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We extend the fraternal twin Higgs scenario to include a novel dark matter candidate as well as a
mechanism for generating a matter/antimatter asymmetry in both sectors. A spontaneous breaking of twin
color results in quark degrees of freedom that are singlets under the residual twin color group. These twincolor-singlet quarks, along with a subdominant component of twin leptons, constitute the asymmetric
dark matter. The asymmetry between matter in antimatter in both sectors is cogenerated from the decay of
singlet fermions that provide an additional portal between the visible and twin sectors. We discuss the
phenomenological aspects of this model, evaluating constraints on the parameter space and highlighting
promising discovery channels in future experiments. We briefly discuss how the discovery of signals in
multiple experiments may help establish the connection between the mechanisms that address the
naturalness, dark matter and matter/antimatter asymmetry puzzles.
DOI: 10.1103/PhysRevD.104.116018

I. INTRODUCTION
Despite its phenomenal success, the Standard Model (SM)
is known to be an incomplete description of fundamental
physics. This follows from a number of concerns, which
include the naturalness problem of the Higgs potential, the
existence of dark matter (DM), and the observed matter/
antimatter (M/AM) asymmetry of the Universe. Addressing
these issues requires adding new degrees of freedom and
interactions to the SM. While it is possible that each of these
open questions is explained by entirely disconnected particle
sectors, we consider that adding one sector to extend the SM
that resolves multiple open puzzles at once offers a more
convincing path forward. This work, for example, extends
the SM in a way that addresses the Higgs naturalness, dark
matter, and M/AM asymmetry puzzles simultaneously. We
study the parameter space of this extension in light of
existing experimental constraints, as well as discuss future
experimental prospects.
Some of the best known extensions of the SM resolve the
Higgs naturalness problem by relying on symmetry partner
particles that carry the same gauge quantum numbers as
their SM partners. However, the null results in searches at
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the Large Hadron Collider (LHC) for these partner particles
have fueled interest in alternative scenarios. Among these,
the paradigm of neutral naturalness [1–17] has become a
very active area of research. In these constructions the
partner particles are charged under a separate set of gauge
groups than their SM counterparts and are specifically
neutral under SM color. Consequently, these color neutral
partners are rarely produced at hadron colliders.
The twin Higgs (TH) scenario [1] is a simple realization
of the neutral naturalness approach, where a twin copy of
the SM degrees of freedom and gauge structure is introduced. In addition, the scalar potential has an approximate
SUð4Þ global symmetry, which is spontaneously broken at
some scale f producing a pseudo-Nambu-Goldstone Higgs
boson. In this set up, only the interactions of the SM and
twin Higgs particles provide a portal between the two
sectors. A variant of the TH setup is the fraternal twin Higgs
(FTH) [18], where the twin sector includes only the third
generation of matter fields. While the FTH setup has only a
partial twin Z2 symmetry between the two sectors, the
largest contributions to Higgs mass quadratic divergences
still cancel, and early universe constraints are relaxed
because there are fewer light degrees of freedom. In this
work we extend the FTH setup, with additional degrees of
freedom in both the visible and twin sectors. We also
include an addition portal between these sectors in the form
of gauge-singlet fermions. This particular portal is somewhat distinct from the various classes of portals that have
been already examined in the TH scenario [18–29], and
could easily exist alongside them.
Since the TH scenario features a rich “dark sector” with
many degrees of freedom, a number of dark matter
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candidates have been studied, including twin baryons.
While the DM relic abundance is set by thermal freezeout in some cases [30–36] (or freeze-in [37]), for others the
abundance arises from a M/AM asymmetry in the twin
sector [38–44]. The twin structure relating the visible and
hidden sectors certainly suggests the possibility of cogenerating a M/AM asymmetry in both sectors simultaneously.
In addition, the twin sector already contains degrees of
freedom with masses near 5 GeV, so a DM candidate with
the same number density as SM baryons appears particularly plausible. This possible connection between DM
and asymmetry co-generation between the visible and twin
sectors was explored in Ref. [45] where the DM is a
twin baryon, and a common asymmetry in visible and twin
baryon numbers are generated in the early universe through
the decay of heavy particles, similar to the mechanism of
leptogenesis [46]. Reference [47] also investigate the
cogenesis of SM baryons and twin DM. The model we
consider is similar to Ref. [45] in several aspects, though
with significant differences including the structure of the
twin sector, in particular the identity of the DM particle.
While not a focus of this work, other connections
between twin Higgs models and cosmology have been
explored [48,49]. This includes the investigation of cosmological phase transitions [50,51], symmetry nonrestoration [52], and high-temperature electroweak symmetry
breaking [53]. Several scenarios have also been developed
to ensure that twin sector contributions to N eff agree with
experimental limits [54–56]. Twin sector effects on largescale structure [57] and the value of the Hubble parameter
[58] have also been studied.
In a recent paper one of us [59] explored the spontaneously breaking of twin color down to an SUð2Þ residual
twin color (RTC) subgroup. After twin color breaking
(TCB), in addition to the RTC baryons, some degrees of
freedom that originally were colored quarks also become
asymptotically free particles. In this work, we consider one
such RTC-singlet quark as the dominant DM component,
along with a subdominant twin lepton component. In
contrast to Ref. [45] in which twin color is unbroken, in
our model when a M/AM asymmetry is cogenerated in the
two sectors the RTC-singlet twin top quark acquires an
asymmetry, but not the RTC-doublet quarks. As a result,
the RTC twin baryons remain symmetric and annihilate
efficiently such that their relic abundance today is negligible. The RTC-singlet twin top decays to the RTC twin
bottom (the dominant DM component) as well as twin taus
and neutrinos through the twin weak interactions.
Our model predicts a variety of experimental signatures.
Both the visible and twin sectors contain colored scalars,
and those charged under the visible color group can be pairproduced at the LHC and at future hadron colliders, with
distinct final states. The LHC does not have sensitivity to
the gauge-singlet portal fermions in the parameter space
of interest for us, but we do investigate their discovery

prospects at future hadron colliders. In the interesting
regions of parameter space the presence of the new physics
also results in electric dipole moments (EDM’s) that exceed
the SM prediction. We discuss how discoveries in these
channels may provide hints that the solution to the
naturalness, DM and M/AM asymmetry puzzles are linked
to each other.
Other experimental channels are less sensitive to our
model and consequently do not impose significant constraints on the parameter space. Since the DM is asymmetric,
it is not possible to observe annihilation signatures in indirect
detection experiments. The linking of visible and twin
baryon numbers allows the possibility of the RTC-singlet
twin bottom decaying into visible sector baryons, however
such decays can also easily be forbidden by simple kinematics. Even when the dominant DM component is
kinematically allowed to decay, we find that its lifetime is
naturally very long, consistent with decaying DM bounds,
and the final state of the decay is very challenging to
observe. We also show the rate in direct detection experiments and the contributions to flavor-changing processes to
be far below the present-day sensitivity.
In Sec. II we present the particle make-up of our model
in full detail. With these new ingredients in hand, in Sec. III
we determine the generation of the M/AM asymmetries in
the visible and twin sectors. Following that, in Sec. IV, we
consider all relevant experimental constraints and future
prospects, and discuss how future discoveries may point to
connections between the solutions to the naturalness, DM
and M/AM asymmetry puzzles. We conclude in Sec. V.
II. THE MODEL
In this section, we present the field content of our model
in quantitative detail. For pedagogical purposes, we separate the Lagrangian into four parts and introduce them one
at a time, in the following order: Lvisible , Ltwin , Lscalar ,
and Lportal .
A. Lvisible
The particle content of the visible sector includes the SM
fields as well as a new color-triplet scalar ϕA (we use the
label A to signify the visible sector and the label B for the
twin sector). The quantum numbers of ϕA (as well as other
new states that we have yet to introduce) are listed in
Table I. The only new interaction in addition to the SM is a
Yukawa coupling between ϕA and the down-type singlet
quarks:
Lvisible ⊃ −Y L H †A LA ĒA − Y U QA HA Ū A − Y D H†A QA D̄A
λ
− ϕ†A D̄A D̄A þ H:c:
2

ð2:1Þ

We take all fermion fields to be left-chiral Weyl spinors. We
have denoted the SUð2ÞL singlet lepton and quark fields as
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TABLE I. Gauge and global quantum numbers of the relevant matter fields in our model. The first six columns
correspond to gauge symmetries in the visible and twin sectors. The following columns correspond to visible and
twin baryon and lepton numbers, respectively.
SUð3ÞA

