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The cosmological phase transition with Q-balls production mechanism can explain the baryogenesis and
dark matter simultaneously, where constraints on dark matter masses and reverse dilution are significantly
relaxed. We study how to probe this scenario by collider signals at QCD next-to-leading order and
gravitational wave signals.
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I. INTRODUCTION

A longstanding issue in cosmology and particle physics is
understanding the nature of dark matter (DM) and the origin
of baryon asymmetry of the universe (BAU), which is
quantified by ηB ≡ nB=s ∼ 10−10 [1,2] from the experiment’s
data of the big bangnucleosynthesis. To produce the observed
BAU, the well-known Sakharov conditions for successful
baryogenesis (baryon number violation, C andCP violation,
and departure from equilibrium dynamics or CPT violation)
[3] are necessary. There arevarious baryogenesismechanisms
[4] to provide these three conditions, such as grand unified
theory baryogenesis, Affleck-Dine baryogenesis, electro-
weak baryogenesis, leptogenesis, and so on. On the other
hand, the absence of DM signal in DM direct detection
experiments may give us a hint that there may be some new
approaches to probe the DM, such as gravitational wave
(GW) experiments. In this work, we try to use the GWs and
collider signals to probe the baryogenesis mechanism, which
can explain theBAUandDMsimultaneously and associates a
strong first-order phase transition (FOPT) [5] at several TeV
scale with Q-balls [6–8] generation to relax the constraints.
Most of the mechanisms to simultaneously solve the baryo-
genesis and DM puzzles usually have two strong constraints,
which are systemically discussed inRef. [9]. One constraint is
that the DM mass is usually several GeV, and the other
constraint is that in most cases the baryon asymmetry
produced by heavy particle decays in the early Universe
should not be destroyed by inverse washout processes. In
order to guarantee the efficiency production of the baryon
asymmetry from heavy particle decay, we need to tune the
reheating temperature carefully. A strong FOPTwith Q-balls
production can be used to relax the two constraints [5], since
the mass of the DM candidate can be larger than TeV in the
symmetry broken phase due to the strong FOPT [9] and the
strong FOPT-induced Q-balls can quickly packet the DM

candidates into the Q-balls to greatly reduce the inverse
dilution [5]. In this phase transition scenario, phase transition
GWs are produced during the strong FOPT, which may
provide a new approach to probe the new physics beyond the
standard model (SM) after the discovery of GWs by aLIGO
[10]. Constraints from the current LHC data [11], and
predictions at future LHC will be studied in detail in this
paper. The signals and backgrounds with QCD next-to-
leading order (NLO) accuracy are also investigated in this
work. GW signals and collider signals will provide a realistic
and complementary test on this scenario.
In Sec. II, we describe the effective Lagrangian in the

framework of effective field theory (EFT), and show that
the effective operators can explain the BAU and the DM
simultaneously. In Sec. III, we discuss concrete realization
of the FOPT relaxed mechanism and calculate the phase
transition GW signals in the parameter spaces allowed by
the observed BAU and the DM energy density. In Sec. IV,
the constraints and predictions at the LHC are discussed in
detail. Section V contains our final conclusions.

II. THE SIMPLIFIED SCENARIO FOR
BARYOGENESIS AND DARK MATTER

In order to explain the baryogenesis and DM simulta-
neously in this work, the EFT approach is adopted to
provide the model independent predictions at hadron
colliders and GW detectors. First, our discussions are
based on the following simplified Lagrangian [5,12],

L ¼ 1
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with UðSÞ ¼ λSðS2 − σ2Þ2=4. And Xa represents heavy
Dirac fermionic mediators with several TeV mass, where
a ¼ 1, 2 and we assume mX2

> mX1
. The couplings λijka

and ζa are complex numbers, which provide the CP
violation source. Xa connects the visible quarks sector
and the hidden sector. U and D represent the up-type quark
and down-type quark, respectively. The dimension-six

operator λijka
Λ2 X̄aPRDiŪC

j PRDk plays important roles in this
scenario and appears in many baryogenesis mechanisms,
such as the famous hylogenesis mechanism firstly proposed
in Ref. [12]. Collider signals induced by this dimension-six
operator have been studied at tree level using LHC Run-I
data in Ref. [11]. S is a real scalar field, which is the order
parameter field for the strong FOPT. And χ is a complex
field with a global Uð1Þ symmetry. ϕi is some unspecified
real scalar field, which helps to enhance the strength of the
phase transition. The effective Lagrangian should be
realized in some renormalizable UV-completed models,
which are left for our future studies.
At the very early Universe, the potential UðSÞ is

symmetric due to thermal effects. At this state, the S field
has no vacuum expectation value (VEV); thus the particles
χ, Y, and ϕi are massless at tree level. At a certain time, the
nonthermal decays of X1 and X̄1 occur, which produce
baryon asymmetry. The decay width of the dominant
channel for X1 at tree level X1 → Ȳχχ� is

