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A robust mechanism was recently proposed in which thermal freeze-out of WIMPs can provide a
unified origin of dark matter and baryon abundances in our universe. We point out that this WIMP-
triggered baryogenesis mechanism can exhibit a rich collider phenomenology and be tested at the
current and near-future experiments at LHC, even in the case where the WIMPs are completely
devoid of SM gauge and higgs portal interactions, as may be motivated by the persistent null results
of WIMP dark matter searches. We catalogue a rich array of LHC signatures robustly present in
such a scenario. In particular, the simplest such implementation can already offer a very clean signal
of a TeV-scale resonance that decays to diphotons with a cross section that can easily be within
the reach of the current and near-future LHC runs in the region of parameter space that leads to
a successful baryogenesis. Other characteristic signatures include the production of multi-bottom
and/or multi-top quarks, promptly or displaced. An even more exotic possibility is the production
of two separate sets of isolated emerging jets connected by a charged track, which may require new
dedicated studies. Finally, di-nucleon decay can also provide a powerful probe of the mechanism.

I. INTRODUCTION

The origins of dark matter (DM) and the large matter-
antimatter asymmetry in the present universe are two of
the biggest mysteries in fundamental physics. For DM,
an attractive scenario is provided by the “thermal WIMP
freeze-out” paradigm, where a quick estimate shows that
the present-day abundance of stable particles of a weak-
scale mass would roughly agree with observation if the
particles were once in equilibrium with the particles of
the Standard Model (SM) and then decoupled from the
SM bath as they underwent annihilation into some lighter
particles via an interaction of weak-force strength [1].
The existence of such weakly interacting massive par-
ticles (WIMPs) is an attractive possibility as it only as-
sumes a mass scale that is already known to exist and is
being actively explored at the LHC, and an interaction
strength that is comfortably perturbative but not un-
naturally small. Moreover, a variety of theories address-
ing the electroweak hierarchy problem explicitly predict
WIMPs with potentially diverse lifetimes. Much atten-
tion has also recently been drawn to the apparent coin-
cidence of the baryon and DM abundances, ΩB ∼ ΩDM,
which may be suggesting a common origin for cosmic
baryons and DM. With all these motivations, it is quite
desirable to construct a mechanism of baryogenesis in
which a WIMP and its thermal freeze out play a crucial
role.

The WIMP-triggered baryogenesis scenario proposed
by Cui and Sundrum [2] provides a robust such mecha-
nism. (For other baryogenesis mechanisms using thermal
WIMPs, see Refs. [3–5].) The idea is neat and simple.
Consider a WIMP (different from a DM WIMP) that
is meta-stable and decays to SM quarks in a baryon-
asymmetric manner, with a lifetime so long that the de-
cay occurs well after its freeze-out. Being a WIMP, the
meta-stable WIMP has a freeze-out abundance similar to

that of the DM WIMP and thereby leads to ΩB ∼ ΩDM—
nicely in agreement with observation—if we assume an
O(1) CP violation and ignore the difference between the
QCD and weak scales.1

In addition, the simplest realization of this scenario
has a structure that almost calls for the embedding
of the model into a supersymmetric (SUSY) extension
of the SM with an R-parity violation (RPV) [2, 6].
(We will also see this in Section II A.) Since the
production of baryon asymmetry from the decays of
meta-stable WIMPs occurs at temperatures much be-
low the weak scale, such supersymmetric theories are
safe from the washout of baryon asymmetry by RPV
decays/scatterings of squarks [2, 6], unlike those with
conventional baryogenesis mechanisms in which baryon
asymmetry is generated at much higher scales. It can
also have a distinct collider phenomenology, in particu-
lar in displaced vertex search channels, offering us the
opportunity to directly probe this baryogenesis mecha-
nism at the LHC [7].

On the other hand, the growing null results from di-
rect/indirect/collider WIMP searches make it increas-
ingly more likely that WIMPs, if they exist, are com-
pletely devoid of SM gauge interactions. In the context
of DM only, such a “hidden” WIMP scenario may have
no hope of being experimentally probed except through
cosmological measurements such as those of the matter
power spectrum and/or cosmic microwave background
spectra [8, 9]. This would especially be the case in the
absence of the “extra” particles provided by SUSY.

In this paper, however, we point out that the prospect
for probing a hidden WIMP sector is quite bright in the

1 It is fortunate that the QCD and weak scale are only a couple
of orders of magnitude apart, although this proximity of the two
scales is admittedly not explained.
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WIMP-triggered baryogenesis scenario. Essentially, the
reason for this is that a WIMP-triggered baryogenesis
mechanism cannot be completely hidden—even if the
WIMPs themselves are hidden—because it must some-
how connect to baryons to make baryogenesis happen.
We thus expect some inevitable signatures at hadron
colliders. In particular, we will see that the simplest
hidden-sector realization of WIMP-triggered baryogen-
esis contains new colored and electrically charged scalars
φ in addition to WIMPs. The baryogenesis mechanism
requires φ to couple to the meta-stable WIMP and a
SM quark. Hence, φ can be pair-produced from gluons
or from quarks in association with a pair of meta-stable
WIMPs.

The purpose of this paper is to highlight a variety of ex-
perimental signatures involving φ, the WIMPs, and a me-
diator S responsible for setting the freeze-out abundances
of the WIMPs. These particles are all integral compo-
nents of the mechanism. First, in Section II, we present
the structure of the simplest hidden-sector realization of
WIMP-triggered baryogenesis and work out constraints
from the observed baryon abundance in the universe. In
Section III A, we discuss an extremely rich array of pos-
sible decay modes of φ, including displaced multi-jet and
displaced multi-top/bottom quark productions. A more
exotic possibility is the production of two separate sets
of isolated emerging jets connected by a charged track.
We also point out that di-nucleon decay is a powerful
probe into the physics of φ. In Section III B, we study
the resonance S, focusing on its particularly clean decay
channel to γγ, which is necessarily generated at 1-loop
via the loop of φ. In Section III C, we look at the direct
production of the WIMPs. Since the WIMPs responsible
for baryogenesis are not stable, they can decay within the
LHC detector if their lifetimes are sufficiently short. The
decay products involve φ and thus inherit the rich φ phe-
nomenology. These signals—some of them could appear
simultaneously, some other are mutually exclusive—can
provide us with nontrivial pieces of information on the
structure of the theory of WIMP-triggered baryogenesis
such as the mass spectrum and flavor structure. Sec-
tion III will cover various cases where such experimental
probes may be possible. In some cases, it may even be
possible to make quantitative connections between the
collider measurements and the cosmic baryon abundance.

II. THE WIMP-TRIGGERED BARYOGENESIS

Here we review the WIMP-triggered baryogenesis
mechanism proposed in [2] and write down a concrete
model that realizes the scenario. Our model is very sim-
ilar to the one in [2] up to some minor modifications.
However, unlike in [2] where the purpose of the model
is to provide an “existence proof” of the mechanism, we
would like to argue that the model is not merely an ex-
ample that works but actually is a robust, representative
realization of the scenario. Thereby, we wish to provide a

strong motivation for its collider signatures as experimen-
tal probes for the WIMP-triggered baryogenesis mecha-
nism.

A. The field content and Lagrangian

We begin by assuming the existence of a meta-stable
WIMP χ1 (in addition to an absolutely stable DM WIMP
χ0) that is completely neutral under the SM gauge
group.2 Since χ1 is meta-stable and no longer present
in the universe today, direct or indirect WIMP detection
experiments do not constrain the properties of χ1. How-
ever, the null results of those experiments so far makes it
increasingly more motivated to consider the case where
the DM WIMP, χ0, possesses no SM gauge interactions.
Then, it is natural to take the meta-stable WIMP, χ1, to
be also a SM-gauge singlet, as the underlying philosophy
of the WIMP-triggered baryogenesis mechanism is to as-
sociate a single framework with both the DM abundance
and baryon asymmetry. As we will see below, the WIMP
sector also needs a third WIMP, χ2, in order to have a
CP-violating interference in the χ1 decay (as necessary
for baryogenesis). It is amusing to note that the WIMP
sector consists of three generations of matter just like the
SM.

