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We propose a model which explains the baryon asymmetry of the universe and dark matter relic density
at the same time. In this model, dark matter candidate is the dark baryon composed by dark quarks. A scalar
mediator, which couples to the standard model leptons and dark quarks, is introduced to generate the
asymmetry of baryon and dark baryon simultaneously. Direct detection and collider detection of this model
are studied. We find that current underground direct detection experiments and LHC can hardly detect this
model. But future lepton colliders, such as CEPC, have great potential to detect a large portion of the model
parameter space, via novel signal “displaced lepton jet”.
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I. INTRODUCTION

The observed baryon asymmetry of the universe (BAU) is
a main puzzle in modern cosmology and particle physics.
The ratio of the baryon number density to entropy density,
YΔB ¼ ðnB − nB̄Þ=s ≈ 8 × 10−11, is measured by the cosmic
microwave backgound (CMB) [1] and big bang nucleosyn-
thesis (BBN) [2]. To explainBAU, threeSakharov conditions
[3] need to be satisfied: baryon number violation, C and
CP violation, and departure from thermal equilibrium.
Successful baryogenesis mechanisms include electroweak
baryogenesis [4–6], leptogenesis [7], or the Affleck-Dine
mechanism [8,9]. Recent review see Ref. [10].
Another important issue in particle cosmology is the

nature of dark matter (DM). So far, we only know the
existence of DM through its gravitational effects [11]. The
lack of observations other than the gravitational effects
makes the DM model building highly speculative. Weakly
interacting massive particle (WIMP) DM, which can
naturally explain observed DM relic density by freeze-
out mechanism, has been intensively searched for by
indirect detection (ID) experiments, direct detection
(DD) experiments, and collider experiments [12–18]. But
definite observation evidence of WIMP has not been seen
in above searches.
Motivated by the null results in WIMP DM searches and

the coincidence that the abundance of baryon and DM are

very close (ΩDM ≃ 5ΩB), it is natural to assume that the
origin of baryon and DM abundance might be related to
each other. To be more specific, the DM abundance is
determined by the asymmetry between DM and anti-DM,
and the asymmetry in dark sector and visible sector are
from the same source. Such an asymmetric dark matter
(ADM) paradigm is very different from WIMP in terms of
model building and phenomenology study [19–45].
In this paper we focus on the composite ADM model

[38,39,42,43,46–49]. In composite ADM model, there is a
confined QCD-like strong interaction in the dark sector,
and the DM candidate is the lightest dark baryon. Thus the
mass of DM is basically determined by the dark confine-
ment scale Λ0

QCD.
1 Furthermore, we use the decay of

mediator particle (labeled as Φ) to generate the asymmetry
in both visible sector and dark sector, as proposed in [45].
The mediator Φ carries particle numbers in both sectors.
Introducing such a “bi-charged” mediator have many
advantages. First, the asymmetry in both visible and dark
sector comes from the asymmetry of mediator Φ, and thus
the particle number densities in two sectors are automati-
cally connected to each other. Second, this mediator
provides a portal which release the entropy in the dark
sector to visible sector, and thus prevent the dark sector
from being hot [38,44]. Finally, as we will explain later on,
the mass of mediator Φ can be quite low, and thus makes
this model detectable at current or coming experiments.
In previous work [45], mediator Φ is chosen to couple to

a dark quark (labeled as q0) and a standard model (SM)
quark q. Being charged under the SM QCD, Φ can be
copiously produced at the LHC. Energetic dark quark q0 in
the final state, which comes from Φ decay Φ → q0q̄, will
eventually evolves to a so-called “dark-jet.” Such a novel
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collider signature has induced many studies in recent years
[45,50–71]. In this paper we discuss another possibility for
composite ADM model: mediator Φ couples to a dark
quark and a lepton, instead of a dark quark and a SM quark.
The rapid sphaleron process in the early universe can
transfer the lepton asymmetry generated from Φ decay into
baryon asymmetry, and thus BAU can also be explained in
this model. Different with the model proposed in [45], the
dark sector in this model mainly talks to the lepton sector in
the SM. Such a leptophilic composite ADM model can be
detected by direct detection (DD) experiments through the
scattering with electrons. This model can also be detected at
colliders by novel signatures like displaced lepton jets. We
will choose LHC and projected CEPC [72] as representa-
tive detectors for collider searches.
In the next section, we will construct an ADM model

which explain the BAU and DM relic density simulta-
neously. In Sec. III we discuss the constrains on this model
from DD experiments. Section IV is dedicated to the
collider searches. In Sec. V we conclude this work.