ΓðX1 → Ȳχχ�Þ ¼ jζ1j2m3
X1

1024π3Λ2
: ð2Þ

Another important decay channel is X1 → udd if only the
first generation is considered as an example. Thus, the
corresponding decay width at tree level can be written as

ΓðX1 → uddÞ ¼ 3jλ1j2m5
X1

1024π3Λ4
: ð3Þ

As shown in Fig. 1, the interference effects between the
two-loop diagram and the tree-level diagram produce net
baryon asymmetry for per one ðX1; X̄1Þ pair decay, which
can be quantified as

ε≡ 1

2ΓX1

ðΓðX1 → uddÞ − ΓðX̄1 → ū d̄ d̄ÞÞ

∼ 10−5 ×
Im½λ�1λ2ζ1ζ�2�

jζ1j2
mX1

mX2

�
mX1

Λ

�
4

: ð4Þ

Essentially, we have ε ∝ Im½λ�1λ2ζ1ζ�2�, which represents the
tree-loop interference effects [11,12]. Once the asymmetry
factor is obtained, the produced BAU can be expressed
as ηB ≡ nB=s ∼ ε=g�. To satisfy the observed BAU
ηB ≃ 10−10, ε ∼ 10−8 is needed for g� ∼ 102. Then, the
allowed parameter spaces can be obtained from Eq. (4) by
requiring ε ∼ 10−8 for a successful baryogenesis mecha-
nism. The allowed parameter spaces for producing the
observed BAU are shown as the colorful surface in Fig. 2,
where we have Λ > mX2

> mX1
for the consistence of the

EFT. We can see that there are no strong constraints on the
absolute values of the model parameters as long as the three

ratio values (Im½λ�
1
λ2ζ1ζ

�
2
�

jζ1j2 ;
mX1
mX2

;
mX1
Λ ) satisfy a certain relation

in Eq. (4).
In this scenario, we have nχ ¼ nχ� ¼ nY ¼ nB after the

decay of Xa particles from baryon number conservation.
With the production of BAU, the DM candidate can also be
given. In most mechanisms (we take the hylogenesis
mechanism proposed in Ref. [12] as a typical example)

FIG. 1. Schematic Feynman diagrams for the production of BAU from the interference effects between tree-level diagram and the two-
loop diagram.

FIG. 2. Parameter spaces for producing the observed BAU. The
parameter spaces on the colored surface are allowed.
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for explaining DM and BAU simultaneously, the DM
masses should be several GeV [11,12]. And the rescatter
effects can wash out the generated baryon asymmetry in the
decays of the X1, X̄1 pair. To suppress this inverse process,
additional strong constraints are needed, such as the
requirements of tuning the reheating temperature [11,12].
These two constraints can greatly suppress the allowed
parameter spaces for successful baryogenesis and DM. A
phase transition mechanism [9] with Q-balls generation [5]
is studied in this work to avoid these constraints, which are
discussed carefully in the following section.

III. STRONG FIRST-ORDER PHASE
TRANSITION AT TEV SCALE AND
GRAVITATIONAL WAVE SIGNALS

First, we qualitatively describe the scenario that the
phase transition with Q-balls generation can relax the above
constraints. After the production of baryon asymmetry
from heavy particle decay, we assume that a strong FOPT
occurs at several TeV scale by the S field in Eq. (1). Thus,
the S field acquires VEV, and the χ particle obtains large
mass. By assuming that the χ particle mass in the broken
phase is much larger than the critical temperature, namely,
mχ ¼ k1σ ≫ Tc, χ particles get trapped in the remnants of
the old phase. Under the assumptionmχ ¼ k1σ ≫ Tc, the χ
particle numbers entered into the symmetry breaking phase
are negligibly small due to the exponential suppression
e−k1σ=Tc . And with the bubble expansion, they eventually
shrink to very small size objects and become the so-called
Q-balls as DM candidates. As for the particle Y, it enters
into the symmetry breaking phase and remains massless.
Thus, its contribution to the DM energy density is negli-
gible and we leave the study of its roles in the early
Universe for our future study. Particles ϕi also obtain
certain mass mϕ ¼ hiσ. By requiring the condition
Tc ≳ hiσ; mS, particles S and ϕi can make efficient thermal
contributions to the strong FOPT. More explicitly, even
when 3Tc > hiσ; mS, they can still make some thermal
contribution to the FOPT. Thus, the fundamental require-
ment for this scenario can be written as

