA
LB portal = m(QlQQQZ)LH +h.c., (3.10)

and hence, M, in eq. (2.3) should be identified as (M>Mg/yn)'/3.

8From the point of view of the ultraviolet completion, the portal interaction in eq. (3.6) requires more
complicated structure than the one required for the portal interaction in eq. (3.9).

9This model has a similarity to models based on the idea of the mirror matter [35-38]. In such scenarios,
mirror baryons are DM candidates, although the mirror photon is massless.

~10 -



As we mentioned earlier, we assume that Tp is below the right-handed neutrino mass
scale!” and is above the decoupling temperature of the Sphaleron process. In this case, the
ratio of the B — L asymmetries between the dark and the SM sectors is [26]

Aoy _ 44
Agm 237

(3.11)

As a result, we find that the mass of DM is mpy = 8.5 GeV [see eq. (2.5)], for which we
take Aqopr ~ 10 x Agep with Agep ~ 200 MeV denoting the QCD dynamical scale. We
consider a dark pion mass of O(10-100) MeV or larger, which corresponds to a quark mass
of O(1) MeV or larger. The dark neutron can be heavier or lighter than the dark proton
depending on the quark mass parameters m; and my [see eq. (A.4)].

An interesting feature of the portal interaction [see eq. (3.10)] is that it leads to a
decay of the dark nucleon into a pair of the dark pion and the SM neutrino. Although
the predicted lifetime of the dark nucleon is much longer than the age of the Universe,
the dark nucleon decay is constrained by the measurements of the neutrino flux by the
Super-Kamiokande (SK) experiment, which puts the lower limit on the portal scale from
below as M, > 108 GeV [26] (see also ref. [39]).

The dark proton does not mix with the dark neutron when the dark Higgs boson has
a U(1)p charge of —2, since the Zy subgroup of U(1)p remains unbroken. When the dark
Higgs boson charge is —1, on the other hand, the dark proton slightly mixes with the
dark neutron. In the following, we consider the model with the dark Higgs charge of —2,
although the case with the dark Higgs charge of —1 is also a viable option as discussed
in appendix B.

As another interesting feature of the model, the dark proton has a coupling to the SM
fermions through the dark photon, with which DM can be searched for. As the dark neutron
does not couple to the dark photon, the expected event rate of the DM direct detection
depends on the dark proton fraction in DM. The dark proton fraction is determined by the
dark nucleon inelastic scattering with the dark pion, which freezes out when the dark pions
annihilate into the dark photons, T’y ~ m, /20-30. Resultantly, the dark proton fraction
is given by

% 1

= . 3.12
Ny + Ny expl—(my —my)/Ty] +1 (3.12)

Since the n/-p’ mass difference, m,, — my = O(m2), is basically smaller than the dark
pion mass, My = O(\/mLTQCD/ ) (see appendix A), we consider that p’ accounts for half
of DM.1!

Following the analysis in ref. [47], we place the upper bound on € on the dark photon
parameter from the 54 tonxday exposure of PandaX-II [48] in figure 1 (red lines). With this
exposure, no signal candidates were observed while the expected background in the signal

19Tt follows that M. < 10Mg x (m, /0.1eV)'/4,

11f the dark photon mass is smaller than the dark deuterium binding energy, the dark nucleosynthesis
could proceed [40-46] and significantly change direct detection signals. If one estimates the dark deuterium
binding energy as By ~ BgxAqop//Aqep with the SM value, Bq ~ 2.2 MeV, the direct detection constraint
would differ from our analysis for m., < 20MeV.
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region was 1.8 £0.5. This leads to an upper limit of 0.63 signal events in the signal region at
90% CL. Similar constraints are expected from the results of LUX [49] and XENONIT [50].
The direct detection experiment constraint is severer than that from SN 1987A for the QED’
fine-structure constant ap = a. For ap = a and m. < 100 MeV, large portion of the
parameter region can be tested by future experiments such as XENONnT [51], LZ [52], and
Darwin [53]. With a light mediator, m., < 100 MeV, the nuclear recoil energy spectrum of
DM scattering is distinguishable from that of the neutrino background [54].

Finally, let us remark that there can be an additional B — L neutral portal operator,

LB_1 portal = %(QIQIQZ)(LH) +h.c. (3.13)

When both the portals in egs. (3.10) and (3.13) are effective in the thermal bath at the
temperature below Mg, the B — L asymmetry generated by thermal leptogenesis is washed
out. To avoid this problem, we assume that M, in eq. (3.13) is much larger than that
in eq. (3.10).

This can be realized, for instance, as follows. One introduces a scalar quark ¢ that
transforms as a fundamental representation of SU(3)p with the QED’ charge of 2/3 and
B — L charge of —2/3. With this charge assignment, the portal interaction in eq. (3.9) is
generated via

LoD = ysn PNRQ1 + ypg ¢*Q2Q2 + h.c., (3.14)

below the scale of the scalar quark mass My > Mpy. The suppression scale is M, =
(’)(Md%MN/yN)l/?’. Meanwhile the portal interaction in eq. (3.13) is generated via

L.
Lypr = M”¢ Q1LH + yj0 ¢ Q2Q2, (3.15)

which leads to a larger suppression scale, M, = O(M;Mi’)l/:g, when M > M, > My.