II. THE GENERATION OF BARYON AND DARK
BARYON ASYMMETRY

The model we present in this section is similar to the
model proposed in [45]. First, we need to generate the
asymmetry of mediator Φ. This goal can be achieved by
the out-of-equilibrium and CP violated decay of a heavy
Majorana fermion, which is just like the leptogenesis
process [7,73,74]. Furthermore, we need to break the
conservation of dark baryon number (labeled as B0) when
the temperature of universe is high. In addition to the scalar
mediator Φ and dark quark q0,2 we extend the SM by two
heavy Majorana fermions (N1 and N2) for out-of-equilib-
rium process, and a Dirac fermion χ charged under dark
QCD (denoted as SUð3Þ0) to break the dark baryon number
B0. In Table I we present charge, spin, and particle number
carried by each particle.
We extend the SM Lagrangian with the particles present

in Table I:

L ¼ LSM −
1

2

X
i¼1;2

MNi
N̄iNC

i −m2
ΦΦ†Φ −mχ χ̄χ

−mq0 q̄0q0 þ Lkinetic

−
X
i¼1;2

λiN̄iχΦ† − κΦq̄0LlR −
1

Λ2
1

ðq̄0CχÞðq̄0CLlRÞ

−
1

Λ2
2

ðχ̄γμq0Þðd̄RγμuRÞ þ H:c: ð1Þ

In the above Lagrangian, we dismiss the traditional lepto-
genesis operator NiLH by assuming this term to be

negligible, because we do not want to mix the standard
leptogenesis with our scenario. Furthermore, we introduce
two dimension-6 four fermions operators to make χ decay.3

Actually, due to angular momentum conservation and
gauge invariance, we can not write down dimension-4
operator to make χ decay.4 It needs to be mentioned that
these two dimension-6 operators break dark baryon number
B0 and lepton number L respectively. As we will explain
later on, they are crucial for B0 and L asymmetry gen-
eration. One of CP phases of parameter λi can be rotated
away by field redefinition, and the rest one is the source of
CP violation. Coupling parameter κ and scale Λ1;2 can be
chosen to be different for different lepton flavor, but here
we assume them to be lepton flavor universal for simplicity.
For conciseness we do not write out the kinetic terms
Lkinetic in detail.
In the following, we explain how to generate the baryon

and dark baryon asymmetries in this model. For conven-
ience, we use “Y” to denote the net number density of a
kind of particle relative to entropy density s. For self-
conjugate particle and nonself-conjugate particle, expres-
sions of Y are slightly different:

Yi ≡ ni
s

ðif “i” is self-conjugateÞ

YΔi ≡ ni − nī
s

ðif “i” is not self-conjugateÞ ð2Þ

TABLE I. Particles contents and their property. Here we present
charges, spins, and particle numbers carried by each particles.
N1=N2 are heavy Majorana fermions. Φ is the scalar mediator
that carries the SM lepton number L and dark baryon number B0.
χ is a Dirac fermion that carries the same particle number and
charge as Φ carries. q0 is the dark quark. l denote the SM leptons
e, μ, and τ. dR and uR are the SM right-handed down quark and
up quark.

SUð3Þ0 SUð3Þ UYð1Þ Spin L B B0

N1=N2 1 1 0 1=2 0 0 0
Φ 3 1 1 0 −1 0 1=3
χ 3 1 1 1=2 −1 0 1=3
q0 3 1 0 1=2 0 0 1=3
lR 1 1 −1 1=2 1 0 0
dR 1 3 −1=3 1=2 0 1=3 0
uR 1 3 2=3 1=2 0 1=3 0

2We can certainly consider more than one flavor of dark quark,
but the number of dark quark flavor is not relevant in this section.

3A dimension-5 operator ðχΦ†ÞðLHÞ, which is obtained by
integrating out heavy Ni, can also make χ decay. But due to the
huge hierarchy between MNi

and mχ , we assume this operator to
be negligible.