k1σ ≫ Tc ≳ hiσ; mS: ð5Þ

Now, we begin the quantitative investigation from the
conditions for a strong FOPT. From Eq. (1), using the
standard finite temperature quantum field theory [13], we
can obtain the following one-loop effective potential at
finite temperature,

VeffðS; TÞ ≈
ð−μ2S þ cT2ÞS2

2
−
eTðS2Þ3=2

12π
þ λS

4
S4; ð6Þ

where μ2S ¼ λSσ
2 and m2

S ¼ 2λSσ
2. The parameter e quan-

tifies the interactions between the S field and the bosons,

which can make thermal contributions to the phase tran-
sition. Here, the high temperature expansion approximation
(namely, the thermal boson function Jboson ¼ − π4

45
þ

π2

12
m2

T2 − π
6
ðm2

T2Þ32 þ…) has been used to obtain the simple
results in Eq. (6). The thermal correction to the coupling λS
is also omitted. Under these approximations, one can get
e ∼

P
ih

3
i þ ð3λSÞ3=2 and c ∼ λS=4þ

P
ih

2
i =12. To obtain

a strong FOPT, one needs σðTcÞ=Tc ≳ 1 as shown in Fig. 3;
namely, one must have

σðTcÞ
Tc

∼
e

6πλS
≳ 1; ð7Þ

where

Tc ∼
6πμS

ffiffiffiffiffiffiffi
2λS

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−e2 þ 72cπ2λS

p : ð8Þ

The parameter spaces in the blue region of Fig. 3 are
excluded by the condition of the strong FOPT.
At the end of the FOPT, the χ particles are packed into

the so-called Q-balls, which are compact nontopological
soliton objects that exist in some new physics models
possessing a global symmetry. In this work, we consider the
Friedberg-Lee-Sirlin-type Q-balls [6–8] and study whether
this type of Q-ball can be given the observed DM density in
this scenario. Here, the Q-balls are generated because the χ
particles just have global Uð1Þ symmetry1 χ → eiαχ. The
stable Q-ball is a spherical object, where S ¼ σ outside the
Q-balls and S ¼ 0 inside the Q-balls, respectively. To
explain the observed DM energy density, it needs to satisfy
the condition
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FIG. 3. Parameter spaces for producing a strong FOPT where
the blue region is excluded.

1To avoid the domain wall problem, we assume the Z2

symmetry is broken.
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ρDM ¼ mQnQ; ð9Þ

where the current DM mass density ρDM ≃
1×10−6GeV·cm−3. To obtain the Q-ball mass mQ, it
is necessary to minimize the following Q-ball energy2:

EðRÞ ¼ πQ
R

þ 4π

3
R3U0; ð10Þ

whereU0 ¼ λSσ
4=4. And byminimizing Eq. (10), the Q-ball

mass can be written as [5]

mQ ¼ 4
ffiffiffi
2

p
π

3
Q3=4U1=4

0 : ð11Þ

The stability of the Q-balls needs mQ < Qk1σ. Since the
nonthermal decays of the heavy particles give nχ ¼ nχ� ¼
nB, one can see that

nQQ
s

¼ 2
nB
s

¼ 2ηB; ð12Þ

where ηB ∼ 10−10. From Eqs. (9) and (12), we obtain

Q
mQ

����
t0

¼ 2ηBs0
ρDM

; ð13Þ

where the t0 and s0 represent the present value and the current
entropy density s0 ≃ 3000 cm−3. Thus, it is necessary to
calculate the number density of Q-balls and the typical Q-ball
charge at T�, which can be obtained by estimating the volume
V� from which χ particles are collected into a single Q-ball.
Based on the fact that the Q-ball volume is the same order as
the volume of the remnant of the symmetry unbroken phase,
the radius R� of the remnant can be estimated by requiring
R3�ΓðTÞ R�

vb
∼ 1 for the bubble expansion with velocity vb [5].