The possibility of such WIMP sector well shielded from
the SM sector is especially robust if the WIMPs are spin-
1/2 fermions. If the WIMPs are scalars, the symmetries
that allow a WIMP mass term, χ†χ, would necessarily
also allow a renormalizable quartic interaction χ†χH†H
with the SM higgs doublet H. On the other hand, if the
WIMPs are spin-1/2 fermions, gauge invariance allows
only one renormalizable interaction H`χ, where ` is an
SM lepton doublet. But H`χ can easily be forbidden by
a global symmetry (e.g., a Z2 under which all SM lepton
fields (` and ec) are odd), thereby separating the WIMPs
from the SM particles completely at the renormalizable
level. If the WIMPs have a spin higher than 1/2, that
could also naturally explain the separation of the WIMPs
from the SM sector, but it would come with the whole
baggage of a symmetry breaking sector to give mass to
the WIMPs. Therefore, as in [2], we consider the mini-
mal possibility that the WIMPs are spin-1/2, SM-gauge
neutral, Majorana fermions described by

Lχ = iχ†i σ̄ ·∂χi −
mχi

2
(χiχi + c.c.) (1)

with three SM-gauge singlet, 2-component spinors χ0,1,2.
Next, we need to introduce a mediator particle S

through which the WIMPs annihilate into lighter parti-
cles before their number density freezes out. Since it cou-
ples to a pair of the SM-gauge singlet fermionic WIMPs,

2 It should be noted, however, that the mechanism does clearly
allow the possibility that DM is not a WIMP so the existence
of χ0 is logically optional, although our philosophy here is to
provide a unified story of DM and baryogenesis.
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S has to be a SM-gauge singlet boson. Letting S carry
spin-1 or higher would require an additional higgs sector
to give mass to S, thereby significantly complicating the
model for no reason. Therefore, the simplest possibility
is that S is a real scalar described by

LS =
1

2
(∂S)2 − m2

S

2
S2 . (2)

As we will see below, S automatically acquires couplings
to gg and γγ at 1-loop, offering a particularly clean di-
photon signal to be searched for at the LHC.

After the annihilation process through S freezes out,
χ1 must decay in a way that violates CP and baryon
number. In order to maintain the attractive assump-
tions behind the thermal WIMP freeze-out framework,
we do not wish to introduce any mass scale other than
the weak scale. Our lagrangian should thus only contain
weak-scale mass terms and dimensionless gauge/Yukawa
couplings. Hence, χ1 must couple to a fermion and a bo-
son. This fermion has to be an SM quark to introduce the
(violation of) baryon number to the story.3 Then, since
χ1 is a SM-gauge singlet, the boson has to carry the same
gauge charges as the SM quark. It thus has to be a new
particle, which we call φ. The boson φ should then sub-
sequently decay to a pair of SM quarks such that the
three SM quarks coming out at the end of the χ1 decay
chain have a nonzero net baryon number. We assume φ
is a scalar, again because otherwise we would need an ad-
ditional higgs sector to generate its mass. However, the
existence of a new particle with a weak-scale mass that
couples to a quark is dangerous as it would generically
induce excessive flavor violating processes in the quark
sector. As we will discuss later, the simplest symmetry
solution to this problem is to have three generations of
φ, i.e., we have

Lφ = |Dφi|2 −m2
φi
φ†iφi (3)

with i = 1, 2, 3 and, for definiteness, we take the gauge
charges of φ to be (3∗,1)−2/3, i.e., the same as the right-
handed up-type squark in a supersymmetric theory. This
choice is not unique and we will make comment on other
choices later whenever it is possible to do so without too
much digression. It is interesting to note that we again
have three generations of matter fields. It is also intrigu-
ing that the existence of three generations of φ is read-
ily compatible with a supersymmetric embedding of our

3 Leptogenesis is also a possibility in principle but then the leptoge-
nesis would have to be complete before the electroweak sphaleron
ceases to be active, which would thus require the χ1 decay tem-
perature to be above the weak scale and hence the freeze out
temperature TF even higher. We can prevent mχ1 from being
even more far away from the weak scale by having the mediator S
sufficiently heavy and/or have small couplings so that TF ∼ mχ1

[6], but this would make S inaccessible at the LHC. In this pa-
per, we thus focus on a “direct” baryogenesis scenario, which can
be realized with weak-scale mS and mχ1 .

model where the three φ scalars are literally the three
right-handed up-type squarks. See Refs. [2, 6] for further
supersymmetric explorations of the scenario.

Now, we are ready to write down the interactions that
are essential to our discussions (non-essential interactions
will be discussed later):

Lint = − 1

2
S(yiχiχi + c.c.)− (λi φ

†ucχi + c.c.)

− κSφ†φ− (γφdcdc + c.c.) ,
(4)

where uc and dc are the up- and down-type anti-quark
fields of the SM. The gauge and flavor indices are im-
plicit except for the χ flavor, χi (i = 0, 1, 2). Without
the λi couplings, the Lagrangian would have three Z2

symmetries, Z
(i)
2 (i = 0, 1, 2) under which χi is odd and

everything else even. Since χ0 has to be stable to con-

stitute DM, we assume Z
(0)
2 is exact and hence λ0 = 0

exactly. On the other hand, we want χ1 to be meta-

stable, so we assume that Z
(1)
2 is slightly broken by a

tiny, nonzero value of λ1. We do not assume Z
(2)
2 at

all as there is no need for χ2 to be stable or meta-stable.
The y0,1 couplings are (partly) responsible for setting the
abundances of χ0,1 (before χ1 decays). The decay rate
of χ1 is given at the tree level by

Γχ1
=

9 |λ1|2mχ1

16π

(
1−

m2
φ

m2
χ1

)2
, (5)

where the 9 is due to the 3 colors and 3 generations of uc

and φ.4 The mass of uc has been neglected for simplicity.
In order for χ1 to decay well after its freeze-out and well
before big-bang nucleosynthesis (BBN), we must demand
that

√
g∗BBN

T 2
BBN

M∗
� Γχ1

� √g∗F
T 2

F

M∗
, (6)

where g∗BBN = 10.75 is the effective number of rela-
tivistic degrees of freedom right before BBN begins at
T = TBBN ∼ 1 MeV, while g∗F is its counterpart at the
time of χ1 freeze-out at T = TF. The scale M∗ is the
combination of numbers that frequently appears in cos-
mology:

M∗ ≡
(

8πGN

3

π2

30

)− 1
2

' MP

1.66
, (7)

where MP denotes the Planck mass, 1.22 × 1019 GeV.
From (5) and (6), we clearly see that we must have
|λ1| � 1, which we attribute to a weakly broken Z2 as

4 We have evidently assumed that the flavor of φ is perfectly corre-
lated with that of uc. We have also assumed that λ1 is flavor in-
dependent. Justifications of these assumptions will be discussed
around (12).
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we discussed above. The allowed window (6) is comfort-
ably wide; it is about six-orders-of-magnitude wide since,
as TF turns out to be about 1/20 of mχ1

∼ 1 TeV for a
typical WIMP.