SUð2ÞA

Uð1ÞA
1
6

QA
Ū A
D̄A
LA
ĒA
ϕA
N̄ A

3
3̄
3̄
1
1
3
1

2
1
1
2
1
1
1

QB
Ū B
D̄B
LB
ĒB
ϕB
NB

1
1
1
1
1
1
1

1
1
1
1
1
1
1

SUð3ÞB

SUð2ÞB

Uð1ÞB

BA

BB

LA

LB

1
3

0
0
0
0
0
0
0

0
0
0
1
−1
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1
3

0
0
0
0
0
0
0

0
0
0
1
−1
0
0

0

1
1
1
1
1
1
1

1
1
1
1
1
1
1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

3
3̄
3̄
1
1
3
1

2
1
1
2
1
1
1

1
6

− 23
1
3

−1
1
2
3

Ē, Ū, and D̄—the bar on top of these fields is just part of the
label and does not represent Hermitian conjugation (the
latter is expressed with the dagger notation). The first three
terms are of course the Yukawa interactions already present
in the SM, while the last term introduces the interactions of
the new scalar. Note that this term has a color structure
proportional to the antisymmetric tensor ϵabc. Therefore,
the flavor indices on the D̄Ai fields need to be antisymmetrized as well, and there are three independent couplings λij .
B. Ltwin
Next, we introduce the Lagrangian of the twin (B) sector,
which is an extension of the FTH framework. As such, it
contains only one generation of twin matter fields, related
by the discrete Z2 twin symmetry (A ↔ B) to the third
generation of SM matter fields. Since the ϕ† -D̄-D̄ interaction is antisymmetric in flavor, it is absent in the twin
sector. So in fact, the twin Lagrangian only contains the
Yukawa interactions:
Ltwin ⊃ −yτ H†B LB ĒB − yt QB HB Ū B − yb H †B QB D̄B þ H:c:
ð2:2Þ
As there is only one generation of twin fermions, the
couplings above are simply numbers and not flavor
matrices. While we keep the U=D notation in this equation
to make the Z2 connection with the visible sector manifest,
below we often refer to the twin top and bottom quarks with
the symbols tB and bB (we use lowercase letters to avoid
confusion with the twin baryon number BB ).
In the usual FTH scenario the twin spectrum is composed
of the twin tau and tau-neutrino along with twin baryons.
These baryons are made of three twin b-quarks, and they

− 13
− 13
0
0
− 23
1

− 23
1
3
−1
1
2
3

0

− 13
− 13
0
0
− 23
1

are stabilized by the conserved twin baryon number. Other
composite states such as twin glueballs and twin mesons
are not stable and they decay to SM states through H A -H B
mixing, on time scales that are prompt cosmologically, but
can be displaced in colliders.
While a more detailed discussion of the scalar potential
is presented in the next subsection, a key feature of our
model is that ϕB acquires a nonzero vacuum expectation
value (VEV) f ϕ ∼ TeV as in Ref. [59]. We consider here
the effects of this on the twin matter fields, by first
parametrizing ϕB around its VEV:
0
1 B
ϕB ¼ pﬃﬃﬃ @
2

0
0

1
C
A:

ð2:3Þ

f ϕ þ φB

This VEV breaks the twin color gauge group from SUð3Þc
to SUð2Þc , and five of the twin gluons (as well as the
radial mode φB ) acquire f ϕ scale masses. As an additional
subtlety, because ϕB also carries twin hypercharge, the
complete twin sector gauge breaking pattern (when the
electroweak symmetry breaking due to the VEV of the twin
Higgs is also included) is
½SUð3Þc × SUð2ÞL × Uð1ÞY → SUð2Þc × Uð1Þ0EM B ;

ð2:4Þ

that is, the massless twin photon now also contains part of
the twin gluon along the T 8 direction. The charge assignments of fields under the massless Uð1Þ0EM is given by
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TABLE II. Twin baryon number quantum numbers BB (B0B )
after TCB. Our
before (after) TCB and twin electric charge Q0EM
B
notation for the left handed quarks is QB ¼ ðU B ; DB Þ. The last
line defines the accidental global symmetry T below the TCB
scale that stabilizes the RTC baryons.

BB
B0B
Q0EM
B
T

Q̂B

Q3B

1
3

1
3

0
(1, 0)

1
ð0; −1Þ
0

1
3

ˆ
Ū
B

Ū 3B

ˆ
D̄
B

D̄3B

φB

N̄ B

− 13
0
−1
− 13

− 13
−1
0
0

− 13
0
0
− 13

− 13
−1
1
0

− 23
0
0
0

1
1
0
0

where we are using the normalization (in the fundamental
representation of SUð3Þ and SUð2Þ), in which
0

1

1 B
T ¼ pﬃﬃﬃ @ 0
2 3
0
8

0
1
0

0

1

C
0 A;
−2

1
τ ¼
2
3



1

0

0

−1


;

ð2:6Þ

and where Y ϕ ¼ 23 is the ϕB hypercharge.
After TCB, a twin quark field q is divided into a color
doublet charged under the RTC SUð2Þc , which we denote
by a hat q̂i with i ¼ 1, 2, and the RTC singlet q3 . When ϕB
gets a VEV, the unbroken twin baryon number becomes the
combination:
B0B ¼ BB þ

pﬃﬃﬃ
3Bϕ T 8 ;

ð2:7Þ

where Bϕ ¼ −2=3 is the baryon number of ϕB . We list the
charges of the relevant fields under this unbroken Uð1Þ, as
well as under the unbroken Uð1Þ0EM in Table II. Note
that only the RTC singlet fermions carry the unbroken
Uð1Þ-baryon charge. This means that RTC baryons are not
stabilized by this symmetry. They are however stabilized
by an accidental global symmetry below the TCB scale
(denoted by T in Table II), under which the RTC doublets
(and no other fields) are charged.
Compared to a mirror twin Higgs model, the running of
the twin color coupling is modified due to both the fraternal
spectrum and the spontaneous color breaking. Within FTH
models it is assumed that the SM and twin color couplings
are nearly equal at the UV cutoff ΛUV ∼ ðfew TeVÞ. As
shown in [18], the two strong couplings cannot differ by
more than about 15% without introducing additional tuning
into the model. Evolving the couplings from ΛUV toward
the IR, the twin coupling initially runs faster than its SM
counterpart, because there are fewer light quarks, which in
the absence of twin color breaking would lead to a strong
couplings scale of a few GeV.
In the presence of twin color breaking the running slows
considerably, due to the change from SUð3Þ to SUð2Þ in the
beta function. In the mirror twin Higgs set up [59] (meaning

FIG. 1. Contours of twin confining scale in GeV as a function
of the percent difference δα between the twin and SM strong
couplings at the scale ΛUV (here taken to be 5 TeV) and of the
TCB scale f ϕ . The twin bottom quark is taken to have a mass of
4 GeV and the ratio of the SM Higgs VEV to the SUð4Þ breaking
scale f is taken to be v=f ¼ 1=3. Variations of these parameter
choices do not change the results significantly.

six twin quark flavors and equal couplings at the cutoff)
ΛQCD would be near the MeV scale. Unsurprisingly,
a fraternal model with twin color breaking leads to a
confining scale in between the MeV and GeV scales. In
Fig. 1 we show contours of the twin ΛQCD as a function of
the percent difference between the SM and twin couplings
at ΛUV and of the TCB scale f ϕ . If the visible and twin α
are identical at ΛUV then the twin confinement is near
200 MeV, but it can approach 1 GeV with acceptably
nonequal values of α at ΛUV .
The twin bottom quark has a mass of a few GeV, a factor
of few above the confining scale. Thus, like heavy quarkonia
in the SM, the mesons and baryons (both containing a pair of
quarks) can be approximated as nonrelativistic bound states,
see [60] for a useful discussion of such objects. Because the
fundamental and antifundamental representations of SUð2Þ
are interchangeable, the differences between RTC mesons
and baryons are less obvious. Bound states with nonzero T
number (see Table II) are classified as baryons. As for
glueballs, lattice results [61–63] indicate that the lightest
SUð2Þ glueball has a mass of ∼6.5ΛQCD .
Finally, we assume that the twin photon has a mass.
While there are elegant ways to accomplish this, such as
including additional degrees of freedom in the Higgs sector,
it is sufficient for our purposes to include a Proca mass
term for the twin hypercharge boson. As shown in Sec. IV,
a twin photon mass in the neighborhood of a GeV is
phenomenologically preferred. The twin photon kinetically
mixes with the visible photon through multiloop effects,
but this effect is small and is studied quantitatively in
Sec. IVA. However, in order to also consider potentially
larger values of the mixing, we also allow an explicit
mixing term Bμν B0μν . Consequently, we simply treat the
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below by the loop level mixing.
C. Lscalar
The scalar potential contains both the usual twin Higgs
potential (including Z2 breaking contributions), as well as
masses and interactions for the ϕ’s. The potential features a
Z2 symmetry between ϕA and ϕB as in Ref. [59]:
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gauge singlets. We label the left- and right-chiral components of the portal fermions N̄ A;Ī and N B;I respectively,
with the former coupling to the visible sector and the
latter coupling to the twin sector. The N I fields have an
approximate SUð2ÞN̄ A × SUð2ÞN B flavor symmetry, which
is broken by their couplings to the visible and twin sector
fields, as shown below. Suppressing flavor indices, the
portal Lagrangian is
Lportal ⊃ −MN N̄ A N B − κ A ϕA Ū A N̄ A − κB ϕB Ū B N B þ H:c:;

Lscalar ¼ μ2 ðH†A H A þ H†B HB Þ þ μ2ϕ ðjϕA j2 þ jϕB j2 Þ

ð2:11Þ

− λðH †A HA þ H†B HB Þ2 − δ½ðH†A HA Þ2 þ ðH†B HB Þ2 
− λϕ ðjϕA j2 þ jϕB j2 Þ2 − δϕ ðjϕA j4 þ jϕB j4 Þ
−
−

λHϕ ðH†A HA
δHϕ ðH†A HA

þ H†B HB ÞðjϕA j2 þ jϕB j2 Þ
− H†B HB ÞðjϕA j2 − jϕB j2 Þ:

ð2:8Þ

The λ couplings preserve the global SUð4Þ and SUð2Þ
symmetries in the Higgs and ϕ sectors, respectively. The δ
couplings break the global symmetries, but preserve the
twin Z2 , A ↔ B. In the case of the Higgs, the SUð4Þ
breaking is assumed to be small so that the pNGB nature of
the physical Higgs boson protects its mass from large
corrections. The Goldstones of the ϕ sector need not be
light, so the δϕ coupling can be larger.
Similar to the analyses of [2,59,64] when δϕ < 0 the
VEV of the ϕA;B system spontaneously breaks the discrete
symmetry, it is either completely in the A sector or
completely in the B sector. The phenomenologically viable
vacuum preserves SM color, so the VEV is completely in
the B sector, breaking twin color. Domain walls related to
the breaking of the discrete symmetry do not persist if there
is even a very small explicit Z2 breaking term, see [64].
In the absence of other interactions, and with δ > 0 the
visible and twin Higgs VEVs would be equal. But when ϕB
acquires its VEV, a Z2 breaking contribution to the Higgs
masses results:
f 2ϕ

m2 ðH †A HA þ H†B HB Þ ¼ δHϕ ðH †A HA þ H†B HB Þ:
=2
Z
2

ð2:9Þ

As shown in [2], this produces a hierarchy between the
Higgs VEVs:
2
2
ð2λ þ δÞ
hHB i2 μ δ þ m=
Z2
¼
hHA i2 μ2 δ − m2 ð2λ þ δÞ
=2
Z

ð2:10Þ

Such a hierarchy is essential, given the LHC limits on
Higgs couplings [19].
D. Lportal
Finally, the portal Lagrangian consists of two Dirac
fermions N I¼1;2 (“portal fermions”) that are complete

and preserves the fraternal Z2 with N̄ A ↔ N B . Note that
once we expand in quark and N flavors, there are eight
independent (complex) couplings: six κ A;iĪ , and two κ B;J .
Despite the choice of name, the N’s are not right-handed
neutrinos. Their nonzero baryon number forbids any
interactions of the form HLN in either the visible or twin
sectors.
We take the masses of the two N flavors to be nearly
equal in the UV, with only a small fractional splitting ξ.
This can be accomplished by an approximate SUð2ÞN̄ A ×
SUð2ÞN B flavor symmetry in the UV, with a scalar bilinear
with Yukawa coupling to N̄ A and N B acquiring a VEV
close to the identity. Furthermore, in the IR an additional
mass splitting is induced by the κ couplings, which act as
spurions of the N flavor symmetry. More precisely, oneloop effects give different wave function normalizations to
the portal fermions. Canonically normalizing their kinetic
terms results in a fractional shift in their masses. These
effects can be summarized as follows:
ðM N ÞĪJ ¼ M0 ðδĪJ þ ξσ 3ĪJ Þ


cΔ M 0 X


κA;iĪ κ A;iJ þ κ B;Ī κB;J ;
þ
16π 2
i

ð2:12Þ

with σ 3 being the third Pauli matrix, and cΔ an order one
number.
Note that the N mass term breaks the individual baryon
number of the A and B sectors. However, it preserves the
combination Uð1ÞBA −BB , or more precisely Uð1ÞBA −B0B after
twin color breaking. This mass term includes mixing
between the portal fermions. In what follows we assume
that the 2 × 2 mass matrix above has been diagonalized,
and the κ couplings are defined in the basis where this is
true. We refer to the mass eigenstates of the 2 × 2 mass
matrix as M .
Twin color breaking has a number of significant effects
on the twin sector. In the limit where the visible and twin
baryon numbers are separately conserved, the RTC singlet
quarks are asymptotic states and are stable, and the same is
true of RTC baryons. However, the visible and twin baryon
numbers are not separately conserved but broken down to
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Uð1ÞBA −B0B due to N mass terms, which allows RTC singlet
quarks to decay to SM states, if this is kinematically
allowed. The RTC baryons, on the other hand, remain
stable due to the accidental symmetry denoted by T in
Table II, as already mentioned. The RTC singlet bottom b3B
is the dominant DM component in our model. If it is
kinematically allowed to decay, it is therefore classified as
decaying DM. We estimate its lifetime in Sec. IV B to
evaluate the corresponding constraint on the model parameters, but there is also a region of parameter space where
b3B is stable.
Another effect of TCB is to allow the RTC singlet top to
mix with the portal fermions. As shown in the next section,
this plays a significant role in the generation of the baryon
asymmetry in the twin sector, and therefore we study the
mixing quantitatively below. Also keeping the twin electroweak VEVs, we start with
κB fϕ
vB yt
ﬃﬃﬃ u3B Ū3B − pﬃﬃﬃ Ū 3B N B − MN N̄ A N B þ H:c:
Lmass ⊃ − p
2
2
ð2:13Þ
These terms can be written in 3 × 3 matrix form
0 pﬃﬃﬃ
10
1
2M þ
0
0
N B;1
pﬃﬃﬃ
1 B
CB
C
ðN̄ A;1 ; N̄ A;2 ; Ū3B Þ pﬃﬃﬃ @ 0
2M − 0 A@ N B;2 A:
2
u3B
κB;1 f ϕ κ B;2 f ϕ yt vB
ð2:14Þ
Let us define the matrix above as MF , and diagonalize it by
way of the unitary matrices U and V
0
1
M nþ
0
0
B
0 C
M n−
U† MF V ¼ @ 0
ð2:15Þ
A;
0
0
Mt3B
where Mt3B is the RTC-singlet top mass eigenvalue,
and Mn are the masses of the two orthogonal portal
fermion mass eigenstates. The mass eigenstates are then
identified as
0
1
0 1
N B;1̄
nþ
C
B C
† B
ðN̄ A;1 ; N̄ A;2 ; Ū 3B Þ ¼ ðn̄þ ; n̄− ; t̄3B ÞU ; @ N B;2̄ A ¼ V @ n− A:
U3B

t3B
ð2:16Þ

This motivates the definitions
κAþ ≡ κ A1 U1;1 þ κ A2 U 2;1 ;

κ A− ≡ κ A1 U 1;2 þ κA2 U2;2 ;

κAt ≡ κ A1 U1;3 þ κ A2 U 2;3 ;

κ Bþ ≡ κB1 V 1;1 þ κB2 V 2;1 ;

κ B− ≡ κ B1 V 1;2 þ κ B2 V 2;2 ;

κBt ≡ κ B1 V 1;3 þ κ B2 V 2;3 :
ð2:17Þ

We can then express the portal interactions in terms of the
elements of the U and V matrices, which informs our
discussion of the twin baryon asymmetry in the next
section:
− ϕA ŪA ðn̄þ κAþ þ n̄− κ A− þ t̄3B κ At Þ þ H:c:
φ
− pBﬃﬃﬃ ðn̄þ U 3;1 þ n̄− U 3;2 þ t̄3B U3;3 Þ
2
× ðnþ κ Bþ þ n− κ B− þ t3B κ Bt Þ þ H:c:

ð2:18Þ

E. Simplified description of the parameter space
Our model has many input parameters. In order to make
the quantitative analyses of the rest of the paper easier to
follow, we now introduce a simplified set of parameters,
which are sufficient for a representative discussion of the
phenomenology. We take the three independent couplings
λij of the ϕA -D̄-D̄ interaction of Eq. (2.1) to be similar in
magnitude, and use λ to stand for all of them. Similarly, we
use κ to stand in for all κ ðA;BÞðþ;−;tÞ .
For certain aspects of the phenomenological discussion,
small differences between the various λ and κ couplings
have no significant impact. In these cases we take them
to be exactly equal when plotting constraints etc. When
discussing other features of the phenomenology, such as the
generation of the M/AM asymmetry, the various entries of
the κ couplings being not exactly equal to each other is
crucial. In those cases, we conduct Monte Carlo studies,
randomly assigning these entries with a similar magnitude
and random phases, and we keep track of the median values
of quantities of interest.
With these simplifications, most phenomenological
results can be summarized by using the λ-κ notation.
Apart from these, the only other parameters of note are
the photon-twin photon mixing parameter ε and the masses,
which are scanned to describe certain aspects of the
phenomenology, and set to a benchmark value for others.
The details of the scalar sector parameters do not play a
significant role in the rest of the paper apart from ensuring
that ϕB gets a TeV scale VEV.
III. BARYOGENESIS AND DM ASYMMETRY
GENERATION
In this section we discuss how the M/AM asymmetry is
generated in the visible and twin sectors. The mechanism
is similar to that of Ref. [45], but with a few important
differences. The portal fermions N are produced nonthermally when the universe reheats after inflation, and
their out-of-equilibrium decays populate both the visible
and twin sectors. Note that the κ A;iI and κBI couplings in the
portal sector contain physical phases that source CP
violation necessary to generate an asymmetry. The diagonal
baryon number BA − B0B is conserved in our model as
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described in the previous section, so no net asymmetry can
be generated, but that is no obstacle to equal baryon number
densities being generated in the visible and twin sectors.
As described below, when the N’s decay through the
portal interaction, the asymmetry is generated first in the
RTC singlet twin tops t3B . However, these decay quickly
through the twin weak interactions, so the asymmetry is
transferred to b3B , τB , and νB . Therefore, in terms of the
asymmetric matter content in the universe, for each visible
baryon, the twin sector contains one RTC singlet twin
bottom, one twin (anti)tau, and one twin neutrino. We take
the twin neutrinos to be light enough to be treated as
massless. Cosmological problems associated with this
choice can be evaded by taking the temperature of the twin
sector to be lower than the visible sector, which in turn can
be accomplished by the portal fermions to have a slightly
lower branching ratio into the twin sector than the visible
one, similar to [54]. Note that this does not interfere with
equal asymmetries being generated in the two sectors, which
is guaranteed by the conserved BA − B0B number symmetry.
We can turn a knowledge of ΩDM into a statement about
the twin bottom and tau masses:
ΩDM mb3B þ mτB
¼
;
ΩB
mp