In other words, R� ∼ ð vb
ΓðTÞÞ

1
4. Thus, the Q-ball volume is

approximatelyV� ¼ 4π
3
R3�, and the number density ofQ-balls

nQ ¼ V−1� at T� when the phase transition terminates. From
Eq. (11), we can calculate the Q-ball mass.
To clearly see the constraints, we need to know the phase

transition dynamics from the previous results. It is neces-
sary to start with the calculation of the bubble nucleation
rate per unit volume Γ ¼ Γ0ðTÞe−SEðTÞ and Γ0ðTÞ ∝ T4

[14]. The Euclidean action SEðTÞ≃ S3ðTÞ=T [15,16], and
then Γ ¼ Γ0e−S3=T [14], where

S3ðTÞ ¼
Z

d3x

�
1

2
ð∇SÞ2 þ VeffðS; TÞ

�
: ð14Þ

From Eq. (6), the analytic result of S3=T can be obtained
[17,18] as

S3
T

≈
13.72 × 144π2

e2

�
−μ2S þ cT2

2T2

�3
2

f

�
−μ2S þ cT2

2T2

144π2λS
e2

�

ð15Þ

without assuming the thin wall approximation. Here,
fðxÞ ¼ 1þ x

4
½1þ 2.4

1−x þ 0.26
ð1−xÞ2�. And the FOPT termination

temperature is determined by

S3ðT�Þ=T� ¼ 4 lnðT�=100 GeVÞ þ 137; ð16Þ

which means the nucleation probability of one bubble per
one horizon volume becomes order 1. This explains why
we can estimate the Q-ball volume V� when the phase
transition terminates in the above discussions.
Combing the above results, the conditions for the

observed BAU and DM density give

ρ4DMv
3=4
b ¼ 73.5ð2ηBs0Þ3λSσ4Γ3=4: ð17Þ

This equation can give explicit constraints on the model
parameters, since ΓðT�Þ is determined by the phase
transition dynamics that can be calculated from the original
Lagrangian. As for the bubble wall velocity vb, in principle,
it is also depends on the phase transition dynamics.
However, we just take vb ¼ 0.3 as the default bubble wall
velocity for simplicity. For Eq. (17) to satisfy the current
DM density, the BAU, and the condition for strong FOPT,
the critical temperature Tc is numerically around several
TeV, or roughly 1 TeV < Tc < 20 TeV. And k1 is about
Oð4Þ from Eqs. (5) and (17). We list some benchmark
points in Table I.
Here, there is a strong FOPT at several TeV scale, which

produces sizable phase transition GWs. We consider three
phase transition GW sources: the well-known bubble
collisions [19], the turbulence in the fluid, where a certain
fraction of the bubble wall energy is converted into
turbulence [20,21], and the new source of sound waves
[22]. There are usually four parameters that determine the
phase transition GW spectrum, namely, vb, λi, α, and

β
H�
.

The bubble wall velocity vb and the energy efficiency factor
λi (i ¼ co, tu, sw) are not easy to be obtained directly from
the Lagrangian, and we just choose some default value or

TABLE I. The benchmark sets after considering the combined
constraints for producing the observed DM density and BAUwith
vb ¼ 0.3.

Benchmark sets λS e c Tc [TeV] σ
TC

I 0.008 0.754 1 15.9 5
II 0.0016 0.151 1 6.6 5

2Here, we omit the surface energy of the Q-balls since the
surface energy is much smaller compared to E(R) [9].
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formulas in this work. The parameters α and β
H�

can be
directly calculated from the above formulas. First, the

parameter α≡ ϵðT�Þ
ρradðT�Þ is defined at the temperature T� by

Eq. (16), wherein ρradðT�Þ ¼ π2

30
g�ðTÞT4 is the plasma

thermal energy density and ϵðT�Þ ¼ ½T dVmin
eff

dT −
Vmin
eff ðTÞ�jT¼T� is the false vacuum energy density. A larger

α means a stronger FOPT since the strength of the FOPT is
measured by the parameter α. Secondly, the parameter β

H�
is

defined as β
H�

≡ T dðS3=TÞ
dT jT¼T�

, and β−1 represents the
typical time duration of the phase transition. After the
four parameters are obtained, we can directly calculate
the GW spectra from the previous three sources inclu-
ding the redshift effects a�

a0
¼ 1.65 × 10−5 Hz×

1
H�

ð T�
100 GeVÞð gt�

100
Þ1=6. Thus, the peak frequency at the current

epoch from the three sources can be written as
fi ¼ f�i a�=a0. For the bubble collision, the corresponding
f�co ¼ 0.62β=ð1.8 − 0.1vb þ v2bÞ [23] and the phase tran-
sition GW spectrum can be written as [23,24]