As mentioned above, λ2 needs not be small and we as-
sume |λ2| ∼ O(1). (It is amusing to note that the three
generations of χ fermions with hierarchical λ0,1,2 are rem-
iniscent of the SM fermions with hierarchical Yukawa
couplings.) Most importantly, the phase in the product
λ∗1λ2 cannot be removed by field redefinition, thereby
providing a source of CP violation necessary for baryo-
genesis (which is the sole reason for the existence of χ2).
Ignoring the mass of uc for simplicity, the fraction of CP
violation εCP is given at the one-loop level by

εCP ≡
Γχ1→φ+uc − Γχ1→φ∗+uc

Γχ1→φ+uc + Γχ1→φ∗+uc

=
1

8π

Im
[
(λ∗1λ2)2

]
|λ1|2

√
x1x2

(
f(x1, x2) + g(x1, x2)

)
,

(8)
where xi ≡ m2

χi
/m2

φ and

f(x1, x2) =
1

2(x1 − x2)

(
1− 1

x1

)2
,

g(x1, x2)

=


1

x1
− x1 + x2 − 2

(x1 − 1)2
log

x1(x1 + x2 − 2)

x1x2 − 1
if x2 > 1,

x1x2 − 1

x1(x1 − 1)
− x1 + x2 − 2

(x1 − 1)2
log x1 if x2 < 1.

(9)
The function f(x1, x2) comes from a self-energy diagram
while g(x1, x2) comes from a vertex correction diagram.
Needless to say, we have x1 > 1 so that χ1 can decay to
φ. We have assumed that mχ1

and mχ2
are not similar

so that we never hit the singularity in f(x1, x2).5 Notice
that the small magnitude of λ1 (required by the metasta-
bility of χ1) does not affect the size of εCP at all. Thus,
with an O(1) phase of λ∗1λ2 and an O(1) magnitude of
λ2, and with all the masses around the weak scale, we
see that a “typical” size of εCP is O(10−2).

The κ coupling in (4) cannot be forbidden by any sym-
metry that allows the y1 coupling. The y1 coupling is nec-
essary for mediating the annihilation of χ1. One might
think that the λ1 coupling could also mediate the anni-
hilation of χ1 into uc via t-channel φ exchange, which
would be more economical because it would not need S.
However, the condition (6) forces λ1 to be too small to
give rise to a large enough annihilation rate. We there-
fore need the mediator S and coupling y1. Once y1 is

5 We do not consider the fine-tuned case mχ1
' mχ2

that could
resonantly enhance εCP as in “resonant leptogenesis” [10]. Since
|λ1| � |λ2| ∼ 1, such degeneracy would not even be stable under
renormalization group running. Any attempt to justify mχ1

'
mχ2

by a symmetry would have to confront the breaking of that
symmetry by |λ1| � |λ2|.

introduced, no symmetry can forbid κ. One annihilation
channel of χ1 is then given by χ1χ1 → φφ∗ via an s-
channel S involving both the y1 and κ couplings. We also
see that the κ coupling necessarily gives rise to S → gg
and S → γγ via a loop of φ, predicting the existence of
a clean di-photon signal to be searched for at the LHC.
Since κ is a relevant coupling allowed by symmetry, its
significant presence does not require any further justi-
fication as its effects grow at low energies. Rather, we
must make sure that it is not too large. In particular,
the strong attractive force between φ particles mediated
by S exchange should not cause φ to condense in the vac-
uum and spontaneously break the SU(3) color and U(1)
electromagnetism gauge symmetries. Noting that φ has
3 colors and comes in 3 generations, such strong coupling
limit would correspond to κ2/m2

S . 16π2/32, i.e.,

κ

mS
.

4π

3
. (10)

We adopt this as our theoretical upper bound on κ.
(Without loss of generality, we have taken κ to be posi-
tive by absorbing its sign into S.)

The γ coupling in (4) is responsible for φ decay, which
quickly converts the CP asymmetry (8) into a baryon
asymmetry. For example, the decay chain χ1 → φ+uc →
d
c

+ d
c

+ uc increases the baryon number by one. It
is important to do this in “two steps” with an on-shell
intermediate φ, because the imaginary part in (8) arises
from a region of the loop momentum space where the φ in
the loop goes on-shell. If we instead only have an off-shell
φ, a CP asymmetry could still be generated but only as
an interference between tree and 1-loop diagrams for a
3-body decay. That would lead to much smaller εCP and
make baryogenesis much harder, although it is possible
[6, 11]. We thus assume that χ1 can decay to φ, i.e.,

mφ < mχ1
. (11)

For various checks ensuring the baryon asymmetry thus
produced not to be washed out, see [2].

Each of λ1, λ2, and γ has implicit quark and φ flavor
indices. Since all observations of quark flavor violation
so far are consistent with SM predictions, any flavor-
dependent new physics at the weak scale must have a
flavor structure quite akin to the flavor structure of the
SM. That means that the new physics must respect, to
a very good approximation, the property of the SM that
the SU(3)q × SU(3)u × SU(3)d flavor symmetry is only
violated by the Yu and Yd Yukawa coupling matrices.
In other words, minimal flavor violation (MFV) [12–15]
must hold to a good approximation. The minimal way to
incorporate MFV in the λ1,2 and γ couplings is to have
three generations of φ that form a flavor multiplet trans-
forming like uc under the SU(3)3 quark flavor symmetry
of the SM. MFV then dictates that the leading flavor
structures should be given (at least to a good approxi-
mation) by

m2
φ ∝ 1 , λ1,2 ∝ 1 , κ ∝ 1 , γ ∝ εYuYdYd , (12)
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where 1 is an identity matrix in the SU(3)u flavor space,
while ε is a 3d Levi-Civita tensor that contracts the three
SU(3)q indices from YuYdYd. So, γ has three implicit
flavor indices, i.e., one SU(3)u index from Yu and two
SU(3)d indices from YdYd. In the γφdcdc interaction,
those indices of γ are contracted with the one SU(3)u and
two SU(3)d indices of φ and dcdc, respectively. Writing
the flavor indices explicitly, we thus have

Lint ⊃ γφdcdc = cεijk(Yu) ai (Yd)
p
j (Yd)

q
k φad

c
pd

c
q , (13)

where c is an overall multiplicative free parameter, i, j, k
are SU(3)q indices, a is an SU(3)u index, and p, q are
SU(3)d indices. Without loss of generality, we can go to
a basis where Yd = yd ≡ diag (md/mb,ms/mb, 1) and
Yu = V †yu ≡ V † diag (mu/mt,mc/mt, 1), where V is the
CKM matrix. Then, the γ couplings become

γφdcdc = cεijkV ∗ai (yu)a(yd)j(yd)k φad
c
jd

c
k . (14)

Since c is a free parameter, there is no loss of generality
in our normalization conventions, (yu)33 = (yd)33 = 1.

The existence of three generations of φ and their MFV
couplings6 clearly indicate that a supersymmetric exten-
sion of our model would be that of the “R-parity violating
MFV SUSY” [17] augmented by the WIMPs and S. In
such supersymmetric extension, the normalization con-
vention (yu)33 = (yd)33 = 1 would actually be realized in
the large tanβ limit.

Finally, a complete list of all other renormalizable op-

erators allowed by gauge symmetry and Z
(0)
2 is

S , S3 , S4 , χ†1σ̄ ·∂χ2 , χ1χ2 , Sχ1χ2 ,

S2φ†φ , SH†H , S2H†H , φ†φH†H .
(15)

We adjust the coefficient of the S term such that 〈S〉 = 0.
This does not cause any loss of generality, because we
already have all the couplings (e.g., χχ, Sφ†φ) that can
be redefined to absorb a nonzero 〈S〉. The three couplings
that mix χ1 and χ2 can be naturally tiny as they are odd

under Z
(1)
2 , which is only slightly broken as required by

the meta-stability of χ1. For example, if we have none of
those three couplings at tree level but have a tiny, nonzero
λ1 and an O(1) λ2 (because we absolutely need them),

then the coefficient of χ†1σ̄ ·∂χ2 generated at 1-loop would
be of order ∼ 9λ1λ2/16π2, which is minuscule and leads
to no consequences worthy of further consideration.