4By introducing additional new particles and new interactions,
we can design a cascade decay chain to make χ decay without
high dimension operator. However, in this work we focus on the
study of Φ, and thus we simply use dimension-6 operators to
make χ unstable.
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A. Stage I: Out-of-equilibrium and
CP violated decay of N1

In this work we consider following hierarchy of particle
spectrum:

MN1
; MN2

≫ mΦ; mχ ≫ mq0 ; ml ð3Þ

And we further chooseN1 to be lighter than N2, andΦ to be
lighter than χ. For simplicity we assumeN1 is in the thermal
equilibrium when universe temperature T ≫ MN1

. At that
temperature, the number density of N1 is quantified as:

YN1
¼ nN1

s
¼ 135ζð3Þ

4π4g�
: ð4Þ

Here ζð3Þ ≃ 1.2, and g� is the number of relativistic degree of
freedom, which can be approximated to 100. As the universe
temperature decreases, N1 starts to decay. If this decay
process is out-of-equilibrium and λi have irreducible CP
phases, asymmetry between the number density ofΦ=χ and
their antiparticles can be generated [73,74]:

YΔΦ ¼ −YΔχ ¼ YN1
× ϵ × η ð5Þ

ϵ in Eq. (5) is the parameter used to describe the CP
asymmetry in N1 decay:

ϵ≡ ΓðN1 → χΦ†Þ − ΓðN1 → χ̄ΦÞ
ΓðN1 → χΦ†Þ þ ΓðN1 → χ̄ΦÞ ð6Þ

To obtain a nonzero value of ϵ, the interference between
tree level and one-loop level decay amplitudes needs to be
calculated. In the case whereMN2

is much larger thanMN1
,

ϵ can be simply expressed as [75]:

ϵ ≃ −
3

16π

MN1

MN2

Im½ðλ�2λ1Þ2�
jλ1j2

: ð7Þ

Depending on the sign of Im½ðλ�2λ1Þ2�, ϵ can be positive or
negative.
η in Eq. (5) is the efficiency factor that describe the

“washout” effects. Asymmetries generated in Eq. (7) can be
erased by processes like inverse decay (χ þΦ† → N1) or 2-
to-2 scattering (q̄0 þ lR → N1 þ χ̄). If N1 is always in the
thermal equilibrium, then η will be zero. Here we can
choose the parameter λ1 to be small enough, to make the
decay width of N1 being much smaller than the Hubble
expansion rate when temperature is around MN1

:

ΓN1
≪ HðT ≈MN1

Þ ð8Þ

We can always choose suitable values for λ1 and MN1
that

satisfy Eq. (8) and make N1 in the thermal equilibrium

when T ≫ MN1
. In this case, the value of η can be close

to 1.
Before moving to the next stage, here we estimate the

scale of jYΔΦj and jYΔχ j. YN1
is about 4 × 10−3. If we

choose λ1 to be real, Imðλ�2Þ2 to be Oð1Þ, and MN1

MN2

to be

Oð0.01Þ, then jYΔΦj and jYΔχ j can be as large as 2 × 10−6.
Smaller jYΔΦj and jYΔχ j can be easily obtained by

decreasing the value of Imðλ�2Þ2 or
MN1

MN2

.

B. Stage II: Φ and χ decay to leptons and dark quarks

In the Lagrangian we introduce two operators of χ to
break B0 and L conservation. ðq̄0CχÞðq̄0CLlRÞ breaks B0

number by 1, and ðχ̄γμq0Þðd̄RγμuRÞ breaks L number by
1. Both operators are necessary for the generation of baryon
and dark baryon asymmetries. This is because Φ and χ
carry the same particle number, but after N1 decay we
obtain YΔΦ ¼ −YΔχ . So the net particle number density of
q0 and l can not be generated without B0 and L violated
processes. We denote the branching ratios of decay
channels χ → q̄0q0Cl̄R and χ → q0d̄RuR, by BrχðB0Þ and
Brχð=LÞ respectively. Because χ only has two decay
channels, so we should have BrχðB0Þ þ Brχð=LÞ ¼ 1.
We need the sphaleron process in the SM to transfer

lepton number to baryon number. Lattice simulation shows
that the SM sphaleron transition rate will be smaller than
the Hubble expansion rate when the universe temperature is
T� ¼ ð131.7� 2.3Þ GeV [76]. So Φ and χ need to decay
before T�. This requirement can be satisfied by choosing
mΦ and mχ to be higher than T�, and make their lifetime
shorter than 1=HðT�Þ. If we assume that the net number
densities of Φ and χ have been almost entirely transferred
to the number densities of lR and q0 before T�. Then there
will be5