ð3:1Þ

where mp is the proton mass. Using the cosmological
parameters given in Ref. [65], we get
mb3B þ mτB ¼ mp

ΩDM
¼ 4.99  0.05 GeV:
ΩB

ð3:2Þ

Here, the ratio of the twin bottom and tau masses may be
the same as the ratio of the visible bottom and tau masses,
but does not have to be. In Sec. IV B we describe how the
choice of these masses may keep the twin bottom absolutely stable, or allow it to decay over extremely long
timescales.
If the asymmetries in the two sectors were to be generated
above the TCB scale f ϕ ∼ TeV, they would wash each other
out by processes of the form ϕA qA ↔ ϕB q†B . Therefore, we
consider asymmetry generation at temperatures T ≲ mϕ =25.
With mϕ ∼ f ϕ ∼ TeV, this means that the asymmetry is
generated at T ∼ Oð10 GeVÞ. With the reheat temperature
thus being below the electroweak scale, sphalerons in
the visible sector are not effective in generating a lepton
asymmetry. However, while no net lepton number is
generated, charge conservation ensures that an equal number
of charged leptons and antineutrinos are created through
the weak interactions (which do not decouple until
T ∼ Oð10 MeVÞ) to offset the net charge of the protons
such that the universe remains charge-neutral.
One important consequence of the asymmetry being
generated below TCB is that it is generated in the modified
twin baryon number B0B of Eq. (2.7). As listed in Table II,
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only RTC-singlet quarks carry B0B number, but not the RTCdoublet quarks or twin baryons. Therefore, the asymmetry in
the twin sector is generated only in the RTC-singlet quarks,
more specifically the RTC-singlet top, which then decays
quickly through the twin weak interactions.
Before turning our attention to a quantitative analysis of
the asymmetry generation, we give a quick summary of the
thermal history. As already mentioned, both sectors are
populated through out-of-equilibrium decays of the portal
fermions which alone are produced in reheating. By
making the reheaton lifetime long, the number density
of these initial portal fermions can be controlled, which,
once their decay products thermalize, sets the reheat
temperature. In other words, there is no contradiction with
reheating starting with (out-of-equilibrium) particles whose
masses are larger than the reheat temperature.
As the portal fermions decay, ϕ’s and up-type quarks are
produced first from the portal interactions, and then these
continue decaying and populating the lighter species until a
thermal distribution is reached. The timescales for all
annihilation and decay processes can be shown to be fast
enough for this to happen. It is already known that a reheat
temperature of Oð10 MeVÞ is viable for the visible sector. In
the twin sector, all degrees of freedom with a mass above a
GeV are either RTC colored, or charged under Q0EM
B , or have
two-body weak decays, therefore they annihilate to RTC
gluons, twin photons, or decay through the weak interactions. The annihilation of charged particles to twin photons
is efficient even though the twin photons have a nonzero
mass, as long as it is kinematically allowed. These degrees of
freedom then efficiently thermalize with the SM as long as
the twin photons decay sufficiently fast to pairs of SM
fermions through kinetic mixing. In order for the symmetric
component of twin taus and bottoms to annihilate efficiently
and leave behind only the asymmetric component, we
require that both be heavier than the twin photon.
Having summarized the thermal history of the twin
sector, we proceed to calculate the size of the asymmetry
generated by N decays. We work with comoving yields
Y f ¼ nf =s for a given particle f. The baryon asymmetries
in either sector come from the out of equilibrium decays of
the portal fermions
Y BA ¼ Y B0B ¼ ηY N ;

ð3:3Þ

where the asymmetry parameter η is a product of two
factors:
η ¼ ðϵAþ þ ϵA− Þ × W

ð3:4Þ

The first factor has to do with the generation of the
asymmetry from the decays of the portal fermions, and
it arises through the interference between the tree level and
one-loop diagrams of Fig. 2. The second factor accounts for
a potential suppression of the asymmetry due to washout
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Feynman diagrams relevant to generating a M/AM asymmetry in the visible sector.

processes, and is discussed below. The asymmetry generated in the twin sector is guaranteed to be equal to the one
generated in the visible sector due to the unbroken BA − B0B
symmetry. Therefore, below we only present the calculation for the asymmetry in the visible sector, but we have
verified that the explicit calculation of the asymmetry in the
twin sector gives an identical result.
The ϵA can be calculated by performing a sum over all
final states X with baryon number BA ðXÞ, arising from the
decays of the portal mass eigenstates.
X
ϵA ¼
BA ðXÞ½BRðn → XA Þ − BRðn† → X†A Þ: ð3:5Þ
X

Explicitly, this sum can be written as

ϵA ¼

Γðn → Ū †A ϕ†A Þ − Γðn† → Ū A ϕA Þ
:
Γðn → Ū†A ϕ†A Þ þ Γðn → t†3B φB Þ þ Γðn → t̄†3B φB Þ
ð3:6Þ

The diagrams of Fig. 2 contribute different coupling
combinations to ϵA . The leading results, up to
Oðm2ϕ =M2nþ Þ, are


Imfκ Aþ κ A− ½U3;1 U 3;2 jκBt j2 þ jU 3;3 j2 κ Bþ κ B− g
Mn−
4πM nþ
2jκ Aþ j2 þ jU3;1 κBt j2 þ jU 3;3 κBþ j2

M t ImfκAþ κA− ½U 3;3 U3;2 κ Bþ κ Bt þ U 3;2 U3;3 κ B− κ Bt g
;
þ 2 3B
M nþ
2jκ Aþ j2 þ jU3;1 κBt j2 þ jU3;3 κBþ j2

ϵAþ ¼ ϵBþ ≈ R ×

ϵA−


Imfκ Aþ κA− ðU 1;3 U3;2 jκ Bt j2 þ U23;3 κ Bþ κ B− Þg
M n−
¼ ϵB− ≈ R ×
4πMnþ
2jκ A− j2 þ jU3;2 κBt j2 þ jU3;3 κB− j2

Mt3B Imfκ Aþ κ A− ½U3;3 U 3;2 κBþ κBt þ U3;2 U 3;3 κ B− κBt g
:
þ2
Mnþ
2jκA− j2 þ jU 3;2 κ Bt j2 þ jU 3;3 κ B− j2

In these equations, R is a resonant factor for the intermediate n’s in the diagrams of Fig. 2 going nearly on-shell.
In the limit ΔM ≡ Mnþ − M n− ∼ ΓN ≪ MN , it is given
by [66]
R¼

M nþ
M nþ Mn− ðM2nþ − M 2n− Þ
:
M n− ðM2nþ − M 2n− Þ2 þ ðMnþ Γnþ − M n− Γn− Þ2

ð3:9Þ

When the mass eigenstates are far apart the resonant
factor R approaches one and the asymmetry generation is
not enhanced. Interestingly, the asymmetry generation is

ð3:7Þ

ð3:8Þ

also suppressed when the N masses are degenerate in the
UV, ξ → 0 in Eq. (2.12). This can be seen by noticing that
the imaginary part of the combination of the κ couplings
that appear in the numerator of Eqs. (3.7) and (3.8)
approaches zero in the ξ → 0 limit. In particular, when
ξ ¼ 0, the off-diagonal elements of the matrix MN of
Eq. (2.12) can be shown to be equal to those combinations
of the κ couplings. But since Eqs. (3.7) and (3.8) are written
in the mass eigenbasis the off-diagonal elements vanish.
Consequently, a small but nonzero value for ξ is optimal
for the generation of the asymmetry. More precisely, the
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asymmetry generation is enhanced when the mass splitting
of n is small, but it becomes suppressed when the UV
mass splitting in Eq. (2.12) (the term proportional to ξ)
becomes smaller than the IR mass splitting (the term
proportional to cΔ ). In what follows we present numerical
results for the size of the asymmetry for several values of ξ.
Finally, even when the ϵA are sufficiently large, we
still need to make sure that the asymmetry, once generated, is not washed out by subsequent processes. Since
we have taken the reheat temperature to be low, processes
mediated by an intermediate ϕA are inefficient. A different
process that can reduce the asymmetry in the two sectors
is the decay of ϕA to a visible quark and the twin RTCsinglet top. Now the partial width of ϕA decaying to
visible states scales like λ2 while the partial width to a
visible quark and t3B scales like κ2At . Therefore the
asymmetry washes out for κ At ≫ λ. Quantitatively, the
washout factor of Eq. (3.4) is
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W¼