ΩcoðfÞh2 ≃ 1.67 × 10−5
�
H�
β

�
2
�
λcoα

1þ α

�
2
�
100

gt�

�1
3

×

�
0.11v3b

0.42þ v3b

��
3.8ðf=fcoÞ2.8

1þ 2.8ðf=fcoÞ3.8
�
: ð18Þ

For the sound wave, the phase transition GW spectrum can
be expressed as [22,25]

ΩswðfÞh2 ≃ 2.65 × 10−6
�
H�
β

��
λswα

1þ α

�
2
�
100

gt�

�1
3

vb

×

�
7ðf=fswÞ6=7

4þ 3ðf=fswÞ2
�
7=2

with f�sw ¼ 2β=ð ffiffiffi
3

p
vbÞ at T� [22,25], and for relativistic

bubbles [26] λsw ≃ αð0.73þ 0.083
ffiffiffi
α

p þ αÞ−1. For the
turbulence, the peak frequency at T� is about f�tu ¼
1.75β=vb [25], and the GW spectrum is formulated by
[21,27]

ΩtuðfÞh2 ≃ 3.35 × 10−4
�
H�
β

��
λtuα

1þ α

�
3=2

�
100

gt�

�1
3

vb

×
ðf=ftuÞ3

ð1þ f=ftuÞ11=3ð1þ 8πfa0=ða�H�ÞÞ
:

In Figs. 4 and 5, we show the GW spectra for the
benchmark sets I and II, respectively. And in each figure,
(a)–(c) represent the GW spectrum from bubble collision,
sound waves, and turbulence, respectively. We can see that
the peak frequency ranges from 20 to several hundred Hz.
The large peak frequency comes from high critical temper-
ature and large β, which can be seen from the above GW
formulas. The peak frequencies are just within the region of

(a) (b) (c)

FIG. 4. The predicted GW spectrum for benchmark I with vb ¼ 0.3. Figures (a)–(c) represent the GW spectrum from bubble collision,
sound waves, and turbulence, respectively.

(a) (b) (c)

FIG. 5. The predicted GW spectrum for benchmark II with vb ¼ 0.3. Figures (a)–(c) represent the GW spectrum from bubble
collision, sound waves, and turbulence, respectively.
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aLIGO, but the amplitude of the signal is too weak to be
detected by current aLIGO. Future aLIGO-like GWexperi-
ments with even higher precision may help to probe this
type of GW signal.

IV. COLLIDER PHENOMENOLOGY

Besides the GW signals discussed above, we begin to
discuss the collider phenomenology at the LHC in this
section. From the Lagrangian in Eq. (1), there are many
types of combinations for the up-type quark and down-type
quark, which result in abundant collider phenomenology at
the LHC. The interactions between quarks and heavy Dirac
fermionic mediator Xa can be described by effective
operators

Odud ¼ −
λduda

Λ2
ðX̄aPRdÞðūCPRdÞ; ð19Þ

Odus ¼ −
λdusa

Λ2
ðX̄aPRdÞðūCPRsÞ; ð20Þ

Odub ¼ −
λduba

Λ2
ðX̄aPRdÞðūCPRbÞ; ð21Þ

Odtd ¼ −
λdtda

Λ2
ðX̄aPRdÞðt̄CPRdÞ: ð22Þ

At tree level, these operators can result in the following
processes,

uðp1Þ þ dðp2Þ → d̄ðp3Þ þ Xaðp4Þ; ð23Þ

uðp1Þ þ dðp2Þ → s̄ðp3Þ þ Xaðp4Þ; ð24Þ

uðp1Þ þ dðp2Þ → b̄ðp3Þ þ Xaðp4Þ; ð25Þ

dðp1Þ þ dðp2Þ → t̄ðp3Þ þ Xaðp4Þ; ð26Þ

and their various crossings and charge-conjugated proc-
esses. The dominant decay channel of Xa is Xa → Yχ̄χ, and
Xa behaves as the missing energy in the detector. The
subdominant process of four jet (Xa can decay to three
quarks) is not discussed in this work. Similar collider
signals are discussed using LHC Run-I data in Ref. [11] at
tree level. So the interactions can be explored by perform-
ing monojet and monotop analysis at the LHC. Because the
LHC is a proton-proton collider with high precision, the
QCD NLO predictions for these processes are necessary in
order to obtain reliable results. In this section, we calculate
the NLO QCD corrections for all of the above processes,
and investigate the constraints on the interactions described
by Eq. (19). For convenience, when there is no special
description, the new physics scale Λ is fixed at 5 TeV and
the dimensionless coupling λdqq is set as 1. Here, the parton
distribution function (PDF) NNPDF30nlo [28] is used and

top-quark mass is fixed at 173 GeV. To compare with the
parameter spaces allowed by the conditions of successful
baryogenesis and DM, we just need to rescale these
parameters.