YΔlR ≃ −YΔΦ − BrχðB0Þ × YΔχ ¼ −Brχð=LÞ × YΔΦ ð9Þ

YΔq0 ≃ YΔΦ þ ðBrχð=LÞ − 2BrχðB0ÞÞ × YΔχ

¼ 3BrχðB0Þ × YΔΦ ð10Þ

C. Stage III: Generate baryon and dark baryon
asymmetries

Each dark quark q0 carries 1=3 dark baryon number, thus
after Φ and χ decay we obtain:

5Here we also require decay processes χ → q̄0q0Cl̄R and χ →
q0d̄RuR to be out-of-equilibrium. Otherwise the decay products of
these two processes will transfer to each other, through
q̄0q0Cl̄R ↔ χ ↔ q0d̄RuR. And thus the estimation of particle
number density will be more complicated.
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YΔB0 ¼ 1

3
YΔq0 ≃ BrχðB0Þ × YΔΦ ð11Þ

On the other hand, gauge interaction, Yukawa interaction,
and sphaleron transition in the SM are rapid when the
universe temperature is higher than T�. A combination of
all these processes finally transfer the lepton number, which
are carried by lR, to baryon number [77]:

YΔB ¼ 28

79
YΔB−L ¼ −

28

79
YΔlR ≃

28

79
Brχð=LÞ × YΔΦ ð12Þ

As explained in stage I, jYΔΦj can be as large as 2 × 10−6,
and thus it is easy to explain the observed BAU
YΔB ≈ 8 × 10−11, provided Brχð=LÞ is not too small.
The mass of dark baryon can be fixed by the ratio

between YΔB0 and YΔB:

mB0YΔB0

mBYΔB
¼ ΩDM

ΩB
⇒ mB0 ≃

Brχð=LÞ
BrχðB0Þ × 1.67 GeV ð13Þ

So in this model, dark baryon mass relies on the branching
ratios of χ, and can vary in a wide range. In Fig. 1 we
present a schematic diagram to summarizes above asym-
metry generation process.

D. Stability of dark baryon B0 and dark pion π0

χ in Lagrangian (1) couples to a B0 violated operator and
a L violated operator, and thus a dark baryon (composed by

q0q0q0) can decay to lþπ− via χ. On the other hand, dark
pion (composed by q̄0q0) can decay to lþl− via a t-channel
Φ. In Fig. 2 we present these two decay processes for
illustration.
By integrating out χ and Φ in the Lagrangian, we obtain

a dimension-9 operator and a dimension-6 operator that
induce B0 and π0 decay respectively:

L ⊃
κ2

m2
Φ
ðq̄0LlRÞðl̄Rq0LÞ

þ
�

1

mχΛ2
1Λ2

2

ðq̄0CLlRÞðq̄0Cγμq0Þðd̄RγμuRÞ þ H:c:

�
ð14Þ

Thus the decay width of B0 is suppressed by the factor
m2

χΛ4
1Λ4

2. Current bound on dark matter lifetime from weak
lensing and cluster counts is τB0 ≳ 175 Gyr [78]. This
bound can be rewritten as ΓðB0Þ≲ 1.2 × 10−43 GeV.

Dimensional analysis says ΓðB0Þ ≃ 1
8π

m11

B0
m2

χΛ4
1
Λ4
2

. Thus we

can simply put mχ and Λ1;2 to a scale higher than
20 TeV, which is unreachable for current particle physics
experiments, to satisfy the lifetime bound. In the following
sections we will not discuss the detection of χ.
In our ADM scenario, anti-DM B̄0 in the early universe

will be almost completely wiped out via the annihilation
with DM B0. And thus the annihilation process B0B̄0 → π0π0
produce plenty of dark meson π0 in the early universe. If
those π0 are long-lived like B0, they will overclose the

FIG. 1. A schematic diagram for the DM asymmetry and baryon asymmetry generation process. Firstly, the out-of-equilibrium andCP
violated decay of N1 generates the asymmetries of Φ and χ. Then the decay of Φ and χ generate the asymmetries of dark baryon and
lepton. Finally, the lepton asymmetry is transferred to baryon asymmetry via sphaleron process.