6 In principle, it is possible to decouple φ1,2 (i.e., the right-handed
sup and scharm) while keeping φ3 (the right-handed stop) light
by including a formally higher order term in the MFV expansion

as m2
φ ∝ 1− aY †uYu, where a is an O(1) coefficient chosen such

that (1 − aY †uYu)33 � 1. We do not consider this possibility,
not only because it is fine tuned in the absence of an underlying
model that predicts the value of a, but also because such decou-
pling is not sufficient to solve the supersymmetric flavor problem
anyway [16].

The SH†H coupling in (15) leads to the mixing of S
with the SM higgs boson h after electroweak symmetry
breaking. If this mixing is sizable, it can mediate direct
annihilation of χ1 into SM state. This is phenomenolog-
ically a viable possibility and it was already considered
in [2]. Here, adhering to the picture of a hidden WIMP
sector, we consider the case where the SH†H coupling is
small and does not play a relevant role. The consistency
of this assumption can be seen by setting those couplings
to zero at tree level and seeing how large their counter-
terms need to be at loop level, using the couplings that
are already established to exist. The largest contribution
to the SH†H counter-term would come from a two-loop
diagram where an S becomes a pair of χ2 that become a
pair of tc by exchanging a φ, and then the tc pair becomes
an H pair by exchanging a q3. Renormalization at a scale
of O(1) TeV thus requires an SH†H counter-term of or-
der ∼ 3y2|λ2|2|yt|2mχ2

/(16π2)2 ∼ 10−4 TeV. This then
implies that a natural size of the S-higgs mixing angle is
given by 10−4 TeV v/m2

S where v ' 246 GeV is the SM
higgs vacuum expectation value. Hence, the annihilation
of χ1 into SM particles via the h-S mixing induced by
SH†H is highly suppressed. We thus ignore the SH†H
coupling hereafter. Such reasoning also implies that the
S3 coupling can naturally be loop-suppressed. The S4,
S2φ†φ, S2H†H, and φ†φH†H couplings are simply irrel-
evant for our analyses below.

B. The baryon abundance

Let us find the region in the parameter space that gives
the observed baryon asymmetry. We start with a general
formulation without recourse to any specific annihilation
channels, and then identify the range of viable parame-
ter space of our model. By assumption, long before the
χ1 particles begin to decay, they go through a standard
WIMP thermal freeze-out process, resulting in a “would-
be” relic of χ1. Denoting the χ1-χ1 annihilation cross
section by σ and the relative speed between the annihi-
lating χ1’s by v, the freeze-out temperature TF can be
estimated from the instantaneous freeze-out approxima-
tion, i.e.,

〈σv〉F nF ' HF =
√
g∗F

T 2
F

M∗
, (16)

where 〈σv〉F ≡ 〈σv〉
∣∣
T=TF

, HF = H
∣∣
T=TF

, nF is the χ1

number density at the freeze-out, g∗F ∼ 100 is the effec-
tive number of relativistic degrees of freedom at the time
of freeze out, and M∗ is defined in (7). Then, the χ1’s
decay with the CP asymmetry εCP and generate a baryon
asymmetry as described in Section II A. The mass den-
sity ρeqB of baryons at the time of matter-radiation equal-
ity is thus given by

ρeqB = mpεCPnF

a3F
a3eq

, (17)
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where mp is the proton mass (neglecting the tiny differ-
ence between the proton and neutron masses), and aF and
aeq are the scale factors of the universe at the freeze-out
and the matter-radiation equality, respectively. The ra-
tio a3F/a

3
eq is then equal to g∗S,eqT

3
eq/g∗FT

3
F by co-moving

entropy conservation, where g∗S,eq = 2+ 7
8 ·3·2·

4
11 . Then,

since the sum of baryon and DM mass densities at the
matter-radiation equality must by definition be equal to
the photon+neutrino energy density, we obtain

(1 +R)mpεCPnF

g∗S,eqT
3
eq

g∗FT 3
F

=
π2

30
g∗eqT

4
eq , (18)

where R ' 5.4 is the observed mass density ratio of DM

to baryon abundance, g∗eq = 2 + 7
8 · 3 · 2 ·

(
4
11

)4/3
. Com-

bining the condition (18) with (16) to eliminate nF, we
find

〈σv〉F ' (1 +R)εCP

mp

mχ1

· 30

π2

g∗S,eq
g∗eq
√
g∗F

mχ1

TF

1

M∗Teq
,

(19)
where we see that, compared to the standard thermal
WIMP DM cross section (i.e., the expression after the
“ · ” in (19)), we need a smaller cross section by the fac-
tor of εCPmp/mχ1

so that we get an over-abundance of
χ1 to counter the suppressions due to εCP and mp/mχ1

.
The above expression still contains one unknown ratio,
mχ1

/TF. To obtain this ratio, we substitute the thermal
equilibrium density for nF in (18), which gives

mχ1

TF

' log r +
3

2
log(log r) ,

r ≡ 2

(2π)3/2
30

π2

g∗S,eq
g∗eqg∗F

(1 +R)εCP

mp

Teq
,

(20)

where higher order terms involving more logarithms have
been neglected. The required over-abundance of χ1 com-
pared to a thermal WIMP DM abundance should mean
a higher freeze-out temperature than the DM case. In-
deed, using R = 5.4 and Teq = 0.79 eV from observa-
tions [18], the expression (20) gives mχ1

/TF ' 17 for

εCP = 10−2 and g∗F = 100, which should be compared to
mχ1

/TF ∼ 27 for a thermal WIMP DM. Combining (19)
and (20), we get

〈σv〉F ' 6× 10−8 TeV−2 · εCP

10−2
TeV

mχ1

10
√
g∗F

, (21)

where we have neglected the logarithmic dependences on
the ratios of the parameters to their “benchmark” val-
ues, such as log(εCP/10−2). This is the cross section we
need in order to obtain the observed amount of baryon
asymmetry.

Now, let us calculate 〈σv〉 in our model. We have the
following three possible annihilation channels, excluding
those via higgs-S mixing as it is assumed to be small
in our model as we discussed in Section II A. Possi-
bility (i) is χ1χ1 → φφ∗ via an s-channel S exchange,
which is always allowed kinematically because of (11).

We can also have (ii-a) χ1χ1 → SS with a t-channel χ1

and (ii-b) χ1χ1 → SS with an s-channel S, if kinemat-
ically allowed. Finally, we have (iii) χ1χ1 → χ0,2χ0,2

via an s-channel S if kinematically allowed. The am-
plitude for (i) is ∝ y1κ, those for (ii-a) and (ii-b) are
∝ y21 and ∝ y1 × (the S3 coupling), respectively, and
that for (iii) goes as ∝ y1y0,2. All channels can lead to a
successful WIMP-triggered baryogenesis. However, since
the purpose of this paper is to explore collider probes
of the WIMP baryogenesis mechanism, we focus on the
case where channel (i) dominates. Since S acquires cou-
plings to gg and γγ via φ loops, the coupling κ involved
in channel (I) can be independently measured at the
LHC from gg → S → γγ. We can also use the process
gg → S → χ1χ1 to extract the coupling y1. Then, we
will be able to test whether these couplings are indeed re-
sponsible for generating the correct freeze-out abundance
of χ1.

