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Leptophilic composite asymmetric dark matter and its detection
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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,
Yap = (ng—ng)/s ~8 x 1071, is measured by the cosmic
microwave backgound (CMB) [1] and big bang nucleosyn-
thesis (BBN) [2]. To explain BAU, three Sakharov 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
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very close (Qpy =~ 5Q5g), 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 AbCD.l Furthermore, we use the decay of
mediator particle (labeled as @) to generate the asymmetry
in both visible sector and dark sector, as proposed in [45].
The mediator @ 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 @, 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 @ can be quite low, and thus makes
this model detectable at current or coming experiments.

In previous work [45], mediator @ is chosen to couple to
a dark quark (labeled as ¢’) and a standard model (SM)
quark g. Being charged under the SM QCD, ® can be
copiously produced at the LHC. Energetic dark quark ¢’ in
the final state, which comes from ® decay ® — ¢'g, will
eventually evolves to a so-called “dark-jet.” Such a novel

'In this paper we use ’ to denote objects in the dark sector.
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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 @ 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 ® 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 ®@. 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 B’) when
the temperature of universe is high. In addition to the scalar
mediator @ and dark quark ¢’ .2 we extend the SM by two
heavy Majorana fermions (N; and N,) for out-of-equilib-
rium process, and a Dirac fermion y charged under dark
QCD (denoted as SU(3)’) to break the dark baryon number
B’'. 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:

1 - _
L= ESM_E E My N;NE — mg®'® —m, jy
=12

)
—myqq =+ ‘ckinetic

_ - 1 - -
= D N @ —x®q LIy =5 (" 7)(d'Tlx)
i=1,2 1

1 _
A2 (rr'q')(dgy,ug) + Hee. (1)
2

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

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

TABLE L. Particles contents and their property. Here we present
charges, spins, and particle numbers carried by each particles.
N,/N, are heavy Majorana fermions. ® is the scalar mediator
that carries the SM lepton number L and dark baryon number B'.
x is a Dirac fermion that carries the same particle number and
charge as @ carries. ¢’ is the dark quark. / denote the SM leptons
e, it, and 7. dp and uy are the SM right-handed down quark and
up quark.

SUB) SU(B) Uy(l) Spin L B B
Ni/N, 1 1 0 /2 0 0 0
) 3 1 1 0 -1 0 1/3
¥ 3 1 1 12 -1 0 13
q 3 1 0 12 0 0 1/3
I 1 1 -1 12 1 0 0
dp 1 3 -1/3 12 0 1/3 0
g 1 3 2/3 12 0 1/3 0

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 y decay.3
Actually, due to angular momentum conservation and
gauge invariance, we can not write down dimension-4
operator to make y decay.4 It needs to be mentioned that
these two dimension-6 operators break dark baryon number
B’ and lepton number L respectively. As we will explain
later on, they are crucial for B’ and L asymmetry gen-
eration. One of CP phases of parameter A; can be rotated
away by field redefinition, and the rest one is the source of
CP violation. Coupling parameter k and scale A, 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
Liinetic 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:

YiEfl

i (if “i” is self-conjugate)
s

n; —n;

1

Yy =—— (if “i”is not self-conjugate)  (2)
s

A dimension-5 operator (y®')(LH), which is obtained by
integrating out heavy N,, can also make y decay. But due to the
huge hierarchy between M. and m,, we assume this operator to
be negligible.