FIG. 2. Left: illustration for dark baryon B0 decaying to lþπ− via χ. Right: illustration for dark pion π0 decaying to lþl− via Φ.
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Universe (if π0 is heavy) or affect the effective number of
neutrino degrees of freedom Neff (if π0 is light) [44]. So π0
should decay before BBN. Through the dimension-6
operator in Lagrangian (14) we obtain the coupling

between π0 and lepton pair, iκ2fπ0ml

m2
Φ

π0 l̄Rγ5lR [45]. Thus

the decay width of π0 → l̄l is [58]:

Γðπ0 → l̄lÞ ¼ κ4

32πm4
Φ
f2π0m

2
l mπ0 ; with l ¼ e; μ; τ ð15Þ

Here fπ0 is the decay constant of dark pion π0. Due to the
hierarchy between me, mμ, and mτ, the lifetime of π0 is
determined by the decay width to the heaviest lepton pair
allowed by kinematics. The constraint from BBN give us a
bound on π0 lifetime:

1

Γðπ0 → l̄lÞ ≲ 1.52 × 1024 GeV−1

⇒ mΦ ≲ 0.35 × 106 × κ
ffiffiffiffiffiffiffiffiffiffiffi
fπ0ml

p
×

�
mπ0

1 GeV

�1
4

:

ð16Þ

If we choose a benchmark setting like: κ ¼ 1; fπ0 ¼
mπ0 ¼ 0.3 GeV. Then π0 can only decay to μ̄μ and the
up-limit of mΦ from BBN is 2.6 × 105 GeV. If the dark
confinement scale Λ0 become higher and mπ0 can decay to
τ̄τ, then the upper limit of mΦ can be increased by more
than an order of magnitude.
On the other hand, Φ can not be lighter than the

sphaleron freeze-out temperature T� ≈ 131.7 GeV, because
we need to generate enough antileptons viaΦ decay, before
the sphaleron process stops. We assume the coupling κ for
interaction Φq̄0LlR is not too small, and thus Φ is always in
the thermal bath during its decay. Then the proportion of Φ
particles that have decayed before T� can be estimated by
1 − e−mΦ=T� . So even Φ is as light as 300 GeV, 90% of Φ
would have decayed before Sphaleron process stop. This is
enough to explain BAU in a large parameter space of
this model.
Such a small mass lower-limit makes scalar mediatorΦ a

promising target for current and coming particle physics
experiments. In the following sections, we will discuss
direct detection and collider detection of this model,
through the portal provided by scalar mediator Φ. To
simplify our analysis, in this work we will assume that
Brχð=LÞ and BrχðB0Þ are in the same order of magnitude,
and fix mB0 to 2 GeV. This choice also fix the value of dark
confinement scale: Λ0

QCD ≃ mB0
mB

ΛQCD ≃ 0.64 GeV.

III. DIRECT DETECTION

In this section we discuss the direct detection of this
model. Dark baryon B0, which is composed by 3 dark

quarks, can scatter with electrons in atoms through the
dimension-6 operator:

κ2

m2
Φ
ðq̄0LeRÞðēRq0LÞ ¼

κ2

2m2
Φ
ðq̄0Lγμq0LÞðēRγμeRÞ ð17Þ

Here we use Fierz identity to rewrite the operator. So it is
possible to detect B0 by direct detection experiments via
electron ionization.
The matrix element for the dominant spin-independent

scattering is [79]:

M ¼ κ2

8m2
Φ
gμνJ

μ
B0Jνe ð18Þ

where Jνe ¼ ūðp0ÞγνuðpÞ, and JμB0 ¼ hB0ðk0Þjq̄0γμq0jB0ðkÞi≈
3ūðk0ÞγμuðkÞ, in the nonrelativistic limit. Here k (p) and k0
(p0) are initial and final state momentum of B0 (electron)
respectively. So the spin-independent cross section of
B0-electron scattering is

σ̄eB0 ≈
9κ4μ2eB0

64πm4
Φ

ð19Þ

Here μeB0 ¼ ðmemB0 Þ=ðme þmB0 Þ is the reduced mass. If
we choose κ ¼ 1 and mΦ ¼ 300 GeV, then σ̄eB0≈
5.6 × 10−46 cm2. This is much smaller than current direct
detection limits from XENON100 [80,81] or DarkSide-50
[82]. On the other hand, dark baryon B0 can also scatter
with nucleons via loop induced process. But the corre-
sponding DM-nucleon scattering cross section will be
suppressed by loop factor. Furthermore, direct detection
bounds on DM-nucleon scattering sharply become loose
when DMmass is lighter than 10 GeV. So here we conclude
that current direct detection experiments can hardly con-
strain our model, provided mB0 is around GeV scale.