A. NLO QCD calculations

The NLO QCD correction can be expressed as

σNLO ¼ σR þ σV ¼
Z

dΓ3jM2→3j2 þ
Z

dΓ2jM2→2j2;

ð27Þ

where dΓn denotes n-body phase space. By two cutoff
phase space slicing method [29], the real radiation in σR can
be divided into soft, collinear, and hard regions

σR ¼ σS þ σC þ σH; ð28Þ

where σS;C;H depend on two cutoff parameters δs and δc.
With dimension regularization, the hard contribution is
finite, which can be calculated numerically. While σS and
σC suffer from soft and collinear divergences, which cancel
with the infrared (IR) singularity in the virtual correction
σV . So the sum of all the contributions is IR safe. Using this
approach, we first give the analytical results of one-loop
virtual correction for monojet and monotop productions in
Appendix.
The numerical results of monojet processes induced by

Odud andOdusðbÞ are listed in Tables II and III, respectively.
The events are selected with jets in region pT;j > 250 GeV
and jηjj < 2.4, which is consistent with the kinematic cuts
used in Ref. [30]. The factorization and renormalization
scales are fixed at 1 TeV. The cross section of the monojet
process induced byOdud is significantly larger than the one
of Odus because the parton density of the u quark is much
larger than the s quark. The K-factor decreases with
increasing mass of Dirac fermionic Xa and missing trans-
verse energy cut ET . The differences of the cross section
between the processes induced by Odus and Odub are very
tiny, because b quark mass can be neglected at high energy
and the PDFs of strange and bottom quark are much smaller
than u and d.

TABLE II. Fixed order results for the monojet process induced
by Odud at the 13 TeV LHC.

ET > 700 GeV ET > 1 TeV

mX[TeV] σLO½fb� σNLO½fb� K-factor σLO½fb� σNLO½fb� K-factor

1.2 5.49 5.63 1.02 3.61 3.64 1.01
2 2.19 2.19 1 1.51 1.49 0.99
2.8 0.766 0.748 0.98 0.54 0.52 0.96
3.6 0.241 0.23 0.076 0.17 0.16 0.94
4 0.13 0.123 0.95 0.091 0.085 0.93
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The fixed order result for themonotop process is shown in
Fig. 6 up toNLO level. The inclusive cross section decreases
from 0.5 to 0.007 fb, and the K-factor also decreases from
1.14 to 1.03 as mX increases from 1 to 4 TeV. Because the
branch ratio of t → bþWð→ lνlÞ; ðl ¼ e; μÞ is about 20%,
we can estimate that the inclusive cross section of monotop
signal is less than 0.1 fb. This helps us to discuss the
constraints on Odtd in the following section.

B. Monojet analysis

The monojet signature has been studied in detail by
current experiments [30], where the analysis was performed
with an integrated luminosity of 36.1 fb−1 at the 13 TeV
LHC. Here, the DM signals are simulated by Madgraph5
with parton shower. Events are selected with ET

miss >
250 GeV, where a leading (highest-pT) jet with pT >
250 GeV and jηj < 2.4 is required. Most of the SM back-
grounds are from Zð→ ννÞ þ jets processes. Wð→ τνÞ þ
jets processes also give significant contributions. Top pair,
diboson, multijet, and single top processes give small
contributions. In Ref. [30], the SM background Z þ jets

andW þ jets are normalized to next-to-next-to-leading order
QCD and NLO electroweak predictions. Other backgrounds
are simulated atNLOQCD level by usingMonteCarlo (MC)
generators Powheg-Box andMadGraph5_aMC@NLO [31].
In Table IV, we extract the monojet background in various
signal regions from Ref. [30].
In principle, if no signal is observed, the couplings λdud

and λdusðbÞ cannot be too large. Thus, in Fig. 7, we give 3σ
exclusion limits of the couplings against heavy Dirac
fermion mass for integrated luminosity of 100 and
300 fb−1 at the 13 TeV LHC by using the NLO theoretical
predictions. The colored regions denote the parameters
spaces that should be excluded if no signal is observed. The
constraint for λdud is stronger than λdud because the former
cross section is larger.