4 Conclusions

Motivated by the composite ADM scenario, we have investigated the viable parameter
space of the dark photon portal, with which the entropy of the dark sector is transferred
to the SM sector. As we have seen, the stringent bound comes from the observational
constraint on Neg, where the bound depends on whether the reheating temperature of
the SM sector by the dark photon recoupling is above or below the neutrino decoupling
temperature. If the neutrinos are in the thermal bath at the dark photon recoupling, the
recoupling itself does not affect Neg. Still, the thermalized dark photons affect Neg by
heating only electron and photon plasma after the neutrino decoupling. The observational
constraint on Neg places an upper bound on the dark photon mass in this case. If the
neutrinos already decoupled from the thermal bath at the dark photon recoupling, the
recoupling directly heats the electrons and the photons and thus changes N.g. We have
obtained a lower bound on the kinetic mixing parameter for a given dark photon mass.

- 12 —



In addition, we have constructed a minimal model of composite ADM, which is compat-
ible with the seesaw mechanism and thermal leptogenesis. It has a QCD-like SU(3) gauge
theory and a QED-like U(1) gauge interaction. As the dark proton is charged under U(1) p,
our ADM can be tested by direct detection experiments. We have found that the current
direct detection constraint is severer than that from SN 1987A. A large portion of the
parameter space can be tested by future experiments such as XENONnT, LZ, and Darwin.

Our model of ADM has interesting astrophysical implications. As the QCD’ is similar
to the SM QCD, our ADM would have a cross section similar to that of the SM nucleon,
which is O(1) b and constant at low velocity, while diminishes with increasing velocity above
v/c = O(1072) [55]. Such a velocity-dependent cross section could solve issues of cold dark
matter structure formation on galactic scales, while satisfying the constraints from galaxy
clusters (see, e.g., ref. [56] for a review). The nature of our ADM self-scattering and its
implications for structure formation are worth investigating.
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A  Hadron mass spectrum in the QCD’ + QED’ model

By analogy to the QCD, the masses of the dark pions are estimated as

Aqcpr my + ma
m72_r/0 ~ m721_0 X Q s
Aqcp my +my

(A1)

where m,, ) is the SM up-type (down-type) quark mass. The squared mass difference of
the dark pions is given by

mzr/i ~ m72r/0 + aDA(%CD’ . (A2)

The average dark (SM) nucleon mass m - (n) is given by

A /
mys >~ my X AZ(;]]D) , (A.3)
while the nucleon mass difference is given by
~ 5 QED o Aacp A4
My — My mn_p XmXO&D—‘rHN(ml—mg). ( )
Here, 5m§_];37D = —0,178J_r8:8gjll GeV and ky = 0.95f8:82 parameterize the electromagnetic

and the isospin-violating contributions, respectively [57].
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B U(1)p Higgs with a charge of —1
For the U(1)p Higgs charge of —1, Yukawa couplings,

ﬁU(l)D mass yHDQlQZ + QHTDélQQ + h.c., (Bl)

induce mixing between the QED’ breaking Higgs and the charged pion. The charged pion
also develops a vacuum expectation value. It induces dark proton mixing with the dark neu-
tron once the U(1)p symmetry is spontaneously broken. In this case, the heavier nucleon
can decay into the lighter one and the dark photon or the charged leptons, depending on the
mass difference m,,, —m; [see eq. (A.4)]. If the dark photon channel is kinematically for-
bidden, the lifetime of the heavier nucleon is of O(101%)s for e = O(1071Y) and its fraction
in the whole DM is severely constrained to be smaller than O(10~%) by the light element
abundance [58]. The fraction is determined by the dark nucleon inelastic scattering with the
dark photon, which is induced by the vacuum expectation value of the charge pion. This in-
teraction decouples when T; ~ |m,,s —myy|/20-30 if the dark photon decays below this dark
photon temperature. The resultant fraction is of O(107?) [see eq. (3.12)], which evades the
above cosmological constraint. If dark photon decays before T, ~ |m,s —m,y|/20-30, the
freeze-out temperature is given by Ty ~ m// 20-30.'2 In this case, the resultant fraction
tends to exceed the upper bound from the cosmological constraint.

The charged pion also mixes with the SM Higgs boson through the vacuum expectation
value of the charge pion and the Higgs portal coupling, |H|?|Hp|?. Resultantly the charged
pion decays into the SM fermions. Such decay modes provide an alternative route (to kinetic
mixing) to transfer the entropy in the dark sector to the SM sector (see, e.g., ref. [59]). A
detailed discussion will be given elsewhere.
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