It is easy to see that channel (i) is realized in a signifi-
cant portion of the parameter space. First, we can simply
have mχ1

< mS so that (ii-a) and (ii-b) are kinemati-
cally forbidden for non-relativistic χ1. Even if they are
kinematically allowed, (ii-b) can easily be subdominant
to (i) since the S3 coupling can be loop-suppressed as
we have discussed in Section II A. Since the amplitudes
for (i) and (ii-a) are proportional to y1κ and y21 , respec-
tively, (i) can also dominate over (ii-a) if, for example,
κ ∼ mS ∼ mχ1

∼ O(1) TeV and |y1| � 1. For (iii), the
annihilation into χ2χ2 can be made subdominant by hav-
ing y2 small or can simply be kinematically forbidden by
assuming mχ2

> mχ1
. Similarly, the χ0χ0 channel can

be removed if we just assume mχ0
> mχ1

. (Or, χ0 simply
does not exist and DM is unrelated to WIMP-triggered
baryogenesis.) Thus, there certainly exists a large region
where the χ1χ1 → φφ∗ channel dominates, which is the
region we focus on hereafter.7

The spin-averaged cross section of χ1χ1 → φφ∗ in the
nonrelativistic limit of χ1, away from the resonance re-
gion mS ≈ 2mχ1

, is given by:

σ = σ0

(
sin2δ1
vχ

+ vχ cos2δ1

)
, (22)

where vχ is the speed of χ1 in the center-of-momentum
(CM) frame and the δ1 is the phase in the coupling y1
defined through y1 = |y1|eiδ1 . The first and second terms
above describe the s-wave (from the pseudo-scalar cou-
pling) and p-wave (from the scalar coupling) contribu-
tions, respectively, as evident from their vχ dependences.

7 We do not consider the the fine-tuned possibility that mφ is so
close to mχ1

that the phase space for χ1χ1 → φφ∗ is almost
closed. Not only is it highly tuned but such a case would also
generate a highly suppressed εCP (see (8)), which would in turn
require a much larger over-abundance of χ1, rendering the whole
story less plausible.
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The overall scale σ0 of the cross section is given by

σ0 =
9|y1|2κ2

512πm4
χ1

√
1−m2

φ/m
2
χ1(

1−m2
S/4m

2
χ1

)2 . (23)

where the origin of the 9 is the same as in (5). Thermally
averaging the cross section (22) then gives

〈σv〉F = 2σ0

(
sin2δ1 +

3TF

mχ1

cos2δ1

)
. (24)

Here 3TF/mχ1
' 3/17 ≈ 1/6, so the p-wave contribution

is not as suppressed as it would be for a thermal WIMP
DM. Putting the numbers in, we get

〈σv〉F ∼ σ0 ' 5× 10−8 TeV−2
(

|y1|κ
3×10−3 TeV

)2
TeV4

m4
χ1

,

(25)
where we have assumed a generic O(1) δ1 and also
dropped m2

φ and m2
S in (23) for the purpose of estima-

tion. Equating the required cross section (21) and our
model’s prediction (25), we find that the right baryon
abundance is generated if(

|y1|κ
3× 10−3 TeV

)2(
1 TeV

mχ1

)3
∼ εCP

10−2
10
√
g∗F

, (26)

where εCP is given by (8) and g∗F can be calculated once
we determine TF from (20).

III. COLLIDER PROBES OF
WIMP-TRIGGERED BARYOGENESIS

A. The φ

As we have seen, the scalar φ plays an essential role
in the WIMP-triggered baryogenesis mechanism. Being
colored and electrically charged, φ can be copiously pro-
duced at both hadron and lepton colliders, providing us
with experimental probes into the mechanism.

1. Di-nucleon decay constraints/signals

As we mentioned earlier, the φ scalars can be regarded
as the right-handed up-type squarks in the R-parity vio-
lating MFV SUSY model [17]. Ref. [17] performs a com-
prehensive analysis of constraints on the couplings (14)
from indirect measurements, i.e., those without relying
on direct production of φ. The study concludes that
the strongest such constraint comes from di-nucleon de-
cay, which requires the masses of the right-handed up-
type squarks to be & 400 GeV for tanβ ∼ 40, where
the bound depends sensitively on the precise value of
poorly known hadronic matrix elements appearing in the

di-nucleon decay process. Therefore, for c ∼ 1, the re-
gion mφ & 400 GeV is not excluded. But this indicates
that di-nucleon decay can offer a powerful probe on our
scenario in the future if the uncertainties on the hadronic
matrix elements are reduced significantly.

2. Collider constraints/signals

To analyze the collider phenomenology of φ, we need to
know the dominant interaction in (14) for each of φ1,2,3.
Since md/mb is smaller than the severest suppression ∼
λ3 from CKM mixing (where λ ' 0.225 is the Cabibbo
angle), it is always better in (14) to have i = 1 and pay
a Cabibbo suppression than having j = 1 or k = 1, no
matter what a is. Thus, the dominant terms in the right-
hand side of (14) are

2c
ms

mb

(
V ∗11

mu

mt
φ1 + V ∗21

mc

mt
φ2 + V ∗31 φ3

)
bcsc

= c
(
6× 10−7φ1 + 8× 10−5φ2 + 4× 10−4φ3

)
bcsc ,

(27)
where we have extracted relevant measurements from
[19].

At hadron colliders, φ can easily be pair produced from
gg at tree level via QCD interactions. The couplings (27)
show that we can also resonantly produce a φ from bs.
This indeed does occur at the LHC and can lead to an
interesting phenomenology [20, 21], although it is sup-
pressed by the small φbcsc couplings and the small b-
quark PDF. Once (pair-)produced, the subsequent decay
chain of φ crucially depends on whether it is lighter or
heavier than χ2. (Recall that χ1 is heavier than φ (see
Eq. (11)). So, let’s look at those two cases separately:
Case 1: mφ < mχ2

In this case, φ can only decay to down-type SM quarks
through the φdcdc interaction. Then, the expression (27)
tells us that all species of φ dominantly decay to a b-jet
and a light jet without any /ET. For c ∼ 1 and mφ ∼
400 GeV, φ2 and φ3 clearly decay promptly at collider
time scales, while the φ1 decay is barely prompt with a
lifetime of ∼ 10−13 s. Then, there are two sub-cases of
Case 1 depending on whether φ decays promptly or not:
Case 1-a: Prompt φ decay

Since φ carries an electric charge, it would have been
pair-produced at the LEP experiment if sufficiently light,
and the ALEPH collaboration has placed a limit mφ >
82.5 GeV [22]. At the Tevatron, the CDF collaboration
has excluded the region 50 GeV < mφ < 125 GeV [23].
At the LHC, the regions 100 GeV < mφ < 315 GeV and
200 GeV < mφ < 385 GeV have been excluded by the
ATLAS [24] and CMS [25] collaborations, respectively.
The most recent ATLAS study [26] excludes the regions
250GeV < mφ < 405GeV and 445GeV < mφ < 510GeV.
We therefore conclude that, if mφ < mχ2

and φ decays
promptly, the regions 405 GeV < mφ < 445 GeV and
mφ > 510 GeV are currently allowed.
Case 1-b: Displaced φ decay
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The bounds are much severer in this case, due to the
generally lower SM background for long-lived particle
searches. Ref. [27] shows that for the decay length of
a few 100 µm, the bound is mφ & 500 GeV. For the
decay lengths of order 1 mm to 10 cm, the lower bound
exceeds 900 GeV. The bound drops to about 600 GeV
around the decay length of a few m, and then again rises
to ∼ 900 GeV once the decay length exceeds the size of
the LHC detectors, ∼ 10 m.