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

In this work we consider following hierarchy of particle
spectrum:
My, My, > mg, m, > my, m;  (3)
And we further choose N to be lighter than N,, and ® to be
lighter than y. For simplicity we assume N is in the thermal
equilibrium when universe temperature 7> My, . At that
temperature, the number density of N; is quantified as:

oo 13500)
MU T 4ntg,

4)

Here {(3) ~ 1.2, and g, is the number of relativistic degree of
freedom, which can be approximated to 100. As the universe
temperature decreases, N; starts to decay. If this decay
process is out-of-equilibrium and A; have irreducible CP
phases, asymmetry between the number density of ®/y and
their antiparticles can be generated [73,74]:

Yrao = —Ya, =Yy, xexn (5)

€ in Eq. (5) is the parameter used to describe the CP
asymmetry in N; decay:

L(Ny = x®") -T(N, > 7®)

“TT(N, > 4@ +T(N, — 70

(6)

To obtain a nonzero value of e, the interference between
tree level and one-loop level decay amplitudes needs to be
calculated. In the case where My, is much larger than My ,
€ can be simply expressed as [75]:

3 My, Im[(2341)%]
e n - M ImlBA )T (7)
167TMN2 |/11|

Depending on the sign of Im[(431;)?], € can be positive or
negative.

n 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 (y + ® — N,) or 2-
to-2 scattering (q_’ + I = Ny +j). If Ny is always in the
thermal equilibrium, then 5 will be zero. Here we can
choose the parameter 4; to be small enough, to make the
decay width of N; being much smaller than the Hubble
expansion rate when temperature is around M, :

Iy, <H(T~My)) (8)

We can always choose suitable values for 4; and My, that
satisfy Eq. (8) and make N; in the thermal equilibrium

when T'> My, . In this case, the value of 5 can be close
to 1.

Before moving to the next stage, here we estimate the
scale of [Yaq| and [Yy,|. Yy, is about 4 x 1073, If we

choose 1, to be real, Im(43)? to be O(1), and %—Z‘ to be

O(0.01), then |Y ze| and |Y »,| can be as large as 2 x 1075,
Smaller [Y5e| and |Y,,| can be easily obtained by

. M
decreasing the value of Im(4})? or M—:‘
2

B. Stage II: ® and y decay to leptons and dark quarks

In the Lagrangian we introduce two operators of y to
break B’ and L conservation. (¢'“y)(¢'$lg) breaks B’
number by 1, and (y7*¢’)(dgy,ug) breaks L number by
1. Both operators are necessary for the generation of baryon
and dark baryon asymmetries. This is because @ and y
carry the same particle number, but after N, decay we
obtain ¥z = —Y4,. So the net particle number density of
¢’ and [ can not be generated without B’ and L violated
processes. We denote the branching ratios of decay
channels y — ¢'¢/“ly and y — ¢'dgug, by Br,(B') and
Br,(L) respectively. Because y only has two decay
channels, so we should have Br,(B') + Br,(L) = 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, = (131.7+2.3) GeV [76]. So @ and y need to decay
before T',. This requirement can be satisfied by choosing
mg and m,, to be higher than 7', and make their lifetime
shorter than 1/H(T,). If we assume that the net number
densities of @ and y have been almost entirely transferred
to the number densities of I and ¢’ before T,. Then there
will be’

Yar, ==Yao = Bry(B') x Yo, = =Br,(L) xYso (9)

Yay 2 Yao + (Br,(L) —2Br,(B)) x Y,,
=3Br,(B') x Yao (10)

C. Stage III: Generate baryon and dark baryon
asymmetries

Each dark quark ¢’ carries 1/3 dark baryon number, thus
after ® and y decay we obtain:

Here we also require decay processes y — ¢'¢'“lz and y —
¢ dgug to be out-of-equilibrium. Otherwise the decay products of
these two processes will transfer to each other, through
qqClg < y <> ¢'dgug. And thus the estimation of particle
number density will be more complicated.
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A schematic diagram for the DM asymmetry and baryon asymmetry generation process. Firstly, the out-of-equilibrium and CP

violated decay of N; generates the asymmetries of @ and y. Then the decay of ® and y generate the asymmetries of dark baryon and
lepton. Finally, the lepton asymmetry is transferred to baryon asymmetry via sphaleron process.