IV. COLLIDER SEARCH

In this section we study the detection of this model by
collider experiments, including both hadron collider (e.g.,
LHC) and lepton collider (e.g., CEPC). The Lagrangian
which is related to collider search can be expressed as [58]:

L ⊃ q̄0ðD −mq0 Þq0 þ ðDμΦÞ†ðDμΦÞ −m2
ΦΦ†Φ

−
1

4
G0μνG0

μν − ðκΦq̄0LlR þ H:c:Þ ð20Þ

Here G0μν is the field strength of dark gluon. If dark quark
q0 can be produced at colliders via dimension-6 operator or
Φ decay, then generally it will carry an energy which is
much larger than the dark confinement scale Λ0

QCD (in
Sec. II D we have fixed Λ0

QCD to 0.64 GeV). Thus the
energetic q0 will shower then evolve to a bunch of collinear
dark mesons after hadronization. Such an object is often
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call “dark jet.” Dark jet is not totally invisible at collider
since dark meson can decay back to SM particles through
some portal. As we have explained in Sec. II D, dark meson
π0 can decay to lepton pair via the dimension-6 operator
provided byΦ. Here we estimate how long it can propagate
before it decay. Proper lifetime of dark meson π0 is [58]:

cτ0 ¼
cℏ
Γπ0

≈ 120 mm ×
1

κ4

�
1 GeV
fπ0

�
2
�
0.1 GeV

ml

�
2

×

�
1 GeV
mπ0

��
mΦ

500 GeV

�
4

: ð21Þ

So we can expect that, in a large parameter space of this
model, dark mesons inside dark jet can propagate for a
moment, and then decay to lepton pair at a place away from
the primary vertex. Such a novel “displaced lepton jet” is
the main signal for the collider searches of this model.
To simplify our collider analysis, we fix the mass of π0 to

0.3 GeV, and thus the dominant decay channel of π0 is
π0 → μ̄μ. Furthermore, we choose the proper lifetime of π0,
cτ0, to be input parameter instead of fπ0 . Because cτ0 is
directly related to collider phenomenology. κ and mΦ are
other two input parameters for collider search.
For Monte Carlo simulation, we use FeynRules [83] to

write Lagrangian (20) into an UFO model file [84]. Parton
level events are generated by MadGraph5 [85], then showered
and hadronized by PYTHIA8 [86]. The HIDDENVALLEY [50]
module implemented in PYTHIA8 can be used to simulate
dark shower and dark hadronization process. Detector
simulation is performed by DELPHES3 [87]. Finally, we
use the anti-kt algorithm [88] implemented in FASTJET [89]
to do jet clustering if needed.

A. Detection at LHC

ATLAS group already performed the displaced lepton
jets signal search at 13 TeV LHC by using an event sample
of integrated luminosity 3.4 fb−1 [90]. Deviations from the
SM expectations are not observed. In this subsection we
will use the results presented in [90] to constrain our model.
Scalar mediator Φ carries Hyper charge “þ1” and dark

SUð3Þ0 charge. Thus the cross section of Φ pair production
is just three times that of right-handed slepton pair
production, when their masses are the same. NLOþ
NLL cross section of slepton pair production at 13 TeV
LHC have been given in [91]. Based on their results, in
Fig. 3 we present the cross section of Φ pair production at
13 TeV LHC. It can be seen that this cross section is quite
small. For example, if mΦ is 300 GeV, then integrated
luminosity 3.4 fb−1 can only generate 17.6 signal events.
Event preselection in [90] will eliminate more than half of
the signal events. After that, depending on the position
where long-lived particle decay, the tagging efficiency of
displaced lepton jets varies from 50% to 10%. And the
signal region require two displaced lepton jets. Thus the

original number of signal events will be suppressed by
about an order, after performing the full cut flow in [90]. On
the other hand, the irreducible background for displaced
muon jets, which mainly comes from cosmic-rays, is
expected to be 31.8� 3.8 ðstatÞ � 8.6 ðsystÞ. And experi-
ment [90] finally record 46 events. So we can conclude that
our model is very difficult to be detected or excluded by
current LHC data.