Case 2: mφ > mχ2

In this case, since λ2 ∼ O(1) to generate a sizeable CP
asymmetry, φ1,2 promptly decay as φ1,2 → ū1,2χ2, i.e.,

φ1 → ūχ2 , φ2 → c̄χ2 . (28)

On the other hand, φ3 promptly decays as

φ3 → t̄χ2 if mφ > mχ2
+mt ,

φ3 → b̄W−χ2 if mχ2
< mφ < mχ2

+mt ,
(29)

where the second case proceeds through an off-shell t̄.
Since λ2 ∼ O(1), all of these decays occur promptly.
Subsequently, the χ2 decays as

χ2 → tbs or t̄b̄s̄ if mχ2
> mt ,

χ2 → cbs or c̄b̄s̄ if mχ2
< mt ,

(30)

where the first case proceeds through an off-shell φ3 or
φ∗3 while the second through an off-shell φ2 or φ∗2. Due to
its small coupling (27), φ1 does not come into play here.
The χ2 decay rate is given by

Γχ2
' |λ2|

2ξ2

512π3

m5
χ2

m4
φ

, (31)

where ξ = 4×10−4c if the decay proceeds through an off-
shell φ3, or ξ = 8× 10−5c if through an off-shell φ2. For
simplicity, the masses of the final-state fermions as well
as higher order terms in mχ2

/mφ have been neglected.
Numerically, the above expression yields

Γ−1χ2
∼ 10−13 s · 10−8

|λ2|2ξ2
( mφ

400 GeV

)4(200 GeV

mχ2

)5
. (32)

We thus see that whether χ2 is prompt or displaced de-
pends very sensitively on the masses of φ and χ2, so both
cases must be considered:

Case 2-a: mφ > mχ2
with well separated mφ and mχ2

This is the generic case within Case 2. At colliders, φ
is dominantly pair produced. Resonant production of
a single φ does occur and is interesting [20, 21], but it
is suppressed by the small φbcsc couplings (27) and the
small b-quark parton distribution function (PDF). Based
on the above discussion on the decay modes of φi and
χ2, we find the following full event topology for collider
searches:

• From φ1,2 pair production we have

(A) jj(jbt)(jbt̄) or . . . t . . . t or . . . t̄ . . . t̄ if mχ2
>

mt,

(B) jj(jbc)(jbc) if mχ2
< mt,

where j stands for a light jet, b stands for a b-
or b̄-jet, and in light of the recent significant im-
provement in charm tagging [28], we single out a
light charm jet as c; the ellipses are used to avoid
repetitions. Each pair of parentheses indicates a
displaced vertex if the χ2 decay is non-prompt. So,
for example, in the very first case above, the jj is
from a primary vertex and, if χ2 is long-lived, the
(jbt) is from a displaced vertex and the (jbt̄) is from
another displaced vertex.

• From φ3 pair production we have

(C) tt̄(jbt)(jbt̄) or . . . t . . . t or . . . t̄ . . . t̄ if mφ >
mχ2

+mt and mχ2
> mt,

(D) tt̄(jbc)(jbc) if mφ > mχ2
+mt and mχ2

< mt,

(E) bbW+W−(jbt)(jbt̄) or . . . t . . . t or . . . t̄ . . . t̄ if
mφ < mχ2

+mt and mχ2
> mt,

(F) bbW+W−(jbc)(jbc) if mφ < mχ2
+ mt and

mχ2
< mt.

Notice that the above event topologies are identical to
pair productions of up-type squarks followed by each
squark decaying to a quark and a neutralino, and then
the neutralino subsequently decaying to three quarks
via an R-parity violating effective 4-fermion interaction.
The bounds clearly depend on the lifetime of χ2 (“neu-
tralino”) that can be prompt, displaced, or collider sta-
ble, as well as the Lorentz boost of χ2 produced from
the cascade decay. Drawing a detailed map of exclusion
limits covering all of (A)–(F) clearly requires a dedicated
work of its own and we leave it for future work.

We can, however, already draw some conclusions by
noticing that (A)–(F) are similar to the final states con-
sidered in various existing SUSY searches. For exam-
ple, if χ2 is collider stable, (A) and (B) are identical to
the standard jets+/ET production from two degenerate
squark species. If χ2 decays within the LHC detectors
(prompt or displaced), (A) and (B) are similar to gluino
pair production followed by the decay of each gluino
into quarks and a neutralino that subsequently decays to
three quarks via an R-parity violating vertex. Recasting
the limits by the ATLAS and CMS collaborations [29, 30]
for our cases is not straightforward, but there appears no
room for mφ as light as ∼ 400 GeV. Rather, in many
cases, the lower bounds seems well above ∼ 500 GeV and
sometimes reaches ∼ 1 TeV.

Case 2-b: mφ > mχ2
with mφ ≈ mχ2

This is a special parameter region of Case 2, where φ1,2
barely, but still dominantly and promptly, decay to χ2

and u, c quark, while φ3 decays to χ2 and jjb or `νb
via an off-shell W (which itself comes from an off-shell
t). If the subsequent decay of χ2 is prompt or displaced
but still well within the LHC detectors, Case 2-a applies.
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However, if χ2 is collider stable, the LHC sensitivity can
drop significantly as it relies on hard jets+/ET trigger,
whereas the jets emitted from φ decays here would be
too soft due to the compressed phase space. Indeed, as
demonstrated in the SUSY stop searches for such a spec-
trum [31–33], there are some unconstrained blind-spot
regions for mφ & 200 GeV when mφ ≈ mχ2 .

B. The S

Another essential ingredient of the simplest hidden-
sector implementation of WIMP-triggered baryogenesis
is the neutral scalar mediator S. As we will discuss in
this section, the detection of S at the LHC will provide
us with nontrivial pieces of information on the structure
of the theory. The connection of S to the SM sector
inevitably arises from the coupling Sφ†φ, which cannot
be forbidden by any symmetry in the theory. At 1-loop
level, this coupling generates couplings of S to gg and
γγ through a loop of φ. It also necessarily generates
couplings to Zγ and ZZ, but these are suppressed by the
weak mixing angle. Compared to S → γγ, the rates for
S → ZZ and S → Zγ must be suppressed by tan4θw '
9% and 2 tan2θw ' 60%, respectively. In this paper,
we focus on the most dominant and cleanest channel,
gg → S → γγ, which could thus be the discovery channel
of WIMP-triggered baryogenesis at the future LHC.

Before we proceed, let us comment on the variations of
our model where φ has the gauge quantum numbers of q
or dc instead of uc. If φ is q-like, S would also acquire a
coupling to WW . However, such a case would correspond
to a leptogenesis scenario and, as we noted in footnote 3,
that would require higher mass scales, pushing S out of
the LHC reach. If φ is dc-like, the loop-induced coupling
of S to γγ, γZ, and ZZ would be suppressed by a factor
of 1/4 because the hypercharge of dc is half of that of
uc. This would mean a suppression by a factor of 16 in
the S production rate, again pushing S out of the LHC
reach. Note that the vacuum stability constraint (10)
prohibits us from undoing this suppression by increasing
κ. Therefore, since this section is about the LHC phe-
nomenology of S, we do not consider the possibilities of
q-like or dc-like φ. Turning this around, if the S is de-
tected at the LHC, that will be a strong indication that
φ is uc-like, not q- or dc-like, which is quite a nontrivial
piece of information on the structure of the baryogenesis
sector.