ΓðϕA → D̄A þ D̄A Þ
:
ΓϕA

ð3:10Þ

Having described the main parameter dependences in
the generation of the asymmetry, we are ready to present
our numerical results. As mentioned in Sec. II E, in
calculating the asymmetry we cannot simply take all κ
entries to be equal to each other—among other things, there
is no physical CP-violating phase in that case. Instead,
we perform a Monte-Carlo based analysis. In Fig. 3, for
each point in the κ‐λ plane, we numerically calculate the
asymmetry a large number of times. In each iteration, we
randomly assign a magnitude to each of the (complex) κ A;iI
and κB;I elements in the interval ½0.5κ; 2κ, and a random
phase. We then calculate ϵA and W, and we plot
the median value of the resulting η distribution using
benchmark values of mϕ ¼ 2 TeV, f ϕ ¼ 4 TeV and

FIG. 3. Contour plots for the median value of the asymmetry parameter η as a result of the MC process described in the main text, as a
function of κ and λ, for several benchmark values of ξ. We take mϕ ¼ 2 TeV, fϕ ¼ 4 TeV, and mN ¼ 4 TeV. The vertical lines on the
right correspond to FCNC constraints, see Sec. IV C. The red diagonal lines show the boundary between the regions where ϕA decays
dominantly to jj (above) or j=t þ MET (below). To the left and below the blue curve ϕA decays start becoming displaced, see Sec. IV E.
The gray regions on top are the bounds on ϕA production from dijet resonance searches at the LHC. Finally, when b3B is kinematically
allowed to decay, the region to the left of the diagonal dashed line is consistent with decaying DM constraints (this is based on the very
conservative estimate of Sec. IV B; the allowed region is likely larger. It is also possible that b3B is stable due to kinematics, in which
case this constraint is entirely absent.).
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mN ¼ 4 TeV. The gray-shaded areas in these plots are
ruled out due to phenomenological constraints, which are
discussed in Sec. IV.
These plots exhibit the qualitative features already
discussed. Smaller values of ξ result in a larger resonant
factor and a larger parameter space region that produces an
acceptable value of η (areas shaded green). In the bottom
right corner of the plots the washout factor becomes
important, and η becomes smaller. In the red shaded areas,
η is too small to account for the observed baryon number in
the universe. We take 10−8 to be the smallest phenomenologically acceptable value of η, since Y B ¼ ηY N and Y N ∼
T r =Mr [67], T r being the reheat temperature, Oð10 GeVÞ,
and M r being the mass of the reheaton, which must
necessarily be above M N ≳ TeV.
IV. SIGNATURES AND CONSTRAINTS

decaying sufficiently rapidly to SM particles. This limit can
be expressed as [70]
 
1 mτ B 2
Γγ0 →SM ≳ HðτB freezeoutÞ ≈
: ð4:2Þ
M Pl 20
For mγ0 ¼ 1 GeV, this translates to εmin ∼ 5 × 10−9 . Since
mτB is of order GeV in our model, the twin photon cannot
be heavier than that. While the upper bounds on ε for
mγ0 ¼ 1 GeV are only around 10−3 , for lighter twin
photons the bounds are significantly stronger. Therefore,
we choose mγ0 ∼ 1 GeV for our study, and consider ε in the
range ½10−8 ; 10−3 . Mixing within these limits is consistent
with the constraints from existing searches. Furthermore,
parts of this ε range are discoverable in ongoing experiments such as Belle II [71] as well as possible future
experiments such as SHiP [72].

A. Dark photon constraints
In twin Higgs models, there is typically a small amount
of kinetic mixing between the twin photon and the visible
photon. Generically, the mixing is induced at four-loop
level due to a mixing between the Higgs and the twin
Higgs, and is of order 10−11 [37]. In our model, the portal
fermions also contribute to the kinetic mixing, as shown in
Fig. 4. This mixing is estimated to be
εportal ∼

e2 κ 4
≈ 2.5 × 10−8 κ 4 :
ð16π 2 Þ3

ð4:1Þ

For κ ∼ 1 this can be the dominant source of mixing. As
mentioned in Sec. II B, we can also include an explicit
kinetic mixing term Bμν B0μν between the visible and twin
hypercharge gauge groups, and consider ε as an effectively
free parameter, but not to be taken smaller than the
dominant loop contribution.
There are a number of constraints on the kinetic mixing
of dark photons, which are summarized in Refs. [68,69].
These typically lead to upper limits on ε. In our model,
there is also a lower bound on ε, which comes from
demanding that when twin charged particles such as the
twin tau (the symmetric component) efficiently annihilate
to twin photons in the early universe, with the twin photons

B. DM decay
As discussed in Sec. III, we have mb3B þ mτB ¼ 5 GeV.
In this paper, we concentrate on the case where the twin
bottom is the heavier of the two particles. We also take
mτB > 1 GeV so that the symmetric component of the twin
taus can efficiently annihilate to twin photons, which have a
∼GeV mass for reasons mentioned in the previous section.
The twin tau is exactly stable due to the unbroken twin
lepton number.
As for the twin bottom, since BA − B0B is conserved, and
since there are no lighter twin states with nonzero baryon
number, any potential decay mode must contain a SM
antibaryon in the final state. For this decay to be kinematically allowed, the condition mb3B > mτB þ mp has to be
satisfied. This means that if 2.5 GeV < mb3B < 3 GeV,
then the twin bottom is exactly stable, whereas in the range
3 GeV < mb3B < 4 GeV, the twin bottom can decay via
the channel shown in Fig. 5.

FIG. 4. Feynman diagram for the contribution of the portal
states to the kinetic mixing of the visible and twin photons.
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The twin bottom decay proceeds through the N-portal,
via an off-shell W B , t3B , and ϕA . Note also that due to the
antisymmetric flavor structure of the ϕA coupling, quark
mixing via the CKM matrix needs to be involved in order
for the final state quarks to hadronize into an antineutron.
Being conservative and leaving out any hadronic form
factors, we can parametrically put an upper bound on the
width as follows:
Γb3B →n̄þinvisible <

m11
b3B

g4W f 2ϕ κ4 λ2
;
8πð16π 2 Þ4 m4W B M2N m2t3B m4ϕ

ð4:3Þ

where we have taken into account the off-shell propagators,
the 5-body phase space suppression, the mixing angle f ϕ =MN
between t3B and the portal fermions, and the couplings in the
diagram. While there are no dedicated constraints for the
minimal decay mode DM → n̄ þ invisible, in order to be
conservative we consider the possibility of other mesons
being emitted in the decay, so we compare to decaying DM
constraints into a generic hadronic final state (qq) at a mass
of mb3B − mτB − mn̄ < 2 GeV (the maximum energy available for mesons in the final state), where the bound on the
lifetime is 5 × 1027 seconds [73,74]. The resulting constraint
on the parameter space is shown as the diagonal dashed line
in the panels of Fig. 3.
C. Precision observables
We next turn our attention to constraints on flavor changing
neutral currents (FCNC’s), arising from Feynman diagrams
such as those in Fig. 6. These induce charm meson mixing
processes via effective operators such as
LFCNC ⊃ −C̃uc ðc̄σ̄ μ uÞðūσ̄ μ cÞ þ H:c:;

ð4:4Þ

with coefficients of the form
C̃uc ≃

κA;1Ī κA;2I κ A;2J̄ κA;1J
;
8π 2 M 2N

ð4:5Þ

for the diagram on the left in Fig. 6, and a similar expression
for the diagram on the right, with the appropriate rearranging
of indices.
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The strongest constraints on FCNC processes come from
D0 − D̄0 mixing, which in our simplified coupling scheme
gives κ ≲ Oð0.1Þ. This is shown as the vertical line on the
right in the panels of Fig. 3.
Another potential observable is the generation of EDM’s
due to the CP-violating phases in κ couplings. Since the
portal couplings involve quarks but not leptons, the main
effect is a contribution to the neutron EDM. In effective
field theory, this can be considered as a contribution to the
Weinberg operator [75–77]
1
C
LCP ¼ − C̃G f ABC eμνρσ GAμλ GBλ
ν Gρσ :
3

ð4:6Þ

A Feynman diagram contributing to this operator is
shown in Fig. 7. We estimate the size of the diagram
parametrically as
3g3s κ4
:
ð16π 2 Þ3 M 2N

ð4:7Þ

Comparing this estimate with the current best measured
limit on the neutron EDM dn ¼ ð0.0  1.1Þ × 10−26 e · cm
[78] gives κ ≲ Oð1Þ, not significantly constraining the
parameter space. We see, however, that the new physics
contribution can exceed the theoretical expectation in the
SM of jdn j ∼ 10−31 e · cm [79]. Therefore, improvements
in the measurement of dn as well as future proton EDM
measurements [80] can be sensitive to our model.
D. Direct detection
In our model, both b3B and τB can scatter off of nucleons
due to the kinetic mixing between the visible photon and the
twin photon, as shown in Fig. 8. These particles also have a
contribution to nucleon scattering from the Higgs/twin Higgs
mixing. However, the twin Higgs couplings to b3B and τB
are Yukawa suppressed and the Higgs coupling to nucleons
is only induced at loop level through the effective h-g-g
coupling, so this contribution is subdominant.
The direct detection cross section in this channel was
calculated in Ref. [81]. Due to the low mass of the twin
bottom and tau the most stringent constraints come from
electron scattering, not nuclear scattering. We evaluate
these constraints for our model, using the fact that both

FIG. 6. Leading Feynman diagrams contributing to D0 − D̄0 mixing.
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for ε < 10−3, which we assume due to other twin photon
constraints as mentioned in Sec. IVA. On the other hand,
projecting to a future exposure of 105 kg yr for electron
scattering experiments, the sensitivity region extends down
to ε ∼ 3 × 10−4 for mb3B ¼ 2.5 GeV, and to ε ∼ 6 × 10−4
for mb3B ¼ 4 GeV. Therefore, future direct detection
experiments will provide a valuable probe to the parameter
space of our model.
E. Collider phenomenology

FIG. 7. Feynman diagram for a contribution to the neutron
EDM. The gluon lines can be attached in any possible way to SM
colored particles.