1
Yap = gYA(/ ﬁB’";((BK/) X Ypo (11)

On the other hand, gauge interaction, Yukawa interaction,
and sphaleron transition in the SM are rapid when the
universe temperature is higher than 7',. A combination of
all these processes finally transfer the lepton number, which
are carried by [z, to baryon number [77]:

28 28 28
Yap =5 Yapr = =25 Yoy, =g Bry(F) X Yoo (12)

As explained in stage I, |¥ x| can be as large as 2 x 1079,
and thus it is easy to explain the observed BAU
Yap ~8x 107!, provided Br, (L) is not too small.

The mass of dark baryon can be fixed by the ratio
between Y,p and Ypp:

mp¥Ypp _ Qpym = my = B’”;((l)
mgY ap Qp Brx(B/’)

x 1.67 GeV  (13)

So in this model, dark baryon mass relies on the branching
ratios of y, 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 B’ and dark pion =’

y in Lagrangian (1) couples to a B’ violated operator and
a L violated operator, and thus a dark baryon (composed by

l+

U
d]”7

FIG. 2.

q'q'q’) can decay to [Tz~ via y. On the other hand, dark
pion (composed by ¢'¢’) can decay to [T~ via a t-channel
®. In Fig. 2 we present these two decay processes for
illustration.

By integrating out y and @ in the Lagrangian, we obtain
a dimension-9 operator and a dimension-6 operator that
induce B’ and 7’ decay respectively:

2

K - -
L2 —(q'Llr)(Irq L)
me

+ (q_,glR)(q_/C}/ﬂq/)(EZR}/ﬂuR) +H.c. (14)

282
m, ATA;

Thus the decay width of B’ is suppressed by the factor

m2A{A3. Current bound on dark matter lifetime from weak

lensing and cluster counts is 7 2 175 Gyr [78]. This

bound can be rewritten as T'(B') <1.2x 107* GeV.
11

Dimensional analysis says I'(B') =~ Thus we

~ AT
can simply put m, and A;, 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 y.

In our ADM scenario, anti-DM B’ in the early universe
will be almost completely wiped out via the annihilation
with DM B’. And thus the annihilation process B'B' — 7’7’
produce plenty of dark meson 7’ in the early universe. If
those 7' are long-lived like B’, they will overclose the

, P

)
) LS
A Y

l-‘r

Left: illustration for dark baryon B’ decaying to [Tz~ via y. Right: illustration for dark pion z’ decaying to [T/~ via ®.
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Universe (if 7’ is heavy) or affect the effective number of
neutrino degrees of freedom N (if 7’ is light) [44]. So 7/
should decay before BBN. Through the dimension-6
operator in Lagrangian (14) we obtain the coupling

between 7’ and lepton pair, iKz'ni 2 7' lgyslg [45]. Thus
(o]

the decay width of 7/ — II is [58]:

4
(7 - 1l) = £ fAmimy,  with

l=e,pu, 15
327zm3, ent (15)

Here f, is the decay constant of dark pion z’. Due to the
hierarchy between m,, m,, and m,, the lifetime of 7' is
determined by the decay width to the heaviest lepton pair
allowed by kinematics. The constraint from BBN give us a
bound on 7’ lifetime:

— < 1.52x10* GeV~!
I = 1)

1

= mg < 0.35 x 10 x ky/fpm; x (1 néZV>4'
(16)

If we choose a benchmark setting like: x =1,f, =
my = 0.3 GeV. Then 7’ can only decay to ju and the
up-limit of mg from BBN is 2.6 x 10° GeV. If the dark
confinement scale A’ become higher and m, can decay to
7z, then the upper limit of mgq, can be increased by more
than an order of magnitude.

On the other hand, ® can not be lighter than the
sphaleron freeze-out temperature 7', ~ 131.7 GeV, because
we need to generate enough antileptons via @ decay, before
the sphaleron process stops. We assume the coupling x for
interaction <I>c;’ 1Ig 1s not too small, and thus @ is always in
the thermal bath during its decay. Then the proportion of ®
particles that have decayed before T, can be estimated by
1 — e m/T- So even @ is as light as 300 GeV, 90% of ®
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 mediator ® 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 ®. To
simplify our analysis, in this work we will assume that
Br,(I) and Br,(B') are in the same order of magnitude,
and fix mp to 2 GeV. This choice also fix the value of dark
confinement scale: Ay, = '}'1’11; Agcp ~ 0.64 GeV.

