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Abstract

We first suggested a scenario in which a generic, dark chiral gauge group undergoes a first order phase

transition in order to generate the observed baryon asymmetry in the universe, provide a viable dark matter

candidate and explain the observed baryon-to-dark matter ratio of relic abundances [1]. We now provide a

model in which a copy of the electroweak gauge group is added to the Standard Model. We spontaneously

break this new gauge group to the diagonal Z2 center which is used to stabilize a dark matter candidate.

In addition to the dark matter candidate, anomaly free messenger fermions are included which transform

non-trivially under all the gauge groups. In analogy to electroweak baryogenesis, the model generates an

excess of messenger “baryons.” These “baryons” subsequently decay to the Standard Model and dark matter

to generate an excess of Standard Model baryons. The baryon-to-dark matter number density ratio is

ultimately due to the requirement of gauge anomaly freedom. Dark sphalerons generate operators which

violate baryon minus lepton (B - L) number but preserves baryon plus lepton number (B + L). This ensures

any baryon asymmetry generated by the dark phase transition will not be washed out by the Standard

Model. The model radiatively generates a dark matter mass of order of the electroweak vacuum expectation

value suppressed by a loop factor (∼ vew/16π
2) therefore setting the dark matter-to-baryon relic abundance.

We outline some distinctive experimental signatures [1, 2, 3, 4] and ensure these models are consistent with

existing constraints. Notably, as first discussed in [2], these dark matter scenarios feature long-lived particles

which can be observed at colliders. We finally show how approximate global symmetries in the higgs sector

stabilize both the dark and electroweak scales thereby mitigating the hierarchy problem. Thus, the SM and

dark higgses can have natural masses that are one- and two-loop suppressed, respectively. The latter mass

is due to “overlapping” chiral symmetries which generalizes the Little Higgs mechanism and forces the dark

higgs mass to be generated at three loops. In this model, a light dark higgses are needed to ensure the

observed relic abundance.
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1 Introduction

There is a compelling amount of experimental evidence for the existence of dark matter (DM) in

the universe [5]. A host of astrophysical, cosmological and direct detection experiments provide

a basic profile: A viable DM candidate must be electrically neutral, colorless, non-relativistic at

redshifts of z ∼ 3000, and generate the measured relic abundance of [6],

h2 ΩDM = 0.1131 ± 0.0034. (1)

In addition, a dark matter candidate once in thermal equilibrium with the Standard Model (SM)

during the early universe is theoretically well motivated [5]. The abundance for thermally populated

dark matter relics is correlated with the annihilation cross section [7] by

h2 ΩDM ≃ 0.1 pb · c
〈σv〉 , (2)

where c is the speed of light and 〈σv〉 is the thermally averaged annihilation cross section. This

cross section goes as

〈σv〉 ≃ g4

8π

1

M2
, (3)

for a pair of dark matter particles annihilating into a two-particle massless final state. So long as

g is of order the strength of the weak coupling then M can range from a few GeV to several TeV.

It is thus widely expected that the question of the origin and nature of dark matter is correlated

with new physics at the unexplored TeV scale. Because of this and the general experimental re-

quirements above, many models of new physics at the TeV scale propose dark matter candidates.

Regardless of the model, all of the proposed dark matter candidates share three important features:

Each candidate is stable because it transforms non-trivially under a new symmetry. In addition,

the dark matter candidate is typically the lightest new particle which transforms under the new

symmetry. Finally, the dark matter candidate is neutral or very weakly interacts with SM particles.

In many respects, baryons are similar to dark matter candidates. They are forbidden from decaying

into lighter leptons by baryon number conservation. Moreover, the relic abundance of luminous

baryons is measured as [6],

h2 Ωb = 0.02267+0.00058
−0.00059 , (4)

which differs from the dark matter relic abundance by almost exactly by a factor of five1. Because

of the similarity of these numbers, it has been often thought that both the baryon and dark matter

relic abundances might have a common origin origin [8, 9, 10].

1Baryons, as defined by cosmologists, actually comprise all of the nuclei and leptons in the universe. The leptons,
however, are only a small fraction of the overall total mass; and the measured ratio of the baryon density to the
critical density ρb/ρcr ∼ Ωb is dominated by protons and neutrons.
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Baryons and anti-baryons have equal status under the fundamental equations. Yet, anti-baryons

are not observed in large quantities in the universe [7, 11]. Given no excess of primordial baryon

number, a fundamental process in the early universe that generates a baryon asymmetry is needed.

In the 1960s, Sakharov [12] outlined the conditions2 needed to create such an asymmetry from a

baryon-anti-baryon symmetric universe: A violation of baryon number (B), charge conjugation plus

parity (CP) and charge conjugation (C) symmetries is required; as well, a departure from thermal

equilibrium is needed. A phase transition which generates the observed baryon asymmetry must

satisfy all of the Sakharov conditions.

Naively the weak interactions have all of the elements to satisfy Sakharov’s requirements: The

electroweak sphalerons, i.e., unstable instanton solutions to the field equations at high tempera-

tures, are unsuppressed and violate baryon number [13]. The weak interactions break C and CP.

To generate the needed departure from thermal equilibrium, a strong first order phase transition is

necessary for the electroweak phase transition [14, 15]. Beyond Sakarov’s conditions, it is extremely

interesting that electroweak baryogenesis can potentially be tested with the CERN Large Hadron

Collider (LHC). There are problems, however, with the electroweak baryogenesis paradigm. It is

well known that additional sources of CP violation beyond the SM are needed [16] to generate the

observed baryon asymmetry. Any additional source of CP violation beyond the SM has been indi-

rectly probed with precision measurements of the electric dipole moments (EDM) of cold neutrons,

Thalium and Mercury atoms. The results have yielded scant evidence for additional CP violating

phases [17]. Moreover, direct searches of the SM higgs boson at CERN Large Electron Positron

Collider (LEP) have yielded a lower bound on its mass of m > 114.4 GeV [18]. Indeed, the LHC

has recently found hints of the electroweak higgs around 126 GeV [19, 20]. The larger the higgs

mass, the less likely it is to obtain a strong first order phase transition [16]. When considering only

the relevant, tree-level terms in the SM higgs potential, a strong first order phase transition can

occur only for higgs masses of m < 32 GeV [11] which is far below the LEP bound. It has been

noted that new physics just beyond the SM can induce an effective higgs potential that can give a

first order phase transition [21]. Such new physics can be (or has already been) probed directly by

the LHC and the Fermilab TeVatron Collider (TeVatron).

For completeness and to place our current work in historical context, we briefly note there are

other often-discussed scenarios beyond electroweak baryogenesis that propose to satisfy Sakharov’s

requirements. Grand unified theories feature interactions that explicitly break baryon number.