B. Detection at lepton collider

Different with hadron collider, projected lepton collides,
including ILC [92], CLIC [93], FCC-ee [94], and CEPC
[72], use electron and positron as injecting beam. Thus it is
possible to directly generate dark quark pair through a
t-channel process, see Fig. 4 (left) for illustration. When the
mass of mediatorΦ is large enough, we can integrateΦ and
obtain an dimension-6 operator:

κ2

m2
Φ
ðq̄0LeRÞðēRq0LÞ ð22Þ

Thus the cross section of eþe−→q̄0q0 can be approximated
as:

σðeþe− → q̄0q0Þ ≈ κ4

256π

s
m4

Φ
ð23Þ

where electron and q0 are treated as massless. In the rest part
of this subsection, wewill choose CEPC, with central energyffiffiffi
s

p ¼ 240 GeV and integrated luminosity 5.6 ab−1, as a
benchmark setting for lepton collider detection.
In Fig. 4 (right) we present σðeþe− → q̄0q0Þ as functions

of mΦ with κ fixed to 0.5 and 1.0. Thanks to the expected
high luminosity, CEPC can produce plenty of q0 pair even
with TeV scale mediator. Dark quark q0 finally evolve to a
jet-like object, which is composed by lots of displaced

FIG. 3. Cross section of Φ pair production process at 13 TeV
LHC as a function of mΦ.
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muons, see Fig. 5 (left) for illustration. Detection of
displaced signals is closely related to the physical size
of detector. For CEPC, the inner radius of inner tracker (IT)
is 16 mm, and the outer radius of muon system (MS) is
6.08 m. Based on these design information, here we
propose a cut-flow to search for displaced lepton jets:

(i) Dark pion π0 decay at a place away from primary
vertex, and then two daughter muons come out and
leave tracks in detectors. Thus it is possible to
reconstruct the displaced vertex (DV) from π0 decay
via daughter muons’ tracks. Detailed discussion on
DV tagging is given in the Appendix. All the muons
that can be traced back to a DV will be labelled as
displaced muon.6

(ii) We use all the displaced muons, with pT > 1 GeV
and jηj < 3.0, as input of jet clustering. We use anti-
kt algorithm with jet radius R ¼ 0.4 to do jet
clustering. If there are 6, or more than 6, displaced
muons inside a jet, then this jet will be tagged as a
displaced muon jet (DMJ).

(iii) For a signal event, we require the number of DMJs to
be greater than 2.

Unlike the ATLAS DMJ search which is designed for
Falkowsky-Ruderman-Volansky-Zupan (FRVZ) model
[95,96] and only require at least two muons inside a DMJ,
our CEPCDMJ criteria require much more displaced muons
inside it. Thus our DMJ can not be faked by SM background
processes. Furthermore, all the displaced muons can be
paired by theDVwhich they belong to, and the reconstructed
momentum of each displaced muon pair should point to the
primary vertex. There are at least six displaced muon pair in
our signal event. These amount of muon pairs, with their
momentums point to the primary vertex, can hardly be faked
by cosmic rays. So the search of ourDMJ signal at CEPC can
be treated as background free [97,98].

FIG. 4. Left: Feynman diagram of the signal process at CEPC. Right: Cross section of q0 pair production process at CEPC as functions
of mΦ, with coupling κ fixed to 0.5 and 1.0 respectively.

FIG. 5. Left: Illustration plot of the signal process at CEPC. Detector size is denoted by two circles. Black dotted lines and red solid
lines are dark pions and muons, respectively. Right: 2σ exclusion limits on mediator massmΦ as functions of the dark pion proper decay
length, with coupling κ fixed to 0.5 and 1.0 respectively.

6Our definition of displaced muon is slightly different with the
conventional definition of displaced lepton which is based on
impact parameter. This definition helps to reduce the contami-
nation from cosmic ray. See the discussion in the following
paragraph.
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If there is no background events, then the 2σ exclusion
limit correspond to 3 expected signal events. This is called
“rule of three” is statistics. In Fig. 5 (right) we present the
2σ exclusion limits on cτ0 −mΦ plane with κ fixed to 0.5
and 1.0. In this exclusion plot we choose central energyffiffiffi
s

p ¼ 240 GeV and integrated luminosity 5.6 ab−1 for
CEPC setting. It can be seen that mΦ can be excluded
up to about 10 TeV scale at future CEPC, provided the
proper lifetime of dark pion is in the range of 10 mm to
10 m, which just correspond to the physical size of CEPC
detector.
Before we finish this section, we give a brief discussion

on displaced electron jet signal. If we reduce the mass of π0
to less than 200 MeV, then the main decay channel of π0
will be π0 → ēe, and thus the collider signature for our
model changes to displaced electron jets. At LHC, the
displaced electron jets signal suffer from multijets con-
tamination, and ATLAS observed 239 displaced electron jet
pair events that mainly comes from multijets process [90].
So the detection of our model at LHC will become more
difficult if the signal is displaced electron jets. CEPC is
much more cleaner than LHC, and we can expect that the
contamination from multijets process at CEPC is less
serious than those at LHC. Detailed detector level analysis
is required to make it clear. We leave it for a future study.