C. Monotop analysis

Monotop signals can be explored by using hadronic or
semileptonic top decay modes [32,33]. For highly boosted
monotop production, we can take advantage of the jet
substructure technique to perform top reconstruction and
suppress the multijet background [34,35]. For the
unboosted top, semileptonic can be used due to the clean
leptonic signature. In this work, we do analysis with
semileptonic top decay modes. The background contribu-
tions are mainly from W þ jets, single top, top pair, and
gauge boson pair productions. Neutrino fromW, Z, and top
decay results in missing transverse energy. The dominant
background is from theW þ jets process because of its huge
cross section, sob-taggingmust be performed to suppressed
this background. Here, the backgrounds are generated with
0=1=2 jet parton level matching, based on the default kT-jet
MLM scheme in MadGraph5_aMC@NLO.
First, we introduce the basic cuts

pb
T > 70 GeV; jηb;lj < 2.4: ð29Þ

The selected leptons should be isolated, having
P

ipT;i less
than 10% of its transverse momentum within a cone of
ΔR ¼ 0.3 around it.
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FIG. 6. Cross section of monotop process induced by Odtd at
the 13 TeV LHC.

TABLE IV. SM background predictions in the signal region for
several inclusive ET selections.

ET [GeV] Background [fb]

> 250 7077
> 300 3997
> 350 2128
> 400 1150
> 500 378.9
> 600 141.2
> 700 58.78
> 800 27.15
> 900 12.96
> 1000 6.787

TABLE III. Fixed order results for the monojet process induced
by OdusðbÞ at the 13 TeV LHC.

ET > 700 GeV ET > 1 TeV

mX[TeV] σLO½fb� σNLO½fb� K-factor σLO½fb� σNLO½fb� K-factor

1.2 1.11 1.13 1.02 0.713 0.713 1.00
2 0.463 0.461 0.996 0.318 0.312 0.98
2.8 0.174 0.170 0.974 0.124 0.118 0.957
3.6 0.06 0.057 0.953 0.043 0.04 0.938
4 0.034 0.032 0.944 0.0245 0.0228 0.93

PROBING THE BARYOGENESIS AND DARK MATTER … PHYSICAL REVIEW D 96, 095028 (2017)

095028-7



/TeVXm

1.5 2 2.5 3 3.5 4

]
-4

[T
eV

4
Λ/2

du
d

λ

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

-1> 700 GeV, 100 fbT,missE
-1> 700 GeV, 300 fbT,missE

-1> 1 TeV  , 100 fbT,missE
-1> 1 TeV  , 300 fbT,missE

/TeVXm

1.5 2 2.5 3 3.5 4

]
-4

 [T
eV

4
Λ/2

du
s

λ

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

-1> 700 GeV, 100 fbT,missE
-1> 700 GeV, 300 fbT,missE

-1> 1 TeV  , 100 fbT,missE
-1> 1 TeV  , 300 fbT,missE

FIG. 7. Constraints on coupling λijk and mass mX by monojet measurements at the 13 TeV LHC.

 [GeV]l
T

p

0 20 40 60 80 100 120 140 160 180 200

N
or

m
al

iz
ed

0

0.05

0.1

0.15

0.2

0.25
dtdaX

V+jet

top

diboson

(a)

 [GeV]T,missE

0 50 100 150 200 250 300

N
or

m
al

iz
ed

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

dtdaX

V+jet

top

diboson

(b)

 [GeV]TM
0 50 100 150 200 250 300 350 400 450 500

N
or

m
al

iz
ed

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

dtdaX

V+jet

top

diboson

(c)

FIG. 8. Normalized spectra for signal and background in monotop searching at the 13 TeV LHC. Top denotes the sum of background
for top pair, single top, and associated production of tW.
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The normalized transverse momentum distribution of
lepton e or μ in the semileptonic mode is shown in Fig. 8(a).
There are no significant differences between various back-
grounds and signals. So we choose a loose cut

pl
T > 30 GeV: ð30Þ

In addition, we veto extra lepton e or μ with pl
T > 30 GeV

to suppress the background from pp → Wð→ lνlÞþ
Wð→ lνlÞ þ j, pp → Wð→ lνlÞ þ Zð→ llÞ þ j, and
pp → Wð→ lνlÞ þ tð→ blνlÞ.
Figure 8(b) shows the normalized distribution of the

missing transverse energy. The peak of the background
spectrum is around mW=2 ≈ 40 GeV, because the (anti-)
neutrino decay from W boson takes half of its energy. The
missing energy for signal is significantly larger because two
invisible particles are contained. Therefore, the missing
transverse energy cut can be chosen as