However, any net baryons produced by these processes at the unification scale, Λ ≃ 1016−18 GeV,

can be erased by the non-perturbative processes generated by the weak interactions down to scales

of Λ ≃ 102. As mentioned before, at high temperatures above the weak scale, these processes are

2For a discussion on reasons behind each of these requirements, please see an especially clear treatment in [11].
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unsuppressed [16]. By far the most popular mechanism for baryogenesis today is leptogenesis [22],

where an excess of leptons is generated which is then, in turn, converted to baryons by, e.g., elec-

troweak sphalerons. Often the leptogenesis mechanism occurs at scales far beyond what can be

tested by colliders in the foreseeable future. There have been many attempts to explain weak scale

baryogenesis within the context of models which inherently have dark matter candidates. The

minimum supersymmetric standard model (MSSM) has been widely studied for the potential to

generate the baryon asymmetry [23]. This scenario requires a light stop particle which has not been

observed by the TeVatron or (so far at) the LHC [24, 25]. Another supersymmetric scenario is the

Affleck-Dine mechanism which generates a baryon number asymmetry though the presence of flat

directions in the scalar potential [26]. This mechanism is thought to be present at scales far above

a TeV. See, e.g., [11, 27, 28, 29, 30] for a reviews of all of these topics. In the past, there have

also been attempts to describe the ratio of ΩDM to Ωb; these studies add a dark matter candidate

plus additional messenger particles so the electroweak phase transition can generate the ΩDM/Ωb

ratio [9, 8, 10, 31, 32, 33]. The asymmetric dark matter idea of [8] has recently been the focus

of much recent work. (See e.g. [34].) An earlier phase transition was used to explain the baryon

asymmetry in [35]. In that scenario, the earlier phase transition violates baryon plus lepton number

(B + L) like the electroweak interactions. Thus, electroweak processes can potentially erase any

baryon excess generated by the new phase transition. Finally, a hidden non-abelian gauge group

was used to drive baryogenesis in [36].

In a previous paper [1], we first described a scenario in which a new, generic chiral gauge group,

added to the Standard Model, could generate the observed baryon asymmetry as well as produce

a viable dark matter candidate. This new “dark” gauge group undergoes a phase transition that

spontaneously breaks the chiral gauge symmetry to the discrete ZN center. The discrete symmetry

is used to stabilize a dark matter candidate [2]. In comparison to previous attempts to provide an

explanation for the ΩDM/Ωb ratio, the addition of this new dark phase transition is novel. In this

work we describe how many of the problems that have constrained (or ruled out) previous attempts

to explain the observed baryon asymmetry, the dark matter relic abundance and the observed ratio

ΩDM/Ωb can be simply solved with the addition of the new chiral gauge group. Moreover, adding

this new chiral gauge group, has definitive experimental consequences which can be potentially

measured at the LHC [3].

The outline of the paper is as follows: In the next section we first summarize the basic fea-

tures of this class of models. Next, in Section 3, we detail a simple model in which a copy of

the electroweak gauge group is spontaneously broken to the Z2 center. There we also show how

chiral symmetries protecting the dark matter mass naturally generate a mass near a GeV. We

also include a discussion on how the model non-perturbatively generates operators which induce
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a baryon asymmetry; this asymmetry is not erased by background electroweak processes. The

reader who first prefers to focus on model specifics rather than the broad outlines of this class of

models may prefer to start with Section 3 and later read Section 2. In Section 4, we show how

the decays of new heavy baryons into the dark matter and the SM can give an explanation for

why the ratio of number densities is nDM/nb ∼ 5. As described above, generally models which

try to explain the baryon asymmetry near the weak scale invoke large CP violating phases that

are testable with EDMs. We show in Section 5 this model is less likely to generate EDMs and is

poorly constrained by those experimental constraints. In this work, we emphasize how having a

new chiral gauge group that is spontaneously broken provides new, uniquely testable consequences.

Section 5 broadly outlines the distinctive experimental signatures for these models. Afterwards, we

conclude. Notably, in Appendix B, we demonstrate how approximate symmetries can stabilize the

dark and electroweak scales. This provides a solution to the hierarchy problem. Appendices A and

C support the discussion in Section 4.

2 The Blueprint

In this section we summarize the essential points of the class of models described in this paper.

Later, we review our rationale for constructing models which feature chiral gauge symmetries that

are spontaneously broken to discrete symmetries. All of the points made in this section are discussed

in much greater detail in the later sections.

2.1 Model Summary

This class of models share the following features.

1. A non-abelian chiral gauge group is added to the SM gauge group. The new dark chiral gauge

group is spontaneously broken to the diagonal ZN center. The ZN center is used to stabilize

dark matter3.

In the forthcoming simple model, we will take a copy of the electroweak gauge group to be our

dark gauge group, SU(2)D × U(1)D. We break this chiral symmetry to the diagonal Z2 center.

2. Anomaly free messenger fermions are added which transform non-trivially under the dark

and SM gauge groups. Anomaly free fermions that are charged only under the dark chiral

symmetry are also added; after the dark phase transition, these fermions serve as the dark

matter.

Additionally, we require:

3Here N is the dimension of the smallest fundamental representation of all of the simple, non-abelian groups in
the chiral gauge group.
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3. The dark gauge group undergoes a strong first order phase transition.The dark phase transi-

tion generates an asymmetry of messenger and dark matter fermions.

The dark phase transition generates expanding bubbles of the asymmetric vacuum within regions

of false vacua. Because of the first order phase transition, a departure from thermal equilibrium is

achieved at the bubble interface. There non-perturbative processes generated by the non-abelian

gauge group violate the global symmetries. In total, this mechanism [14, 15, 16], generates the dark

fermion asymmetry.

4. The dark phase transition violates a linear combination of the global baryon, lepton, and

possibly dark matter number so any asymmetry generated is not erased by the weak interac-

tions.

We detail a simple model where global dark matter number is explicitly broken to lepton number;

the non-perturbative operators generated by the dark gauge group preserve baryon plus lepton

number (B + L) and violate baryon minus lepton number (B − L). This is the inverse of what

happens with the electroweak gauge group; therefore, the generated dark asymmetry is not erased.

Having an asymmetry of stable dark, heavy baryons and leptons does not describe the world we

observe today. We therefore require:

5. The heavy baryons decay to SM baryons and dark matter; similarly, the heavy leptons decay

to SM leptons and dark matter.

6. The dark gauge quantum numbers are chosen so that the messenger fermions are charged

under the ZN symmetry after the dark phase transition.