II1. DIRECT DETECTION

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

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

2 2

%(Q/LeR)(éRq/L) = (q'Lr"q'L)(@ryuer) (17)
mg, 2mg,
Here we use Fierz identity to rewrite the operator. So it is
possible to detect B’ by direct detection experiments via
electron ionization.

The matrix element for the dominant spin-independent
scattering is [79]:

2
M= %gﬂbﬁg,ﬁg (18)
where J¢ = @(p")r*u(p), and Jy = (B'(K')|q'y"q'|B'(k))~
3u(k')y*u(k), in the nonrelativistic limit. Here k (p) and K/
(p') are initial and final state momentum of B’ (electron)
respectively. So the spin-independent cross section of
B’-electron scattering is

4,2
e LT
eB" ~ 4
64mmyg,

Qi

(19)

Here p,p = (m,mp)/(m, + mg) is the reduced mass. If
we choose k=1 and mg =300 GeV, then 6.z~
5.6 x 1074 cm?. This is much smaller than current direct
detection limits from XENON100 [80,81] or DarkSide-50
[82]. On the other hand, dark baryon B’ 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 DM mass is lighter than 10 GeV. So here we conclude
that current direct detection experiments can hardly con-
strain our model, provided mp 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>q(D-my)q + (D,®) (D'®) — mid'®

- % G"G',, — (k®q'L 1z +H.c.) (20)
Here G'* is the field strength of dark gluon. If dark quark
¢’ can be produced at colliders via dimension-6 operator or
@ decay, then generally it will carry an energy which is
much larger than the dark confinement scale Agep (in
Sec. IID we have fixed A’QCD to 0.64 GeV). Thus the

energetic ¢’ 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
7’ can decay to lepton pair via the dimension-6 operator
provided by ®. Here we estimate how long it can propagate
before it decay. Proper lifetime of dark meson 7’ is [58]:

ch 1 /1GeV\2/0.1 GeV\?
CT():F ~ 120 mm x — 7
4 K 4 m;

1 GeV Mg 4

x ( my ) (500 GeV> '

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 7’ to
0.3 GeV, and thus the dominant decay channel of 7’ is
7’ — jip. Furthermore, we choose the proper lifetime of 7/,
cty, to be input parameter instead of f,. Because cz is
directly related to collider phenomenology. k and mg, 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 Madaraphs [85], then showered
and hadronized by PYTHIAS [86]. The HIDDENVALLEY [50]
module implemented in PYTHIAS 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.

(21)

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~! [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 ® carries Hyper charge “+1” and dark
SU(3)' charge. Thus the cross section of @ pair production
is just three times that of right-handed slepton pair
production, when their masses are the same. NLO +
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 @ pair production at
13 TeV LHC. It can be seen that this cross section is quite
small. For example, if mgq is 300 GeV, then integrated
luminosity 3.4 fb~! 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

—— pp-00' @ V5 =13TeV LHC
— 104
=
g
A4
i
j<H 0 |
="
©
10! : . ; ; ; ; .
200 250 300 350 400 450 500 550 600
me [Ge\/]
FIG. 3. Cross section of @ pair production process at 13 TeV

LHC as a function of mg.

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 (stat) & 8.6 (syst). 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 mediator @ is large enough, we can integrate ® and
obtain an dimension-6 operator:

K> -
m_é(q/LeR)(éRq/L) (22)

Thus the cross section of eTe™—¢'q’ can be approximated
as:

K4 N

256 mg

(23)

o(ete” = q'q)

where electron and ¢’ are treated as massless. In the rest part
of this subsection, we will choose CEPC, with central energy
/s =240 GeV and integrated luminosity 5.6 ab~!, as a
benchmark setting for lepton collider detection.