V. CONCLUSION

In this work we propose a composite asymmetric dark
matter model. The dark sector in this model talks to the SM
sector through a scalar mediator, which couples to a SM
lepton and a dark quark. This model can successfully
explain the observed baryon asymmetry of the universe and
dark matter relic density. Detection of this model is briefly
discussed. We find that current dark matter direct detection,
via DM-electron scattering or DM-nucleon scattering, can
hardly constrain this model. Furthermore, due to the small
production cross section and irreducible background,
current LHC data is also incapable to detect this model.
Finally, we find it is promising to detect this model by
“displaced lepton jets” signal at future lepton colliders.
Using CEPC as a representative lepton collider, we find that
CEPC could exclude the mass of mediator up to 10 TeV
scale, provided the proper lifetime of dark pion varies from
10 mm to 10 m.

ACKNOWLEDGMENTS

M. Z. thanks Junmou Chen, Zhen Liu, Michael J.
Ramsey-Musolf, Manqi Ruan, and Fanrong Xu for useful
discussions. M. Z. appreciates Fa Peng Huang for careful
reading of this manuscript. This work was supported by the
National Natural Science Foundation of China (NNSFC)
under Grant No. 11947118.

APPENDIX: DISPLACED VERTEX
TAGGING AT CEPC

Aswe explained in themain text, dark pion π0 is long-lived
and can probably leave displaced vertex (DV) inside the
detector of CEPC. In real experiment, the reconstruction of
DV closely depend on the physical size and spatial resolution
of the detector. We briefly present those information of
detectors on CEPC in Table II [72].
By using all the information in the tracking system,

CEPC angular resolution for tracks can be better than
10−3 rad, provided the pT of tracks are larger than 1 GeV
[72]. However, this angular resolution is only valid for
those tracks coming from the primary vertex. Here we make
an estimation for the angular resolution of tracks (left by
two daughter muons) coming from DV.
We denote the transverse distance from a DV to the

primary vertex as Lxy. We only consider those DV within
the range 16 mm < Lxy < 5.0 m. Now we consider the DV
with Lxy ¼ 5.0 m. Based on the design information present
in Table II, we know that there will be two daughter muons

TABLE II. Physical size and spatial resolution of different
detectors on CEPC. Here Rin, Rout, σxy, and σz are inner radius,
outer radius, transverse spatial resolution, and longitudinal spatial
resolution of different detectors respectively.

Detector Rin Rout σxy σz

Vertex detector 16 mm 60 mm ð2.8 ∼ 6Þ μm ð2.8 ∼ 6Þ μm
Silicon tracker 0.15 m 1.81 m 7.2 μm 86.6 μm
Hadron calorimeter 2.30 m 3.34 m 30 mm 30 mm
Muon system 4.40 m 6.08 m 2.0 cm 1.5 cm

FIG. 6. Distribution of Δθμμ and pT of 300,000 π0 produced by
dark hadronization process at CEPC.
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propagate in the Muon System and leave tracks longer than
1 m. On the other hand, the spatial resolution of Muon
System is 2.0 cm. Here we denote the angle between two
daughter muons asΔθμμ. We can expect that the mother DV
can be reconstructed if Δθμμ > 0.02 rad (which is just
2 cm
1 m ¼ spatial resolution

track length ). For the DV with Lxy < 5.0 m, we can
utilize longer track and smaller spatial resolution, and thus
the minimum value of Δθμμ can be even smaller. For
simplicity, in this work we only require Δθμμ > 0.02 rad
for DV reconstruction.

If the sub-GeV dark pion π0 produced at CEPC is highly
boosted, then the corresponding Δθμμ will be too small for
DV reconstruction. But thanks to the dark hadronization,
the energy of the original dark quark is shared by multiple
dark pion π0. In Fig. 6 we show the distribution of Δθμμ and
pT of 300,000 generated π0. It can be seen that the pT of
most π0 are smaller than 10 GeV, and the corresponding
Δθμμ are generally larger than 0.02 rad. Thus most of the
decayed π0 can be tagged as DV, provided the proper
lifetime of π0 is within the size of CEPC detector.
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