Requiring the messenger fermions to be charged under the ZN ensures (at least) one dark matter

particle in the final state of the decay. This also allows the messenger fermions to be decoupled

from the SM (at the one loop level) and thereby minimizes the sensitivity of these fermions to

precision electroweak and direct constraints. Because the heavy messenger particles decay to dark

matter and the SM, we finally require:

7. The decay of the heavy messenger particles sets the relative number density, nDM/nbaryon.

Often this means the messenger particles are relatively long-lived on collider time scales.

This requirement also means that the contributions to the dark matter number density from sources

other than the heavy messenger fermion decay is negligible. We first described how the observation

of long-lived particles plus dark matter at the LHC could provide detailed information on the nature

of a dark sector [2]. The long-lived particles produced distinct, unique signatures which can be

easily seen [2]. The coming model is constructed to generate nDM/nbaryon ∼ 5. Because,

ΩDM/Ωbaryon ≡ (nDMmDM)/(nbaryonmbaryon), (5)

the number density ratio implies a GeV dark matter mass.
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2.1.1 Why nDM/nbaryon = 5 and mDM ∼ 1 GeV

The symmetries which govern the decays of the heavy messenger fermions can set nDM/nbaryon = 5.

To see this, we first note the SM charges of the messenger fermions must be anomaly free. It is well

known that the SM fits into SU(5) multiplets. The smallest anomaly-free SU(5) representations

are 5 ⊕ 5 and 5 ⊕ 10. Consider the former4. The messenger fermions must be chiral under the

dark gauge group. We choose the simple non-abelian chiral gauge group, SU(2)D × U(1)D, to be

the dark gauge group. The anomaly-free messenger fermion content, assuming yukawa couplings

to SU(2)D higgs doublets, must have the form

ψ = (5, 2)0 ⊕ (5, 1)a ⊕ (5, 1)−a, (6)

where a are the U(1)D charges. The entries in parenthesis are representations of (SU(5), SU(2)D).

Eliminating the SU(2) Witten anomalies requires minimally adding additional dark matter fermions

in the representations

χ = (1, 2)0 ⊕ (1, 1)b ⊕ (1, 1)−b. (7)

The important point here is that the SU(2)D gauge group generates non-perturbative sphaleron

operators involving the (5, 2)0 and (1, 2)0 fermions. This brings us to our next point:

8. Each dark sphaleron generates five messenger fermions (one dark baryon and two dark leptons)

which subsequently decays to five dark matter particles and one SM baryon.

To be complete, two SM leptons (and five anti-leptons) are also generated by the messenger fermions

decay. As mentioned in the previous subsection, we require the decay of the messenger fermions to

set the dark matter and baryonic relic abundances. We show the proper decays of the messenger

fermions are essentially determined by assuming electroweak and dark gauge group unification. We

detail the necessary conditions to ensure this mechanism in Section 4.

Given the arguments near equation 5, our dark matter mass must have a GeV mass in order

for the model to generate the observed ratio of dark matter-to-baryon relic abundance. In the

following, we detail a simple, dynamical mechanism which generates this mass.

9. The dark matter is protected from getting a mass from the dark phase transition by global

chiral symmetries. The last remnant of this symmetry is broken by the SM higgs vev.

A consequence of this is the dark matter radiatively generates a loop suppressed mass. In more

detail, the dark matter transforms non-trivially under both the dark and electroweak global chiral

symmetries. The diagram that generates the dark matter mass has messenger leptons as well as

an electroweak higgs in the loop; the SM higgs and the dark matter are on the external legs of the

4The arguments presented in this section work for any anomaly-free SU(5) multiplet with the fundamental 5
representation.
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diagram. The messenger leptons get a mass, break the chiral symmetry associated with the dark

sector and are integrated out. The global electroweak chiral symmetry remains and protects the

dark matter mass. Upon electroweak symmetry breaking, this remaining chiral symmetry is broken

and the dark matter gets a mass. In all,

10. The dark matter mass is of order vew/16π
2.

2.1.2 Collider Signatures and Constraints

Above, we have outlined how a model in which a dark chiral gauge group is spontaneously broken

to a discrete symmetry can generate ΩDM/Ωbaryon ∼ 5. This particular scenario inherently yields

distinctive experimental signatures. Discovery of the new dark gauge bosons would provide incon-

trovertible evidence. Because these new gauge bosons are not charged under the SM, their discovery

by colliders is dependent on messenger particles charged under both the SM and the dark gauge

group. As we will show in Sections 4.1 and 5, these models require messenger fermions whose life-

time is often long-lived in comparison to the time for a relativistic particle to transverse a detector

at the LHC. In [2], we described how long-lived particles could be a bellwether for characterizing

the properties of dark matter particles. We also showed for models of this type:

11. A defining signature is the observation of long-lived particles produced along with large

amounts of missing momentum at colliders.

The missing momentum is generated by dark gauge bosons and dark matter. The dark gauge

bosons are radiated from the long-lived messenger fermions. It is possible that the dark gauge

bosons are heavier than the messenger fermions. In that case, the colliders would dominantly ob-

serve long-lived particles. This signature is the defining one for this class of models. We detail the

signature in Section 5.

If this mechanism is realized in a larger theory such as supersymmetry, then other complemen-

tary signatures are possible. Previously [1, 4], we have detailed some prominent collider signatures

for SM partners which radiate off massive dark gauge bosons.

12. SM partners, which decay promptly into the SM and dark matter, can radiate off dark gauge

bosons which generates unique decay topologies with large amounts of missing momentum.

13. The decay topologies generate unique signals that can be largely identified.

For brevity, we do not further consider these signatures since they were discussed in detail in [1, 4].

As described in the previous subsection, we want our dark phase transition to address the observed

baryon asymmetry. In analogy with electroweak baryogenesis, we require new large CP-violating
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phases. We include soft CP-violating terms in the dark higgs sector that generate large CP-violating

phases for the dark phase transition. The result is:

14. The CP-violating phases in the dark sector are decoupled from the SM. Neutron, thallium

and mercury EDMs experiments therefore have reduced sensitivity to the dark CP violating

phases.

In Section 5.1, we provide details that large CP violating phases in the higgs sector are minimally

constrained by experiment thereby allowing large phases.

2.1.3 Additional Notable Points

Generically, dark higgses which break the dark chiral symmetry can be arranged to transform

as fundamentals. Thus these models have a “complementarity” [39, 40] between the higgs and

strongly coupled phases. For the strongly coupled scenario, a dynamical explanation for dark

symmetry breaking scale is possible. As a final note, the model detailed in the the coming sections

adds a copy of the electroweak gauge group to the SM. Additionally new dark higgses complement

the SM higgs(-es). Consider unification of the dark and electroweak gauge groups into a larger

gauge group that is spontaneously broken at a high scale. The framework allows:

15. New global and/or discrete symmetries can be added so the one-loop divergences of the SM

higgs are cancelled by the dark sector in order to ameliorate the hierarchy problem.