ET > 100 GeV: ð31Þ
In Fig. 8(c), we show the normalized transverse mass

distribution for background and signal, which is defined
with lepton and missing transverse momentum

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEþ El

TÞ2 − ðp⃗T þ p⃗l
TÞ2

q
: ð32Þ

The spectra of various background have a peak around the
W boson mass mW ≈ 80 GeV, because the lepton and
neutrino is from W boson decay, while the transverse mass
spectrum of signal is smoothly distributed due to the fact
that two invisible particles are contained. Therefore, the
missing transverse energy cut can be performed as

MT > 100 GeV: ð33Þ
In order to suppress the huge background of W þ jets,

the b-tagging technique must be involved. The b-tagging
efficiency is chosen as 70%, and the light-jet-to-b miss-
tagging probabilities are assumed of 1%. Combining with
the improved cuts of pl

T , E, and MT , the backgrounds of
V þ jets, top, and diboson are 1.094, 0.455, and 1.05 fb,
respectively. The background from the diboson is still
significant because of the decay mode Wð→ lνlÞZð→ ννÞ.
Figure 9 gives the 3σ exclusion limits of the couplings
against heavy Dirac fermion mass for integrated luminosity
of 100 and 300 fb−1 at the 13 TeV LHC by using the NLO
theoretical predictions. Comparing with λdud and λdus, the
constraint is very weak, because the cross section of
monotop induced by Odtd is much smaller.

V. CONCLUSION

We have studied the possibility of detecting the mecha-
nism to solve the baryogenesis and DM with various large
DM masses through strong first-order phase transition and
Q-balls. The signals at GW experiments and the LHC with

QCDNLO accuracy have been discussed in detail. We have
found that the GWs could provide a realistic and comple-
mentary approach for testing the baryogensis and DM
scenario. Our results show that the phase transition process
in the early Universe may play an important role in solving
the fundamental problems in particle cosmology. More
systematical study on the phase transition physics in
particle cosmology is left to our future study.
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APPENDIX: ANALYTICAL RESULTS
OF NLO QCD CORRECTIONS

The virtual corrections contain both ultraviolet (UV) and
IR divergences, and the UV divergences can be canceled by
introducing counterterms. For the external fields, we fix all
the renormalization constants using on-shell subtraction

δZq
2 ¼ −

αs
3π

Cϵ

�
1

ϵUV
−

1

ϵIR

�
;

δZt
2 ¼ −

αs
3π

Cϵ

�
1

ϵUV
þ 2

ϵIR
þ 4þ 3 ln

�
μ2

m2
t

��
; ðA1Þ

withCϵ ¼ ð4πÞϵ
Γð1−ϵÞ. For the coupling constants, we use the MS

scheme,
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FIG. 9. Normalized spectra for signal and background in
monotop searching at the 13 TeV LHC.
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δZλdud ¼ δZλdusðbÞ ¼ δZλdtd ¼ −
αs
2π

Cϵ
1

ϵUV
: ðA2Þ

For the operator Odud, the UV renormalized one-loop virtual QCD correction can be expressed as

iMvirt
ud→dXa

¼ iMborn
ud→dXa

×
αs
4π

Cϵ

�
−

4

ϵ2
−

2

3ϵ

�
2 ln

�
−
μ2

s

�
þ 2 ln

�
−
μ2

t

�
þ 2 ln

�
−
μ2

u

�
þ 9

�

−
2

3

�
ln

�
−
μ2

s

�
2

þ ln

�
−
μ2

t

�
2

þ ln

�
−
μ2

u

�
2

þ 2 ln

�
−
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t

�
þ 4 ln

�
−
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u

�

þ 2ðm2
Xð2t − sÞ þ s2 þ st − 2t2Þ
m2

Xðsþ tÞ − ðs − tÞ2 ln

�
−
t
s

�
þ 14

�	
: ðA3Þ

For the operators Odus and Odub, the UV renormalized one-loop virtual QCD correction can be expressed as

iMvirt
us→dXa

¼ iMborn
us→dXa

×
αs
4π

Cϵ

�
−

4
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: ðA4Þ

For the operator Odtd, the UV renormalized one-loop virtual QCD correction can be expressed as

iMvirt
dd→tXa

¼ iMborn
dd→tXa

×
αs
4π
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