In Fig. 4 (right) we present o(e*e™ — ¢'¢’) as functions
of mg with k fixed to 0.5 and 1.0. Thanks to the expected
high luminosity, CEPC can produce plenty of ¢’ pair even
with TeV scale mediator. Dark quark ¢’ finally evolve to a
jet-like object, which is composed by lots of displaced
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~

(&

102 4

e*e~-q'q' @Vs =240 GeV CEPC/k=1.0
e*te~-q'q' @Vs =240 GeV CEPC/k=0.5

1072 T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

me [GeV]

FIG. 4. Left: Feynman diagram of the signal process at CEPC. Right: Cross section of ¢’ pair production process at CEPC as functions

of mg, with coupling « fixed to 0.5 and 1.0 respectively.

FIG. 5.

—— 20 exclusion limits @ CEPC / k =1.0
—— 20 exclusion limits @ CEPC / k=0.5

104

mg [GeV]

10°

10t 102 103 104

¢Tp [mm]

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: 26 exclusion limits on mediator mass mg, as functions of the dark pion proper decay

length, with coupling « fixed to 0.5 and 1.0 respectively.

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 7’ 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 z’ 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.’

®Qur 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.

(i) We use all the displaced muons, with pr > 1 GeV
and || < 3.0, as input of jet clustering. We use anti-
kt algorithm with jet radius R =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 CEPC DMJ 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 the DV which 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 our DMJ signal at CEPC can
be treated as background free [97,98].
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If there is no background events, then the 26 exclusion
limit correspond to 3 expected signal events. This is called
“rule of three” is statistics. In Fig. 5 (right) we present the
20 exclusion limits on ¢z — mg plane with « fixed to 0.5
and 1.0. In this exclusion plot we choose central energy
/s =240 GeV and integrated luminosity 5.6 ab~! for
CEPC setting. It can be seen that mg 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 7/
to less than 200 MeV, then the main decay channel of 7’/
will be 7/ — ée, 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.
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TABLE II. Physical size and spatial resolution of different
detectors on CEPC. Here R, Roys Oy, and o, are inner radius,
outer radius, transverse spatial resolution, and longitudinal spatial
resolution of different detectors respectively.

Detector R;, Ry Oy o,
Vertex detector 16 mm 60 mm (2.8 ~6) ym (2.8 ~6) um
Silicon tracker 0.15m 1.81 m 7.2 ym 86.6 um
Hadron calorimeter 230 m 3.34 m 30 mm 30 mm
Muon system 440 m 6.08 m 2.0 cm 1.5 cm

APPENDIX: DISPLACED VERTEX
TAGGING AT CEPC

As we explained in the main text, dark pion 7’ 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
1073 rad, provided the py 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 L,,. We only consider those DV within
the range 16 mm < L,, < 5.0 m. Now we consider the DV
with L,, = 5.0 m. Based on the design information present
in Table II, we know that there will be two daughter muons
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FIG. 6. Distribution of A6,,, and pr of 300,000 z’ 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 as Ag,,,. We can expect that the mother DV
can be reconstructed if A6, > 0.02 rad (which is just

2 ¢cm __ spatial resolution .
Tm — ~ track length ). For the DV with L, < 5.0 m, we can

utilize longer track and smaller spatial resolution, and thus
the minimum value of A#,, can be even smaller. For
simplicity, in this work we only require A6, > 0.02 rad
for DV reconstruction.

If the sub-GeV dark pion 7’ produced at CEPC is highly
boosted, then the corresponding A8, 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 7’. In Fig. 6 we show the distribution of Af,,, and
pr of 300,000 generated #’. It can be seen that the pt of
most 7’ are smaller than 10 GeV, and the corresponding
A6, are generally larger than 0.02 rad. Thus most of the
decayed 7’ can be tagged as DV, provided the proper
lifetime of 7’ is within the size of CEPC detector.
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