This can be done in analogy to the little and twin higgs models [37, 38]. Writing a model which

does this requires moving out of the primary focus of this paper. To this end, we outline a scenario

to accomplish this in Appendix B. There we use “overlapping” chiral divergences to stabilize the

dark and electroweak scales.

2.2 A Motivation for Breaking Chiral Symmetries to the ZN Center

It is a general truism in particle physics that global symmetries are only approximately conserved.

Now, dark matter candidates must have a lifetime at least equal to the age of the universe; and,

since global symmetries are almost always explicitly broken, it seems reasonable to focus on gauge

symmetries as a first step in considering candidate stabilization symmetries for dark matter.

We should note, however, that all known gauge symmetries undergo a phase transition. Moreover,

the conserved symmetries observed at low energies, whether global or gauged, are a consequence of

these phase transitions. We take seriously this hint and consider the symmetry that stabilizes dark

matter to be the result of a phase transition. In [2], we used this hint as motivation to show that a

non-abelian gauge theory could be broken to a discrete symmetry5 and therefore provide a viable

5See [41, 43] for recent work in which the dark matter stabilization symmetry was motivated by gauge theories.
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dark matter candidate. Because of the strong theoretical connection between the weak scale and

dark matter, the aim was to eventually use a copy of the electroweak gauge group to generate a

dark matter candidate. In [1], we presented this idea and proposed using the phase transition from

dark chiral symmetry breaking to provide an explanation for the existing baryon asymmetry in the

universe. In the current work, we show this framework provides a simple and efficient mechanism

for explaining the ratio of the dark matter to baryon relic abundances as well as the observed dark

matter relic abundance.

3 A Simple Model

In this section, we describe in detail a particular model in which a new SU(2)D × U(1)D gauge

group is spontaneously broken to the Z2 center. Although we focus on one model, the results can

be extended to other models where a new chiral gauge group with a non-abelian subgroup that is

spontaneously broken to a discrete center6.

3.1 Dark Scalar Sector

In this subsection we construct the dark scalar sector. In order to spontaneously break the SU(2)D×
U(1)D gauge group to the diagonal Z2 subgroup, we require two new higgs fields

h1 =

(

η2 + i η3
η0 + i η1

)

h2 =

(

ξ0 + i ξ1
ξ2 + i ξ3

)

. (8)

Both higgses are charged under SU(2)D × U(1)D as

~T h1,2 =
~τ

2
h1,2 S h1,2 =

1

2
h1,2 (9)

where ~τ are the SU(2)D Pauli sigma matrices and S the U(1)D generator7. To break the SU(2)D×
U(1)D gauge group to Z2, we require h1,2 to get the following vacuum expectation values (vevs)

〈h1〉 =
(

0
v1

)

〈h2〉 =
(

v2
0

)

. (10)

The infinitesimal SU(2)D × U(1)D transformation,

δh1,2 =

(

iǫaT
a h1,2 +

i

2
ǫ h1,2

)∣

∣

∣

∣

h1=〈h1〉, h2=〈h2〉

6= 0 (11)

makes it clear that the vevs in equation 10 completely break SU(2)D and U(1)D . The vevs, however,

preserve the diagonal Z2 center.

6Most of the results can also be applied to models where the center is broken as well.
7Because the higgses transform under the fundamental of SU(2), the model has an equivalent “complementary”

picture as a strongly coupled theory [39, 40]. The results in the low energy effective theory are the same whether the
UV theory is perturbative or strongly coupled.
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3.1.1 Invariance of the Diagonal Z2 Center

The center of a group is defined as the invariant subgroup that commutes with all of the elements

in that particular group. In analogy with hypercharge and custodial SU(2)R, we presume U(1)D

is a gauged subgroup of a larger SU(2) global symmetry. Thus, the Z2 center for both SU(2)D and

U(1)D is

Vk =

(

eiπ

eiπ

)

. (12)

Here the diagonal entries are determined by the requirement that detV = 1. Consider a finite

SU(2)D × U(1)D transformation

h1,2 → eiS eiǫaT
a

h1,2 ⇒ V2 V1 h1,2 → eiπ 1eiπ 1 h1,2 → h1,2. (13)

It is now clear that individually both the SU(2)D and U(1)D centers are broken by the vevs in

equation 10. Only the diagonal center remains invariant. Moreover, for the unbroken diagonal

center, any state that has an odd number of fundamental SU(2)D and U(1)D indices will be odd

under this discrete symmetry8.

3.1.2 Dark Scalar Potential

The vevs in equation 10 require the vacuum to align so as to drive 〈h†1 h2〉 to zero,

〈h†1 h2〉 → 0. (14)

To find the correct vacuum-aligned scalar potential, we first write down all possible relevant terms

consistent with the SU(2)D × U(1)D gauge symmetries

V =
1

2
m2

1 h
†
1h1 + λ1 (h

†
1h1)

2 +
1

2
m2

2 h
†
2h2 + λ2 (h

†
2h2)

2 + λ3 h
†
1h1 h

†
2h2 (15)

+
λ4
2

(

h†1h2 h
†
1h2 + h†2h1 h

†
2h1

)

+ λ5 h
†
1h2 h

†
2h1.

Similar to electroweak two higgs doublet models, we have imposed a parity symmetry

h1 → −h1. (16)

The symmetry simplifies the analysis by forbidding terms like h†1 h2, h
†
1 h2 h

†
2 h2 and h†1 h2 h

†
1 h1

which generate tadpoles. Relaxing the imposition of this parity can give a viable model; however,

8The reader may realize that these same arguments apply to the SM and the electroweak higgs. The higgs vev
breaks the electroweak gauge group to SU(2)L × U(1)Y → U(1)em × Z2. This Z2 makes all of the right-handed
fermions odd and is explicitly broken by the top yukawa coupling. It is often mentioned in the literature that one of
the biggest mysteries is why the top quark mass is so much larger than the other quarks. Using this line of reasoning,
the other fermion masses are simply protected by an approximate Z2 discrete symmetry.
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one needs more effort is needed to ensure the correct vacuum. If we take m2
i in equation 15 to be

negative, the general scalar potential has two other possible minima in addition to equation 10

〈h1〉 =
(

0
v1

)

〈h2〉 =
(

0
i v2

)

, 〈h1〉 =
(

0
v1

)

〈h2〉 =
(

0
v2

)

. (17)

We redefine the λi couplings in equation 15 to generate the following aligned potential

V =
λ1
4

(

h†1h1 − v21

)2

+
λ2
4

(

h†2h2 − v22

)2

+ λ3

(

h†1h1 + h†2h2 − v21 − v22

)2

(18)

+
λ4
2

(

h†1h2 + h†2h1

)2

+ λ5 h
†
1h2 h

†
2h1

which makes the minimum in equation 10 be the true minimum with the proviso that all λi are

positive.