FIG. 8. Direct detection contribution for b3B and τB through the
photon/twin photon mixing.

b3B and τB carry unit charge under the twin photon. Since
the mass range of interest is relatively narrow, instead of a
continuous scan we consider the endpoints of the range
of interest, namely (mb3B ¼ 2.5 GeV, mτB ¼ 2.5 GeV) and
(mb3B ¼ 4 GeV, mτB ¼ 1 GeV). We find that existing
constraints are automatically satisfied for the entire range

The relevant states for collider phenomenology in our
model are ϕA , t3B , and portal fermions n . The goal of this
paper is to present the model and the constraints on it from
existing searches. While we also describe promising future
directions for discovery, we do so in a relatively minimal
way. We leave to future work more detailed studies of
dedicated collider searches for the full range of possible
production and decay channels.
As a color triplet, ϕA can be easily pair produced from a
two gluon initial state. It can also be singly produced from a
d-s initial state via the ϕ-D̄-D̄ interaction. In the left and
right panels of Fig. 9 we plot these production cross
sections and the relevant experimental limits as a function
of mϕA . For the resonant production plot on the left, we use
λ ¼ 0.1 for the signal cross section (with no branching
ratios or cut efficiencies applied), and we plot the CMS
bound on dijet resonances for comparison [82]. In the pair
production plot on the right, we plot the ATLAS bound in
the multijet final state for pp → 2X → 4j [83,84] (again,
no branching ratios or cut efficiencies have been applied to
the signal).
The dominant decay mode of ϕA depends on its
couplings. In the limit λ ≫ κ, the dominant decay mode
is two jets via the ϕ-D̄-D̄ interaction, whereas in the
opposite limit, ϕA can decay through the portal coupling to

FIG. 9. Left: Resonant production cross section for ϕA at the LHC and a future p-p collider from a d-s initial state, for λ ¼ 0.1, and the
CMS dijet resonance bound for comparison [82]. Right: Pair production cross section for ϕA at the LHC and a future p-p collider and
the bounds from the ATLAS and CMS searches for pp → 2X → 4j in the multijet final state [83,84]. No branching ratios or cut
efficiencies have been applied to the signal curves.
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Production channels for the portal fermions.

an up type quark and t3B , which translates to j=t þ invisible
for practical purposes. Note that, since we assume
mϕ < mN , this decay channel requires mixing between
t3B and the n . Also, since we assume all κ couplings to
have similar sizes, the fraction of light jets and tops in this
decay channel are comparable. In Fig. 3 we indicate with
the red diagonal line the boundary between the two types of
ϕA decays. In this figure, we also show with the blue curve
in the bottom left, the region where ϕA decays start
becoming displaced (cτ ¼ 0.1 mm). The searches for the
displaced decays [85–87] are only sensitive up to
mϕA ∼ 1.8 TeV. In this work we use mϕ ¼ 2 TeV as a
benchmark and we leave a dedicated analysis for lighter ϕA
searches through displaced vertices to future work.
For sizable λ, the resonant production of ϕA is abundant,
and dijet resonance searches provide a nontrivial constraint,
restricting λ ≲ 0.1 for mϕA ¼ 2 TeV. This is shown as the
gray-shaded area on top of the panels in Fig. 3. In
comparison, the monotop final state is not significant in
resonant production, because producing a large cross
section through the λ coupling requires suppressing the
branching fraction into that decay mode. Dijet resonance
searches will, of course, have greatly enhanced sensitivity
at future colliders, see for instance [88].
The pair production cross section of ϕA is independent of
the λ and κ couplings. When the dijet decay channel is the
dominant one, existing bounds from multijet searches do
not significantly constrain our model, as seen in the right
panel of Fig. 9. When the j=t þ invisible decay channel
dominates, the final state signature is the same as for a pair
produced RPV stop or sbottom, decaying to t þ invisible.
The reach for this production and decay mode has been
projected for the HL-LHC [89], and for a 100 TeV hadron
collider [90]. While our mass benchmark of mt3B ∼ 1 TeV
and mϕA ∼ 2 TeV will likely remain out of reach even at
the HL-LHC, it is projected to be well within the reach of
the 100 TeV hadron collider. This channel will likely be the
most promising one in searches for t3B. Kinematic observables such as mT2 [91–96] could then be used to determine
the twin top mass.
The production channels for the portal fermions n are
shown in Fig. 10. These include single production recoiling
against a jet or a top (ds̄ → ϕA → n̄ Ū † ), associated
production with a ϕA (Ūg → ϕA n̄ ), and pair production
through t-channel ϕA exchange (Ū † Ū → n̄ n̄† ). Since the

portal fermion masses are quite high, none of these
production modes will be observable at the LHC, but in
Fig. 11 we plot the cross section of each at a 100 TeV
hadron collider (for one of the n in each case—for
example the pair production cross section should be
multiplied by four to include all possible final state
combinations).
Once produced, the portal fermions decay either invisibly in the twin sector (to three twin tops, if that is
kinematically allowed) or to ϕA þ j=t. This results in a
variety of collider signals to search for and combine. In this
work we limit ourselves to highlighting only one for
plausibility of discovery, namely n − t production, followed by n → ϕA þ t → tt̄ þ MET. The final state thus
contains three boosted tops, and missing energy. This rather
distinctive final state can be identified using boosted top
tagging techniques [97], for a review containing additional
references see [98]. The leading backgrounds are expected
to be 4t þ ðZ → νν̄Þ, and tt̄ þ ðZ → νν̄Þ þ jets with one
hard jet being misidentified as a third top. A preliminary
parton level study shows that with pT and MET cuts of
order a TeV, discovery level statistical significance could be
obtained in this channel even with conservative estimates
for branching ratios and detector efficiencies. In future
work, we will study this channel, as well as others relevant
for the discovery of portal fermions, in rigorous quantitative detail.

FIG. 11. Cross
pﬃﬃﬃ section for different production channels shown
in Fig. 10 at s ¼ 100 TeV.
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F. Exploring connections
In this section we have examined a wide range of
possible signatures arising from our model. Here we
comment on what can be learned from the connections
between them. In particular, whether sufficient evidence
can be gathered to point to the underlying physics addressing the naturalness, DM and M/AM asymmetry puzzles. It
has been discussed in earlier work [22,25,27] that there
may be sufficiently many potential measurements in the
Higgs sector (both on properties of the SM-like state h as
well as the heavier state H) to make a strong case for the
twin Higgs mechanism as the answer to the naturalness
puzzle.
In addition to those, in our model the HL-LHC or a
future Higgs factory may provide sufficient precision to the
SM-like Higgs invisible branching ratio that can be crosschecked against the existence of a twin bottom quark and a
twin tau, with masses consistent with the condition
mbB þ mτB ¼ 5 GeV, providing a hint that the solutions
of the DM and M/AM asymmetry puzzles may be
connected.
Potential future experiments such as SHiP are expected
to have broad sensitivity to the twin photon parameter space
ðmA0 ; εÞ. If these parameters can be measured, then for
ε ≳ 10−6 , direct detection experiments via electron scattering may provide a secondary probe into the existence of the
twin bottom and the twin tau. If astrophysical parameters
(such as the local DM velocity distribution) can be
determined with sufficient precision, a statistical fit may
then be able to confirm the existence of two DM components with different masses but with the same number
density, further strengthening the case for a connection
between the solutions to the DM and M/AM asymmetry
puzzles.
Future increase in sensitivity in FCNC and EDM
searches may provide evidence for beyond-the-SM contributions in both quantities, which in our model correspond to a best-fit region in the ðmN ; κÞ parameters.
Especially a discovery of EDM’s beyond SM expectations
will be a strong indication of new couplings with CPviolating phases, suggesting a connection with the M/AM
asymmetry puzzle.
Finally, as we discussed in the previous section, searches
at the HL-LHC and future collider experiments will have
sensitivity to discover ϕA, and potentially the twin top and
portal fermions as well. The measurement of the masses
(mϕA , mT B , mn ) and couplings (λ, κ) of these particles
would provide further cross-checks with the same parameters probed by other measurements (such as EDM