The detection of S can also provide another interest-
ing piece of information. Notice that the existence of 3
generations of φ to avoid excessive quark flavor violations
leads to an enhancement by a factor of 3 in the gg → S
amplitude, and thus a factor of 9 enhancement in the
S production rate, compared to the case with only one
species of φ, or the case with two generations of φ being
much heavier as discussed in footnote 6. Therefore, the
detection of S at the LHC will constitute a strong evi-
dence that φ comes in a degenerate flavor multiplet and

the flavor structure beyond the SM respects MFV.
Now, let MSgg be the amplitude for gg → S. This S

may be off-shell if this process is part of a larger diagram.
At the 1-loop level, this amplitude is insensitive to the
CP violations, so the gauge, Lorentz, and CP invariances
dictate thatMSgg have the following structure at 1-loop:

MSgg =
αs

4πΛg(p2S)
[(ε1 ·q2)(ε2 ·q1)− (ε1 ·ε2)(q1 ·q2)] ,

(33)
where qi and εi (i = 1, 2) are the 4-momentum and po-
larization of the gluon i, and it is understood that the
colors of the two gluons are the same. From an explicit
calculation, the function Λg(p

2
S) is given by

1

Λg(p2S)
=

κ

m2
φ

· 1

2
· 3 · 1

3
F

(
p2S

4m2
φ

)
, (34)

where the factor of 1/2 is from tr [T aT b] = δab/2, the
factor of 3 is due to the three generations of φ, and the
factor of 1/3 is introduced such that F (0) = 1, where
F (r) is given by

F (r) ≡ 4!

∫ 1

0

dx

∫ 1−x

0

dy
xy

1− 4rxy − i0+
. (35)

In the range 0 < r < 1, F (r) is real and increases
monotonically, starting from F (0) = 1 and reaching
F (1) = 3(π2 − 4)/4 ' 4.4022. Above r = 1, F (r) ac-
quires an imaginary part since the intermediate φ can
be on-shell, with the magnitude |F (r)| decreasing mono-
tonically as r increases. (See Fig. 1.) The analogous
amplitude for S → γγ is described by the amplitude of
the same form as (33) except that αs and Λg are replaced
by α and Λγ , respectively, where

1

Λγ(p2S)
=

κ

m2
φ

· 4

9
· 3 · 3 · 1

3
F

(
p2S

4m2
φ

)
, (36)

where the factor of 4/9 is the square of the electric charge
of φ and the two factors of 3 are from the 3 colors and 3
generations of φ.

From the amplitudes given above, we can immediately
obtain the ratio of partial widths for S → γγ and S → gg:

ΓS→γγ
ΓS→gg

=
α2

8α2
s

Λ2
g(m

2
S)

Λ2
γ(m2

S)
� 1 . (37)

Therefore, if mS < 2mφ, the width of S is dominated by
S → gg and given by

ΓS '
mS

8π

(
αsmS

4πΛg

)2
, (38)

which is very narrow. If we instead have mS > 2mφ, the
S can also decay to φφ with the partial width given by

ΓS→φφ =
32

16π

κ2

mS

√
1−

4m2
φ

m2
S

. (39)
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FIG. 1. The function F (r) defined in (35), which comes from
the loop of φ in S → gg and S → γγ.

Unless the phase space is nearly closed, this easily domi-
nates over S → gg in the region of parameter space where
S → γγ may be observable in the first place, because κ
must be large (i.e., ∼ TeV and hence ∼ mS) in such
region. Therefore, we expect that the chance of detect-
ing S in the γγ channel would significantly go down if
mS > 2mφ. In other words, the detection of S in the γγ
sample will strongly indicate the lower-bound on the φ
mass, mφ > mS/2.

Fig. 2 shows the cross sections for diphoton production
via S at the 13-TeV LHC, using the MMHT2014 LO PDF
[34] evaluated at the factorization scale equal to mS , for
various benchmarks values of κ and mφ. All benchmarks
have mS < 2mφ so that the diphoton branching fraction
is not diluted any further by S → φφ than it already is by
S → gg, since the purpose of this section is to study the
prospect of the diphoton signal. All values of κ and mS

in the plot satisfy the vacuum stability condition (10),
which in particular is the reason why the black dashed
line in Fig. 2 ends at about mS = 760 GeV. The curves
begin to go up toward larger values of mS because the
values of r(= m2

S/4m
2
φ) going into the function F (r) are

approaching 1 (see Fig. 1). The cusp of F (r) at r = 1 is
an artifact of ignoring the width of φ in the calculation of
F (r). In other words, the expression (35) becomes invalid
if r is too close to 1 to ignore the φ width. However, the
values of r in Fig. 2 never exceed 0.8, which is safely
far away from 1 because the φ width is extremely small.
(Recall that φ decays barely promptly and is generically
long-lived.) The fact that r < 0.8 also justifies treating
the intermediate S on-shell and using the expression (37)
for the diphoton branching fraction, which in particular
ignores the S → φ3b̄s̄ decay channel via an off-shell φ3.

Finally, although we have focused on S → γγ, there
are other decay channels of S induced by φ loop, i.e., jj
(from gg), γZ, and ZZ. The WW mode is unlikely as we
already discussed earlier in this subsection. Compared to
γγ, however, the jj channel has much larger SM back-
ground and thus is much less clean, while the Zγ and
ZZ have smaller production rates as we pointed out at

κ=2 TeV,mϕ=600 GeV

κ=1 TeV,mϕ=600 GeV

κ=1 TeV,mϕ=430 GeV

0.5 0.6 0.7 0.8 0.9 1.0

0.2

0.4

0.6

0.8

1.0

1.2

mS [TeV]

σ
(p
p
→
S
)B
r(
S
→
γ
γ
)[
fb
]

FIG. 2. The diphoton production cross section via an s-
channel S as a function of S at the LHC with

√
s = 13 TeV.

See text for the reason why the black dashed line ends at
mS = 760 GeV.

the beginning of the subsection. Therefore, we expect
that the diphoton channel is the primary search chan-
nel. All the curves in Fig. 2 are below the 95% CL upper
bounds reported by the ATLAS [35] and CMS [36] col-
laborations but all within factors of a few at most. These
are all benchmark curves, but it shows that the diphoton
channel may well turn out to be the first collider signal
of WIMP triggered baryogenesis.

C. The WIMPs

The WIMPs χ1,2 are, by definition, the central ingre-
dients of the WIMP-triggered baryogenesis mechanism.
The WIMP χ1 is meta-stable and decays to an SM quark
and a φ with a large CP violation. The large CP viola-
tion is a consequence with the interference with a 1-loop
diagram with virtual χ2 that has an O(1) coupling to
the same SM quark and φ. Therefore, at colliders, χ1

is either stable or long-lived, while χ2 decays promptly.
Both decay to a jet and a φ, so their decays are subse-
quently followed by the rich decay patterns of φ described
in Section III A. We thus see huge potential opportuni-
ties to probe the WIMP-triggered baryogenesis scenario
at colliders through the productions of χ1 and χ2.

1. Pair-production of χ1

The meta-stable WIMP χ1 can be pair produced
through gg → S → χ1χ1. If mχ1

> mS/2, the s-channel
S has to be off-shell and the gg → S → χ1χ1 cross sec-
tion is proportional to |y1|2κ2. This case is in principle
very interesting because the combination |y1|2κ2 is fixed
by the baryon abundance for any given mχ1

as in (26).
Therefore, we predict the pp → S∗ → χ1χ1 production
cross section as a function of mχ1

. Unfortunately, the
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FIG. 3. The resonant S production cross section as a function
of mS at the LHC with

√
s = 13TeV. The red solid line begins

at mS = 1.4 TeV because this plot is for the mS > 2mχ1 case
and we also have the condition mχ1 > mφ (Eq. (11)). Since
mS > 2mχ1,φ, the leading S decay channels are expected to
be χ1χ1 and φφ, as discussed in text. See Eqs. (40) and (39)
for the branching fractions of those modes.

predicted cross sections falls far below an ab at the 13-
TeV LHC, too small to be captured even by the high-
luminosity LHC runs. It can be within the reach of the
proposed next generation high luminosity 100 TeV pp
collider [37].