Because the dark higgs potential breaks SU(2)D × U(1)D → Z2, there remains four uneaten gold-

stone bosons which get masses. We choose to work in a unitary gauge so that the second line in

equation 18 disappears. Explicitly,

h1 =

(

0
v1 + η

)

h2 =

(

v2 + ξ
0

)

. (19)

where 〈η〉 = 〈ξ〉 = 0, η ≡ η′0 + i η′1 and ξ ≡ ξ′0 + i ξ′1. The masses of η and ξ are described in

Section 3.1.4. We will drop the primes when further discussing these scalars.

Ultimately, we want to generate a large baryon asymmetry from a first order dark phase tran-

sition. As described in section 2, we may require large CP violating phases in the dark sector. To

generate the phases, we introduce soft CP violating terms into the dark higgs sector in the next

subsection.

3.1.3 Dark CP Violating Terms

We now add CP violating terms to the higgs potential. We define

h̃1 = iσ2 h
∗
1 h̃2 = −iσ2 h∗2. (20)

The true minimum with a CP violating phase is

〈h1〉 =
(

0
v1 e

iβ

)

〈h2〉 =
(

v2
0

)

. (21)

Thus the most general potential with soft CP violation is

VCP = λ6

(

Re[h†1 h̃2]− v1v2 cos β

)(

Re[h†2 h̃1]− v1v2 cos β

)

(22)

+ λ7

(

Im[h†1 h̃2]− v1v2 sin β

)(

Im[h†2 h̃1] + v1v2 sin β

)
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where λ6,7 are positive semi-definite. The λ6 and λ7 mass terms softly breaks the imposed parity

symmetry in equation 16. The λ7 breaks CP; all of the rest of the terms in the potential are

invariant under CP. Thus, all radiatively generated operators which violate CP will be proportional

to λ7 v1v2. All of the terms in our scalar potential, equations 18 and 22, are zero when evaluated

at the minimum with the CP violating phase.

3.1.4 Higgs Portal to the Standard Model

It is straightforward to couple the dark sector with the SM higgs. The additional contributions to

the scalar potential can be written as

V ′ =
λ8
4

(

h†1h1 − v21

)(

φ2 − v2
)

+
λ9
4

(

h†2h2 − v22

)(

φ2 − v2
)

(23)

+
λ10
4

(

φ2 − v2
)2

where v the electroweak vev and φ is the SM higgs. Again, the imposed parity symmetry in

equation 16 simplifies the potential. It is straightforward to expand the potential to determine

the tree-level masses for scalar particles in the higgs multiplet. However, since scalar particles

generate large quadratically divergent corrections to their mass, we postpone discussing the higgs

mass spectrum until Appendix B. There we outline a solution to the hierarchy problem. Finally, the

higgs spectrum will be important as we require a small abundance from the relic dark matter. As a

reminder, we require the dark matter abundance to result from the decays of the messenger fermions.

Thus, the annihilation of the relic dark matter into the SM (before the messenger fermions decay)

must be efficient as possible. In order increase the annihilation efficiency, we require relatively light

dark higgses.

3.2 Fermion Sector

To the SM we add new, messenger chiral fermions which transform as

ψ = (5, 2)0 + (5̄, 1)1/2 + (5̄, 1)−1/2 (24)

+ (1, 2)0 + (1, 1)1/2 + (1, 1)−1/2.

Here we just use compact notation where the SM and dark gauge groups are gauged. In parenthesis,

the first entry denotes representations in the SU(5) unification group.9 The second entry and

subscript denote representations of SU(2)D and U(1)D, respectively. In this notation, it is clear the

fermion content is gauge anomaly free. Going forward, we discuss the fermion content in both the

SU(5) representation of equation 24 and also explicitly in the dark and SM gauge representations.

9See for example section 18.6 in [45].
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To standardize the notation, the same set of left-handed fermions transform as

QL = (3, 1, 2)(−1/3,0) U = (3̄, 1, 1)(1/3,1/2) D = (3̄, 1, 1)(1/3,−1/2) (25)

LL = (1, 2, 2)(1/2,0) N = (1, 2, 1)(−1/2,1/2) E = (1, 2, 1)(−1/2,−1/2) (26)

χL = (1, 1, 2)(0,0) χR1
= (1, 1, 1)(0,1/2) χR2

= (1, 1, 1)(0,−1/2) . (27)

where the entries in parenthesis are representations transforming under SU(3)c, SU(2)L and

SU(2)D, respectively. The subscripts entries are U(1)Y and U(1)D, respectively. All of the new

fermions listed above are odd under the Z2 center and left-handed. As described in Section 3.1.1,

this is because each of the fermions transform non-trivially under either SU(2)D or U(1)D but not

both. We assume a mass hierarchy so the χL and χRi
fermions will be the lightest of the new states

in order to effectively serve as the dark matter. We will generally assume the new quarks will be

heavier than the new leptons.

3.2.1 Yukawa Couplings

In this subsection, we consider all possible yukawa couplings and their implications for any preserved

global symmetries. As a reminder, the dark and SM higgses transform as

h1,2 = (1, 1, 2)(0,1/2) φ = (1, 2, 1)(−1/2,0) , (28)

respectively, in the notation of equations 25-27. In section 3.1.2, we introduced a parity symmetry,

h1 → −h1, to simply the scalar potential. It can also be used to simplify the dark yukawa coupling

terms. We therefore also require

D → −D E → −E χR2
→ −χR2

. (29)

The dark yukawa terms are simply

L1 = λ12QL h1D + λ13QL h2 U + λ14 LL h1E + λ15 LL h2N (30)

+ λ16 χL h1 χR2
+ λ17 χL h2 χR1

which are analogous to the SM yukawa couplings. There are additional terms involving the SM

higgs that are also possible

L2 = λ18 LL φχL + λ19E φ̃χR1
+ λ20N φ̃χR2

. (31)

Here we use the standard definition φ̃ = iτ2 φ
∗ where τ a pauli sigma matrix. For later simplicity,

we will include these terms in our effective field theory. These terms have an important impact on

how the new fermions transform under various approximate global symmetries.
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Particle U(1)B U(1)L

QL 1/3 0
U -1/3 0
D -1/3 0

LL 0 1
N 0 -1
E 0 -1

χL 0 -1
χR1

0 1
χR2

0 1

Table 1: Lepton and baryon number charges for the messenger and dark matter fermions. If we
were to set λ14 = λ15 = λ16 = 0 in equation 31, then χL, χR1

and χR2
would transform under an

independent global U(1)χ as 1, −1 and −1, respectively.