searches), strengthening the case for a common mechanism
underlying these phenomena.
V. CONCLUSIONS
We have presented a model where the FTH scenario is
extended by adding colored scalars in the visible and twin
sectors, and gauge singlet fermions that provide a new
portal between the two sectors. This relatively modest
addition results in rich phenomenological consequences.
The portal fermions can initiate the reheating process and
their decays can generate baryon asymmetries in the two
sectors, the twin colored scalars can acquire a VEV and
spontaneously break the twin color group down to an
SUð2Þ subgroup. As a result of this breaking, quarks that
are singlets under the unbroken color group become DM
candidates. Thus, the model in question can address the
naturalness puzzle, the M/AM asymmetry puzzle and
the DM puzzle. Furthermore, the Z2 breaking mass term
essential to having the twin and visible Higgs acquiring
different VEVs is also generated as a result of twin color
breaking.
There are large portions of parameter space where this
model successfully addresses the puzzles in question, while
remaining consistent with all existing experimental constraints for dark photons, decaying DM, FCNC and EDM
searches, DM direct detection experiments, and collider
searches in a variety of channels. Furthermore, future
improvements in some of these experiments will have
sensitivity to the available parameter space of the model.
Future searches for dark photons, EDM’s, direct detection
of DM, and collider searches may yield crucial information,
which, when observed in combination with one another,
could provide strong hints for connections between the
naturalness, DM, and M/AM asymmetry puzzles. In this
paper, we have focused our effort mainly to describing the
intricacies of the model, and evaluating the impact of
existing experimental results on the parameter space. We
leave to future work the more detailed estimates of
dedicated searches in future experiments to the most
promising discovery channels.
ACKNOWLEDGMENTS
We are grateful to Zackaria Chacko and Chang Sub Shin
for their insightful comments. The research of C. K. and
T. Y. is supported by the National Science Foundation Grant
No. PHY-1914679. The work of C. B. V. was supported in
part by National Science Foundation Grant No. PHY1915005 and Simons Investigator Grant #376204.

116018-14

TWIN QUARK DARK MATTER FROM COGENESIS
[1] Z. Chacko, H.-S. Goh, and R. Harnik, The Twin Higgs:
Natural Electroweak Breaking from Mirror Symmetry,
Phys. Rev. Lett. 96, 231802 (2006).
[2] R. Barbieri, T. Gregoire, and L. J. Hall, Mirror world at the
large hadron collider, arXiv:hep-ph/0509242.
[3] Z. Chacko, Y. Nomura, M. Papucci, and G. Perez, Natural
little hierarchy from a partially goldstone twin Higgs,
J. High Energy Phys. 01 (2006) 126.
[4] G. Burdman, Z. Chacko, H.-S. Goh, and R. Harnik, Folded
supersymmetry and the LEP paradox, J. High Energy Phys.
02 (2007) 009.
[5] D. Poland and J. Thaler, The dark top, J. High Energy Phys.
11 (2008) 083.
[6] H. Cai, H.-C. Cheng, and J. Terning, A quirky little Higgs
model, J. High Energy Phys. 05 (2009) 045.
[7] N. Craig, S. Knapen, and P. Longhi, Neutral Naturalness
from Orbifold Higgs Models, Phys. Rev. Lett. 114, 061803
(2015).
[8] N. Craig, S. Knapen, and P. Longhi, The orbifold Higgs,
J. High Energy Phys. 03 (2015) 106.
[9] B. Batell and M. McCullough, Neutrino masses from
neutral top partners, Phys. Rev. D 92, 073018 (2015).
[10] C. Csáki, T. Ma, and J. Shu, Trigonometric Parity for
Composite Higgs Models, Phys. Rev. Lett. 121, 231801
(2018).
[11] J. Serra and R. Torre, Neutral naturalness from the brotherHiggs model, Phys. Rev. D 97, 035017 (2018).
[12] T. Cohen, N. Craig, G. F. Giudice, and M. Mccullough, The
hyperbolic Higgs, J. High Energy Phys. 05 (2018) 091.
[13] H.-C. Cheng, L. Li, E. Salvioni, and C. B. Verhaaren,
Singlet scalar top partners from accidental supersymmetry,
J. High Energy Phys. 05 (2018) 057.
[14] B. M. Dillon, Neutral-naturalness from a holographic
SOð6Þ=SOð5Þ composite Higgs model, Phys. Rev. D 99,
115008 (2019).
[15] L.-X. Xu, J.-H. Yu, and S.-H. Zhu, Minimal neutral
naturalness model, Phys. Rev. D 101, 095014 (2020).
[16] J. Serra, S. Stelzl, R. Torre, and A. Weiler, Hypercharged
naturalness, J. High Energy Phys. 10 (2019) 060.
[17] A. Ahmed, S. Najjari, and C. B. Verhaaren, A minimal model
for neutral naturalness and pseudo-Nambu-Goldstone dark
matter, J. High Energy Phys. 06 (2020) 007.
[18] N. Craig, A. Katz, M. Strassler, and R. Sundrum, Naturalness in the dark at the LHC, J. High Energy Phys. 07 (2015)
105.
[19] G. Burdman, Z. Chacko, R. Harnik, L. de Lima, and C. B.
Verhaaren, Colorless top partners, a 125 GeV Higgs, and the
limits on naturalness, Phys. Rev. D 91, 055007 (2015).
[20] D. Curtin and C. B. Verhaaren, Discovering uncolored
naturalness in exotic Higgs decays, J. High Energy Phys.
12 (2015) 072.
[21] A. Ahmed, Heavy Higgs of the twin Higgs models, J. High
Energy Phys. 02 (2018) 048.
[22] Z. Chacko, C. Kilic, S. Najjari, and C. B. Verhaaren, Testing
the scalar sector of the twin Higgs model at colliders, Phys.
Rev. D 97, 055031 (2018).
[23] D. Buttazzo, D. Redigolo, F. Sala, and A. Tesi, Fusing
vectors into scalars at high energy lepton colliders, J. High
Energy Phys. 11 (2018) 144.

PHYS. REV. D 104, 116018 (2021)
[24] F. Bishara and C. B. Verhaaren, Singleton portals to the twin
sector, J. High Energy Phys. 05 (2019) 016.
[25] C. Kilic, S. Najjari, and C. B. Verhaaren, Discovering the
twin Higgs boson with displaced decays, Phys. Rev. D 99,
075029 (2019).
[26] S. Alipour-Fard, N. Craig, S. Gori, S. Koren, and D.
Redigolo, The second Higgs at the lifetime frontier, J. High
Energy Phys. 07 (2020) 029.
[27] Z. Chacko, C. Kilic, S. Najjari, and C. B. Verhaaren,
Collider signals of the mirror twin Higgs boson through
the hypercharge portal, Phys. Rev. D 100, 035037 (2019).
[28] D. Liu and N. Weiner, A portalino to the twin sector, arXiv:
1905.00861.
[29] A. Ahmed, B. M. Dillon, and S. Najjari, Dilaton portal in
strongly interacting twin Higgs models, J. High Energy
Phys. 02 (2020) 124.
[30] I. Garcia Garcia, R. Lasenby, and J. March-Russell, Twin
Higgs WIMP dark matter, Phys. Rev. D 92, 055034 (2015).
[31] N. Craig and A. Katz, The fraternal WIMP miracle,
J. Cosmol. Astropart. Phys. 10 (2015) 054.
[32] Y. Hochberg, E. Kuflik, and H. Murayama, Twin Higgs
model with strongly interacting massive particle dark
matter, Phys. Rev. D 99, 015005 (2019).
[33] H.-C. Cheng, L. Li, and R. Zheng, Coscattering/coannihilation
dark matter in a fraternal twin Higgs model, J. High Energy
Phys. 09 (2018) 098.
[34] M. Badziak, G. Grilli Di Cortona, and K. Harigaya, Natural
Twin Neutralino Dark Matter, Phys. Rev. Lett. 124, 121803
(2020).
[35] D. Curtin and S. Gryba, Twin Higgs portal dark matter,
J. High Energy Phys. 08 (2021) 009.
[36] D. Curtin, S. Gryba, J. Setford, D. Hooper, and J. Scholtz,
Resurrecting the fraternal twin WIMP miracle, arXiv:
2106.12578.
[37] S. Koren and R. McGehee, Freezing-in twin dark matter,
Phys. Rev. D 101, 055024 (2020).
[38] I. Garcia Garcia, R. Lasenby, and J. March-Russell, Twin
Higgs Asymmetric Dark Matter, Phys. Rev. Lett. 115,
121801 (2015).
[39] M. Farina, Asymmetric twin dark matter, J. Cosmol.
Astropart. Phys. 11 (2015) 017.
[40] R. Barbieri, L. J. Hall, and K. Harigaya, Minimal mirror
twin Higgs, J. High Energy Phys. 11 (2016) 172.
[41] R. Barbieri, L. J. Hall, and K. Harigaya, Effective theory of
flavor for minimal mirror twin Higgs, J. High Energy Phys.
10 (2017) 015.
[42] J. Terning, C. B. Verhaaren, and K. Zora, Composite twin
dark matter, Phys. Rev. D 99, 095020 (2019).
[43] H. Beauchesne, Mirror neutrons as dark matter in the mirror
twin two Higgs doublet model, J. High Energy Phys. 09
(2020) 048.
[44] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, Direct
detection of mirror matter in twin Higgs models, arXiv:
2104.02074.
[45] M. Farina, A. Monteux, and C. S. Shin, Twin mechanism for
baryon and dark matter asymmetries, Phys. Rev. D 94,
035017 (2016).
[46] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. 174B, 45 (1986).