On the other hand, if mχ1 < mS/2, the s-channel S
in gg → S → χ1χ1 becomes on-shell. Then, recalling the
condition (11), the dominant S decay channels should
generically be χ1χ1 and φφ, since these processes occur
at tree level while S → gg is 1-loop suppressed. (We
will discuss how the χ1 decays shortly.) The S produc-
tion cross section is determined by κ and mφ, while the
branching fractions of S into χ1χ1 and φφ tell us about
y1 and κ. Then, we can test if the values of these param-
eters are consistent with baryogenesis using the results
of Section II B. The partial width for S → φφ is given
already in (39), while that for S → χ1χ1 is given by

ΓS→χ1χ1
=
|y1|2mS

16π
vχ1

(sin2δ1 + v2χ1
cos2δ1) , (40)

where vχ1
≡
√

1− 4m2
χ1
/m2

S is the speed of χ1 in the

rest frame of the S.
In Fig. 3, the on-shell S production cross sections are

shown for various benchmark values of κ and mφ. The
very mild dependence on mφ is due to an approximate
accidental cancellation in Eq. (34) between 1/m2

φ and

F (m2
S/4m

2
φ) as we change mφ. One sees in Fig. 1 that

increasing mφ (thus decreasing r) increases F (r) rather
rapidly in the r > 1 region. Fig. 3 shows that the ob-
servation of gg → S → χ1χ1 can be within the LHC
reach if it has an O(1) branching fraction. This will pro-
vide quite direct probes of our baryogenesis scenario, if
χ1 can decay to a jet and a φ within the detectors.

It is interesting to note that the diphoton signal of

Section III B and the χ1 pair production are complemen-
tary to each other in many ways. If the diphoton sig-
nal of Section III B is observed, Fig. 2 will tell us that
κ ∼ TeV. Combining this with the baryon abundance
condition (26) will then imply that |y1| is small, making
the branching fraction of S to χ1χ1 is even smaller than
that to γγ. On the other hand, if the χ1 production is
observed, the condition (26) will imply a small κ, making
the observation of the diphoton signal unlikely.

Now, once χ1 is produced, the subsequent collider phe-
nomenology crucially depends on how it decays because
χ1 is meta-stable. If mχ1 < mS/2 and mS . 800 GeV,
our analysis in Section III A points to Case 2-b, because
we have mφ < mχ1 . 400 GeV and the only case that
allows such a light φ is Case 2-b. Furthermore, the cos-
mologically determined range of χ1 lifetime (6) generi-
cally leads to a collider stable χ1 or a displaced χ1 decay.
The former would just appear as /ET. The latter would
appear as the production of two displaced vertices, each
of which gives a φ plus a jet, or a φ plus a top. The φ
then decays to /ET and practically unobservable soft jets,
as discussed in Case 2-b of Section III A.

On the other hand, if mχ1
> mS/2 and/or mS &

800 GeV, then the variety of φ decay channels discussed
in Section III A begins to open up. After each of the pair
produced χ1 decays with a (very) displaced vertex into
an up-type quark (possibly a top) and a φ, the φ can sub-
sequently decay to two down-type quarks or an up-type
quark plus a lighter χ2, promptly or displaced.

Although the existing displaced vertex searches at AT-
LAS and CMS can cover most of the event topologies
from cascade decays of displaced χ1, we would like to
point out in some cases a new dedicated trigger/analysis
may be in demand. One specific example is where χ1

undergoes a displaced decay to a light jet (or a boosted
top jet such that the muon trigger may not be efficient)
and a φ, then the φ subsequently decays to a invisible χ2

plus a soft jet (as in Case 2-b) at a secondary vertex that
is further displaced relatively to the χ1 decay vertex. As-
sisted by a possibly sizable Lorentz boost from χ1 decay,
the jet associated with the χ2 vertex may not be as soft
as in typical Case 2-b. The full event would thus consists
of two sets of displaced and isolated “emerging jets” [38]
macroscopically apart from each other (one from χ1 de-
cay and the other from χ2 decay) yet connected by a
track of φ (or rather, an R-hadron of φ). Each χ1 de-
cay also comes with /ET from χ2 decay. The jet from χ2

decay may not be visible if χ2 does not have sufficient
boost, in which case the (charged) R-hadron track would
appear as a disappearing track.

Finally, we would like to make a brief remark that
the recently proposed “lifetime frontier” detector MATH-
USLA [39] (MAssive Timing Hodoscope for Ultra Sta-
ble neutraL pArticles) can greatly enhance sensitivity
to long-lived particles such as χ1 at the high luminos-
ity LHC. Ref. [39] also proposes a dedicated detector for
a future 100 TeV collider, which can cover lifetimes as
large as the limit allowed by BBN, cτ ∼ 107–108 m.
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TABLE I. Pair production rates of χ2 from t-channel φ ex-
change with λ2 = 1 for different values of mφ and mχ2 at the
13 TeV LHC (simulated using the FeynRules 2.3 [40] and
MadGraph 5 [41] packages).

mφ ( GeV) mχ2 ( GeV) σpp→χ2χ2 ( fb)
600 400 32.7
700 500 12.8
700 900 1.2

2. Pair-production of χ2

Although χ2 in our model does not directly trigger
baryogenesis, it is in fact indispensable for generating a
CP asymmetry necessary for baryogenesis. Recall that
χ2 has an O(1) coupling to an up-type quark and a φ.
This enables an appreciable tree-level pair production of
χ2 from uū or cc̄ through a t-channel φ exchange. (χ2 can
also be pair produced from gg via an s-channel S, but the
coupling of gg to S is loop suppressed, although the loop
suppression may be partly countered by the large gluon
PDF.) Numerical examples of χ2 pair-production rates
are listed in TABLE I . If the diphoton signal of Sec-
tion III B is observed with mS . 800 GeV, there are two
possible scenarios corresponding to Case 1-a and Case 2-
b of Section III A. In Case-1a, χ2 is heavier than φ so the
pair-produced χ2’s promptly decay to a φ and an up-type
quark, where the up-type quark may be a top quark if the
phase space is open. Note that the two φ’s from the two
χ2’s can be of different flavors, and their charges do not
have to be opposite. So, the χ2 pair production serves as
a mechanism to produce two φ’s with all possible com-
binations of charges and flavors together with additional
jj, tj, t̄j, tt, tt̄, or t̄t̄. The φ’s then subsequently decays
to bbjj promptly. Alternatively, in Case 2-b, φ is slightly
heavier than χ2 and χ2 is collider stable. In this case, χ2

undergoes 3-body decay mediated by a barely off-shell
φ as described in more detail in Section III A. On the
other hand, if the diphoton signal is not observed for
mS . 800 GeV, the very rich φ decay modes discussed in

Section III A can be realized, including possibly displaced
multi-top/multi-bottom productions.

* * *

To conclude the whole article, the WIMP-triggered
baryogenesis mechanism not only provides a unified
thermal WIMP origin of baryonic and dark compo-
nents of matter but can also exhibit a rich collider
phenomenology that allows us to probe the mechanism
at the LHC, even in the most pessimistic scenario that
the WIMPs are completely neutral under the SM gauge
group as it may be hinted by the null results of WIMP
searches thus far. The LHC signals we have discussed
include a clean diphoton resonance at the weak scale
and an array of other rich signatures that emerge
from this WIMP-triggered baryogenesis mechanism,
possibly displaced multi-bottom/multi-top productions,
emerging jets, and (disappearing tracks of) R-hadrons.
We have also pointed out that di-nucleon decay provides
us with a powerful probe of the mechanism. Therefore,
if this mechanism is indeed realized in nature, it is quite
possible that we will be able to shed a bright, and first,
light on one of the most fundamental questions in physics.
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