3.2.2 Lepton and Dark Matter Number

The structure of the yukawa couplings is fixed by the gauge symmetries. This in turn defines the

global symmetries of the model. Naively, from equation 30, we can assign independent U(1) global

symmetries to the dark matter, colored and leptonic messenger fermions. We naively assign dark

lepton and baryon number to the colored and lepton messenger fermions, respectively. Consider

the dimension six operators composed of the SM fermions and the new fermions that are singlets

with the SM and dark gauge symmetries. Two very important operators are

O1 = (qcL σ QL) (l
c
L σ χL) O2 = (ecR σ LL) (l

c
L σ χL) (32)

which are generated by a gauge boson10 transforming under (1, 2, 2)(1/2,0) . A complete list of all

the operators consistent with the gauge symmetry are in Appendix A. It is clear assigning baryon

and lepton number (instead of dark baryon and dark lepton number) to the messenger fermions is

consistent so long as these operators exist. Additionally, because we have chosen to keep equation 31

in our effective lagrangian, the dark matter candidates transform under the same lepton number,

global U(1)L, as the messenger leptons. Interestingly, those couplings force the dark matter and

new heavy leptons to have the opposite lepton number. In Table 1, we list the charges for the

new fermions under lepton number and baryon number, U(1)B . All of the charges of the global

symmetries in Table 1 are preserved by the operators11 in Appendix A. We do remind the reader

that the dark matter candidate, χ, is charged under the diagonal Z2 center after spontaneous

symmetry breaking. SM leptons are not. Because of this, even though they are both charged under

lepton number, at low energies the dark matter and the SM leptons will have very different physics.

10This gauge boson has the quantum numbers needed for dark-electroweak unification. We discuss this in more
detail later.

11As we will see the operators in equation 32 and Appendix A encode the possible final states for how the messenger
fermions can decay to the dark matter and the SM.
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3.3 Gauge Boson Sector

In this section we detail how the gauge boson transform under the SU(2)D × U(1)D gauge group

as well as the mass spectrum. To set notation, we denote the charge eigenstate SU(2)D and U(1)D

gauge bosons, respectively, as

Vi = (1, 1, 3)(0,0) U = (1, 1, 1)(0,0) . (33)

Here the entries in parenthesis denote representations transforming under SU(3)c, SU(2)L and

SU(2)D, respectively. The subscripts entries are U(1)Y and U(1)D charges, respectively.

As for the mass spectrum, recall in equation 21, there are two vevs responsible for making the

gauge bosons massive. Together, both vevs completely break SU(2)D ×U(1)D gauge group to the

Z2 center. The easiest way to understand the dependence of the masses on v1 and v2 is to recognize

that each vev spontaneously breaks the dark gauge group into two different U(1) gauge groups.

Specifically,

SU(2)D × U(1)D
v1−→ U(1)V , (34)

SU(2)D × U(1)D
v2−→ U(1)A. (35)

Here the generators for U(1)V and U(1)A are, using the notation of equation 9, V = T3 + S and

A = T3 − S, respectively. The U(1)A and U(1)V “photons” get a mass depending only on v1 and

v2, respectively. The other gauge bosons receive equal contributions from both vevs. Defining the

SU(2)D and U(1)D gauge couplings as g and g′, respectively, the masses are

m2
1 = g2(v21 + v22)/2 m2

3 = (g2 + g′2) v22/2 (36)

m2
2 = g2(v21 + v22)/2 m2

4 = (g2 + g′2) v21/2. (37)

Without a loss of generality, we will often consider v2 > v1. The gauge bosons in their mass

eigenstates are notated as V ′
i and U ′

4 where i = 1, 3. The subscripts correspond to the mass

eigenstates. The mass spectrum is distinctive and is a consequence of these models. We discuss

some experimental signals in Section 5.

3.3.1 Kinetic Mixing Between the SM and Dark Photons

Depending on the hierarchy of the dark vevs, the final step in generating the Z2 stabilization

symmetry involves spontaneously breaking either the U(1)V or U(1)A symmetry. As described

in the previous section, this breaking generates a massive, dark “photon.” The dark photon can

kinetically mix with the SM to generate the effective operator

L3 =
ǫ

2
BµνB

µν
dark (38)

=
ǫ

2

(

cos θWFµν − sin θWZµν

)

Bµν
dark. (39)
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Here Fµν , Zµν and Bµν
dark are the field strengths of the SM photon, Z boson and dark photon,

respectively. θW is the Weinberg angle. This operator is generated via loop corrections from the

messenger fermions listed in equations 25 and 26. It is straightforward to show ǫ has the value

ǫ = − g′g′Y
16π2

∑

i

qdark qY log

(

M2
i

µ2

)

. (40)

Here qi are the dark and hypercharge charges. Mi is the mass of the messenger fermion. Because

of the sum over the charges, this equation is zero when the messenger fermions are in complete

anomaly free multiplets. A way to prevent this is have a regime of parameter space where the

messengers have different masses within the multiplet. Thus, at a certain scale, one could integrate

out the heavy messengers so the sum in equation 40 is not zero.

Looking forward, we require the relic dark matter abundance at the dark matter decoupling temper-

ature to be very small. We show in Appendix C the annihilation via the dark photon is subdominant

to the annihilation through the higgs portal even when ǫ is relatively large. We will, however, use

both effects to ensure sufficient dark matter annihilation.

3.4 Dynamically Generated Dark Matter Mass

In the effective field theory description of the SM below the weak scale, the light SM fermions

have an approximate global chiral symmetry. Because these fermion masses are so small, it is often

said the chiral symmetry “protects” the masses. In this section, we construct chiral symmetries to

protect the dark matter masses. These symmetries protect the dark matter mass giving a mass of

order the electroweak vev suppressed by a loop factor.