116018-15

KILIC, VERHAAREN, and YOUN

PHYS. REV. D 104, 116018 (2021)

[47] W.-Z. Feng and J.-H. Yu, Twin cogenesis, arXiv:2005
.06471.
[48] N. Craig, S. Koren, and T. Trott, Cosmological signals of a
mirror twin Higgs, J. High Energy Phys. 05 (2017) 038.
[49] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, Cosmological
signatures of a mirror twin Higgs, J. High Energy Phys. 09
(2018) 163.
[50] P. Schwaller, Gravitational Waves from a Dark Phase
Transition, Phys. Rev. Lett. 115, 181101 (2015).
[51] K. Fujikura, K. Kamada, Y. Nakai, and M. Yamaguchi,
Phase transitions in twin Higgs models, J. High Energy
Phys. 12 (2018) 018.
[52] C. Kilic and S. Swaminathan, Can a pseudo-NambuGoldstone Higgs lead to symmetry non-restoration?,
J. High Energy Phys. 01 (2016) 002.
[53] O. Matsedonskyi, High-temperature electroweak symmetry
breaking by SM twins, J. High Energy Phys. 04 (2021) 036.
[54] Z. Chacko, N. Craig, P. J. Fox, and R. Harnik, Cosmology in
mirror Twin Higgs and neutrino masses, J. High Energy
Phys. 07 (2017) 023.
[55] C. Csaki, E. Kuflik, and S. Lombardo, Viable twin cosmology from neutrino mixing, Phys. Rev. D 96, 055013 (2017).
[56] K. Harigaya, R. Mcgehee, H. Murayama, and K. Schutz, A
predictive mirror twin Higgs with small Z2 breaking, J. High
Energy Phys. 05 (2020) 155.
[57] V. Prilepina and Y. Tsai, Reconciling large and small-scale
structure in twin Higgs models, J. High Energy Phys. 09
(2017) 033.
[58] F.-Y. Cyr-Racine, F. Ge, and L. Knox, A symmetry of
cosmological observables, and a high hubble constant as an
indicator of a mirror World dark sector, arXiv:2107.13000.
[59] B. Batell, W. Hu, and C. B. Verhaaren, Breaking mirror twin
color, J. High Energy Phys. 08 (2020) 009.
[60] G. D. Kribs, T. S. Roy, J. Terning, and K. M. Zurek, Quirky
composite dark matter, Phys. Rev. D 81, 095001 (2010).
[61] M. J. Teper, Glueball masses and other physical properties
of SU(N) gauge theories in D ¼ ð3 þ 1Þ: A review of lattice
results for theorists, arXiv:hep-th/9812187.
[62] B. Lucini and G. Moraitis, The running of the coupling in
SU(N) pure gauge theories, Phys. Lett. B 668, 226 (2008).
[63] A. Athenodorou and M. Teper, SU(N) gauge theories in
3 þ 1 dimensions: Glueball spectrum, string tensions and
topology, arXiv:2106.00364.
[64] B. Batell and C. B. Verhaaren, Breaking mirror twin
hypercharge, J. High Energy Phys. 12 (2019) 010.
[65] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).
[66] A. Anisimov, A. Broncano, and M. Plumacher, The CPasymmetry in resonant leptogenesis, Nucl. Phys. B737, 176
(2006).
[67] M. Reece and T. Roxlo, Nonthermal production of dark
radiation and dark matter, J. High Energy Phys. 09 (2016)
096.
[68] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, The
Physics of the Dark Photon, (Springer, Cham, 2021).
[69] A. Caputo, A. J. Millar, C. A. J. O’Hare, and E. Vitagliano,
Dark photon limits: A cookbook, Phys. Rev. D 104, 095029
(2021)..

[70] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP
dark matter, Phys. Lett. B 662, 53 (2008).
[71] W. Altmannshofer et al. (Belle-II Collaboration), The Belle
II physics book, Prog. Theor. Exp. Phys. 2019, 123C01
(2019); 2020, 029201(E) (2020).
[72] M. Anelli et al. (SHiP Collaboration), A facility to search
for hidden particles (SHiP) at the CERN SPS, arXiv:
1504.04956.
[73] C. Blanco and D. Hooper, Constraints on decaying dark
matter from the isotropic gamma-ray background, J. Cosmol. Astropart. Phys. 03 (2019) 019.
[74] M. Ackermann et al. (Fermi-LAT Collaboration), The
spectrum of isotropic diffuse gamma-ray emission between
100 MeV and 820 GeV, Astrophys. J. 799, 86 (2015).
[75] S. Weinberg, Larger Higgs Exchange Terms in the Neutron
Electric Dipole Moment, Phys. Rev. Lett. 63, 2333 (1989).
[76] T. Abe, J. Hisano, and R. Nagai, Model independent
evaluation of the Wilson coefficient of the Weinberg
operator in QCD, J. High Energy Phys. 03 (2018) 175;
09 (2018) 20(E).
[77] J. Hisano, R. Nagai, and N. Nagata, Singlet dirac Fermion
dark matter with mediators at loop, J. High Energy Phys. 12
(2018) 059.
[78] C. Abel et al. (nEDM Collaboration), Measurement of the
Permanent Electric Dipole Moment of the Neutron, Phys.
Rev. Lett. 124, 081803 (2020).
[79] S. Dar, The neutron EDM in the SM: A review, arXiv:hepph/0008248.
[80] A. Lehrach, B. Lorentz, W. Morse, N. Nikolaev, and F.
Rathmann, Precursor experiments to search for permanent
electric dipole moments (EDMs) of protons and deuterons at
COSY, arXiv:1201.5773.
[81] R. Essig, T. Volansky, and T.-T. Yu, New constraints and
prospects for sub-GeV dark matter scattering off electrons in
xenon, Phys. Rev. D 96, 043017 (2017).
[82] A. M. Sirunyan et al. (CMS Collaboration), Search for high
mass dijet resonances with a new background
pﬃﬃﬃ prediction
method in proton-proton collisions at
s ¼ 13 TeV,
J. High Energy Phys. 05 (2020) 033.
[83] A. M. Sirunyan et al. (CMS Collaboration), Search for pairproduced resonances
pﬃﬃﬃdecaying to quark pairs in protonproton collisions at s ¼ 13 TeV, Phys. Rev. D 98, 112014
(2018).
[84] M. Aaboud et al. (ATLAS Collaboration), A search
pﬃﬃﬃ for pairproduced resonances in four-jet final states at s ¼ 13 TeV
with the ATLAS detector, Eur. Phys. J. C 78, 250 (2018).
[85] A. M. Sirunyan et al. (CMS Collaboration), Search for longlived particles using nonprompt jets and missing
pﬃﬃﬃ transverse
momentum with proton-proton collisions at s ¼ 13 TeV,
Phys. Lett. B 797, 134876 (2019).
[86] L. Lee, C. Ohm, A. Soffer, and T.-T. Yu, Collider searches
for long-lived particles beyond the standard model, Prog.
Part. Nucl. Phys. 106, 210 (2019).
[87] A. M. Sirunyan et al. (CMS Collaboration), Search for longlived particles
pﬃﬃﬃ using displaced jets in proton-proton collisions at s ¼ 13 TeV, Phys. Rev. D 104, 012015 (2021).
[88] C. Helsens, D. Jamin, M. L. Mangano, T. G. Rizzo, and M.
Selvaggi, Heavy resonances at energy-frontier hadron colliders, Eur. Phys. J. C 79, 569 (2019).

116018-16

TWIN QUARK DARK MATTER FROM COGENESIS
[89] X. Cid Vidal, M. D’Onofrio P. J. Fox, R. Torre, and K. A.
Ulmer, Report from working group 3: Beyond the Standard
Model physics at the HL-LHC and HE-LHC, CERN Yellow
Report Monogr. 7, 585 (2019).
[90] A. Abada et al. (FCC Collaboration), FCC-hh: The
hadron collider: Future circular collider conceptual design
report Volume 3, Eur. Phys. J. Special Topics 228, 755
(2019).
[91] C. G. Lester and D. J. Summers, Measuring masses of
semiinvisibly decaying particles pair produced at hadron
colliders, Phys. Lett. B 463, 99 (1999).
[92] A. Barr, C. Lester, and P. Stephens, m(T2): The truth behind
the glamour, J. Phys. G 29, 2343 (2003).
[93] W. S. Cho, K. Choi, Y. G. Kim, and C. B. Park, Gluino
Stransverse Mass, Phys. Rev. Lett. 100, 171801 (2008).

PHYS. REV. D 104, 116018 (2021)
[94] W. S. Cho, K. Choi, Y. G. Kim, and C. B. Park, Measuring
superparticle masses at hadron collider using the transverse
mass kink, J. High Energy Phys. 02 (2008) 035.
[95] H.-C. Cheng and Z. Han, Minimal kinematic constraints
and m(T2), J. High Energy Phys. 12 (2008) 063.
[96] M. Burns, K. Kong, K. T. Matchev, and M. Park, Using
subsystem MT2 for complete mass determinations in decay
chains with missing energy at Hadron Colliders, J. High
Energy Phys. 03 (2009) 143.
[97] D. E. Kaplan, K. Rehermann, M. D. Schwartz, and B.
Tweedie, Top Tagging: A Method for Identifying Boosted
Hadronically Decaying Top Quarks, Phys. Rev. Lett. 101,
142001 (2008).
[98] R. Kogler et al., Jet substructure at the large hadron collider:
Experimental review, Rev. Mod. Phys. 91, 045003 (2019).

116018-17