3.4.1 Dark and Standard Model Chiral Symmetries

To build up the arguments for constructing a symmetry which protects the dark matter mass, let us

again start with the SM. As described above, below the weak scale the SM has a SU(2)L×SU(2)R

global chiral symmetry which protects the SM fermion masses. The low energy global SU(2)L

symmetry is a remnant of the gauged SU(2)L symmetry. At the weak scale, SU(2)R is known

as an approximate “custodial” SU(2) symmetry12. In more detail, the SM fermion sector has the

following form at the weak scale

L4 = λu qL φuR + λd qL φ̃ dR. (41)

12Despite being an approximate symmetry, custodial SU(2) is essential to the SM as well as in understanding new
physics beyond the SM. Custodial symmetry is explicitly broken by the top quark yukawa coupling (dominantly) and
U(1) hypercharge. Breaking custodial symmetry with new physics is strongly disfavored by precision electroweak
measurements.
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Particle SU(2)L SU(2)c SU(2)D SU(2)c′

h =
(

h1 h2
)

1 1 2 2

φ =
(

φ φ̃
)

2 2 1 1

QL 1 1 2 1

QR =

(

U
D

)

1 1 1 2

LL 1 1 2 1

LR =

(

N
E

)

1 1 1 2

L =

(

LL
LR

)

2 1 1 1

χL 1 1 2 1

χR =

(

χR1

χR2

)

1 1 1 2

χ =

(

χL
χR

)

1 2 1 1

Table 2: The approximate dark and SM custodial symmetry representations for the dark matter and
messenger fermions. Also listed are how these fermions transform under the gauged SU(2)L and
SU(2)D. Notably, because of equation 31, the dark matter and messenger leptons form doublets
under the SM chiral symmetry.

Here qL is the left-handed SM quarks; uR and dR are the right-handed SM quarks. In the limit

where λu = λd = λq, L4 simplifies to

L′
4 = λq qLΦ qR (42)

where qR is a column matrix composed of uR and dR. Φ is a 2× 2 matrix composed of the φ and

φ̃. In this custodial symmetric limit, the left- and right-handed quarks as

qL → LqL qR → RqR. (43)

It is easy to see Φ must transform as Φ → LΦR †. Here L and R are the generators for the familiar

SU(2)L gauge symmetry and SU(2)c custodial symmetries, respectively. This gives us two lessons

from the SM. In order to generate a SU(2)L × SU(2)c global chiral symmetry that protects the

fermion masses, it is important that
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• the yukawa couplings (λu, λd and λq) are sufficiently small so the masses of the fermions will

be small compared to the scales of interest.

• violations of custodial SU(2) are not large. Thus, the resulting mass differences are small

compared to the scales of interest.

For our purposes, the latter requirement is not as significant as the first. However, knowing all of

the approximate symmetries in the hidden sector is important bookkeeping device. It will help us

to properly estimate the sizes of the various yukawa couplings.

Since the dark sector has chiral matter, it naively features an additional independent, approxi-

mate global chiral symmetry which acts on the fermions lighter than the dark symmetry breaking

scale. Consider the dark yukawa terms (equation 30),

L1 = λ12QL h1D + λ13QL h2 U + λ14 LL h1E + λ15 LL h2N

+ λ16 χL h1 χR2
+ λ17 χL h2 χR1

.

We want to determine all of the approximate symmetries in this sector. We are particularly

interested in how the dark matter transforms. In this limit of an exact dark “custodial” symmetry,

the above equation becomes

L′
1 = λ12−13QLH QR + λ14−15 LLH LR + λ16−17 χLH χR. (44)

Here H is a 2× 2 matrix composed of h1 and h2. Also,

QR =

(

U
D

)

LR =

(

E
N

)

χR =

(

χR2

χR1

)

. (45)

Thus, the dark yukawa sector has an (independent) approximate SU(2)R′ global dark symmetries.

It is explicitly broken by U(1)D. The dark particles transform under SU(2)D × SU(2)R′ as

QL → QL L
′ † QR → R′ †QR, (46)

LL → LL L
′′ † LR → R′ † LR, (47)

χL → χL L
′ † χR → R′ † χR. (48)

With, of course, H transforming as H → L′H R′ †. Here L′ and R′ are the representations for

SU(2)D and SU(2)R′ , respectively.

There is an important additional twist on how the dark matter and messenger fermions transform

under the chiral symmetries. Consider now the other dark yukawa couplings,

L2 = λ18 LL φχL + λ19E φ̃χR1
+ λ20N φ̃χR2

.
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Because Φ → LΦR† (and Φ is 2 × 2 matrix composed of the φ and φ̃), it is clear both the

messenger leptons and the dark matter must transform under both of the dark and electroweak

custodial symmetries! In the limit where both the dark and electroweak custodial symmetries are

exact, the above equation becomes

L′
2 = λLχ LLRΦχ (49)

where

LLR =
(

LL LR
)

χ =

(

χL
χR

)

(50)

and again Φ is defined below equation 42. It is clear LLR and χ transform as doublets under the

SU(2)L × SU(2)c SM symmetries.

LLR → LLR L
† χ→ Rχ. (51)

Here L and R are the generators for the gauged SU(2)L and the custodial SU(2) respectively.

We summarize the how the higgses and messenger fermions transform in Table 2. Notice for the

messenger leptons and dark matter, the approximate dark and SM chiral symmetries are, in a

sense,“overlapping.” In Appendix B, we use this concept to outline a mechanism to stabilize both

the dark and electroweak scales.

3.4.2 Loop Suppressed Dark Matter Mass

To explore how the dark matter mass can be dynamically generated, consider the dark yukawa

terms in equation 30

L1 = . . .+ λ16 χL h1 χR2
+ λ17 χL h2 χR1

.

As discussed in the previous section, these terms explicitly break both the dark and SM custodial

symmetries. The dark matter yukawa sector preserves the approximate chiral symmetries if λ16

and λ17 are very small. Having small yukawa couplings is technically natural and occurs in the

SM. In other words, one can say the dark chiral symmetry “protects” the dark matter from getting

a mass at scales below the dark and electroweak symmetry breaking scales. For the rest of this

paper, we assume these yukawa couplings are sufficiently small so that the dominant contribution

to the dark matter mass comes from the loop suppressed irrelevant operators below.

Generating the dark matter mass now requires the couplings in equation 31 (equation 49) above.

The dark matter can generate a mass at tree-level via the left panel in Figure 1. After the dark

phase transition, the operator generated by integrating out the newly massive messenger leptons is

O3 =
c′

mLL

(

χR φ̃
) (

φχL
)

(52)
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Figure 1: Dynamically generated dark matter mass. The right panel generates the loop suppressed
dark matter mass, vew/16π

2

Here c′ ∼ f(λ18 λ19 λ20) and the above equation breaks the SM custodial symmetry. (The dark

custodial symmetry may have been broken by the messenger fermion masses.) When both φ and φ̃

gets a vev, the dark matter gets a dirac mass. If c′ is O(1) (or correspondingly the couplings λ18,

λ19 and λ20 are appropriately large), then the dark matter gets a mass of order ∼ v2ew/v1,2. This

mass is way too large to explain the ratio of the dark matter to baryonic relic abundance in this

model. Recall,

ΩDM/Ωbaryon ≡ (nDMmDM)/(nbaryonmbaryon).

In Section 4, we show nDM/nbaryon ∼ 5 for the model under consideration; thus, mbaryon ∼ 1

GeV implies mDM must also be of order the GeV scale. We therefore require c′ (or the function

f(λ18 λ19 λ20)) to be small and therefore protect the dark matter mass

In order get the right dark matter mass, we simply add a new electroweak higgs, φS , with the same

quantum numbers as the SM higgs which does not get an electroweak vev. Electroweak two-higgs

doublet models are very common in the literature; however, it is an uncommon for one of the

higgses to be responsible for giving mass to quark, leptons and electroweak gauge bosons and the

other to only be a spectator. It is certainly true, for the generic electroweak two-higgs doublet

model, one can always make a transformation so that one higgs gets an electroweak vev and the

other higgs has a minimum at zero [44]. In essence with this model, we are enforcing this choice

with the following symmetry

φS → −φS. (53)
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Equation 31 now has the counterpart

L2 = λ21 LL φS χL + λ22E φ̃S χR2
+ λ23N φ̃S χR1

. (54)

where φ̃S = iτ2 φ
∗
S and τ2 is a pauli sigma matrix. We have also required

LL → −LL E → −E N →−N. (55)

This also ensures equations 31 (and therefore 52) are zero. Because of the couplings

O4 = λS1
φ†φφ†S φS O5 = λS2

h†hφ†S φS , (56)

φS gets a mass. Finally, we require the couplings in equation 54 are to be O(1). The dominant

contribution to the dark matter mass is now the diagram in the right panel of Figure 1. Thus, we

have the effective operator

O6 =
1

16π2
c

mLL

(

χR φ̃
) (

φχL
)

. (57)

Like before, after electroweak symmetry breaking, this operator explicitly breaks all the chiral

symmetry. The dark matter mass is now

mχ ∼ vew
16π2

(

c vew
mLL

)

c = 2λ2φ4 λ
2
S1

log

[

vew
mφS

]

(58)

We have parametrized the coupling of φ4 operator to be λφ4 and taken, for simplicity, v1 ∼ v2 ∼
vdark. Choosing c to be significant explicitly breaks the dark and SM custodial symmetries. For

the rest of this paper, we assume the quantity in parenthesis in equation 58 is O(1).

Keeping the quantity in parenthesis O(1), requires a relatively light messenger lepton regardless of

the size of dark symmetry breaking vev. If mφS depends on the dark symmetry breaking vev, the

messenger lepton’s mass can range from 700 GeV to about 15 TeV. The former (latter) value comes

from the assumption that the dark symmetry breaking scale is at 1 TeV (the unification scale). We

discuss the experimental consequences of the light messenger leptons in detail in Section 5.

In this section, we have shown SM and dark chiral symmetries can protect the dark matter mass.

By construction, this mass is of order the electroweak vev suppressed by a loop factor. Given a

GeV scale dark matter mass, we show in Section 4 that this light dark matter annihilate to the

SM thereby leaving a very small relic abundance. Therefore, the decay of the messenger fermions

generate dark matter relic abundance observed today.

3.5 Non-Perturbative Operators and Baryon Number Violation

The dark gauge interactions generate global anomalies which violate baryon and lepton number.

Recall the baryon and lepton numbers of the dark matter and messenger fermions were determined
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in Section 3.2.2. Interestingly, these anomalies violate B − L number but preserve B + L. This is

the opposite of what the weak interactions, and many other models of new physics beyond the SM,

preserve. Given the fermion content in equations 25-27, we can easily verify these statements. The

anomalies for B and L are

Tr[B T aT a] = −1 Tr[LT aT a] = (2− 1) = +1 (59)

where the T a are the SU(2)D generators. LL and χL contribute factors of 2 and −1, respec-

tively, to the lepton anomaly. At zero temperature, the non-perturbative processes generate an

operator which violates B, L, and B − L. This instanton generated operator is proportional to

exp(−2π/αdark). Here αdark = g2/4π and g is the SU(2)D dark coupling. Because of the expo-

nential suppression, the size of the instanton operator is effectively zero. It was realized, however,

in [13] that, at a large finite temperature above the dark phase transition scale, this operator is

unsuppressed. The non-perturbative interactions generate a ratio of heavy quarks to heavy leptons

to dark matter candidates as 5 : 2 : 1. We will show in the next section how this ratio is changed

to one SM baryon for every five dark matter candidates.

It is worth noting that one generally considers the dark phase transition to happen at an ear-

lier time than the electroweak transition. Therefore, electroweak sphaleron interactions will always

be a background process and potentially can erase any baryon asymmetry generated by the dark

interactions. However, in this model, the dark and electroweak anomalies preserve different global

symmetries; and, therefore this is not an issue. On the whole, models of this type preserve a combi-

nation of B, L and dark matter number. In consequence, is these models always preserve a different

global symmetry than the weak interactions and therefore prevent the electroweak sphalerons from

erasing any asymmetry produced by the dark phase transition.

4 Baryon and Dark Matter Abundances

The ratio of dark matter to the baryon abundance is defined as

ΩDM/Ωbaryon ≡ (nDMmDM)/(nbaryonmbaryon), (60)

where ni and mi is the number density and mass for species i. As noted in the introduction, this

ratio, ΩDM/Ωbaryon, has been measured to be roughly five. In [8, 9], it was showed that nDM/nbaryon

could be explained if there is a common phase transition generating both the dark matter and the

baryons. Importantly, since the baryon mass is about 1 GeV, ΩDM/Ωbaryon is crucially dependent

on the dark matter mass. Now, unless the new phase transition generates many more baryons than

dark matter candidates, the dark matter mass should be of order the baryon mass. Given a GeV

dark matter mass, we use this section to describe a scenario which gives an explanation for the

measured dark matter to baryon abundance ratio.
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4.1 Requirements

In Section 3.5, we have described a dark phase transition that correlates the production of heavy

quarks, heavy leptons and dark matter. In analogy to weak scale baryogensis, we assume a first

order phase transition. The transition generates three heavy quarks (one heavy baryon) for every

two heavy leptons and one dark matter candidate. (This is instead of producing anti-heavy quarks,

anti-heavy lepton and anti-dark matter.) As a reminder, all of these particles are odd under the Z2

center. The messenger particles, i.e. the heavy quarks and leptons, must decay due to the strict

bounds on long-lived particles that are charged under the SM [46]. Thus, upon decay, the heavy

quarks and leptons must have final states with at least one dark matter candidate. In Appendix A,

we list all of the distinct, dimension six operators involving the messenger fermions, dark matter

and the SM. These operators encode the simplest possible decays for the heavy messenger fermions

as well as the baryon and lepton number assignments. Of these, we take the simplest and least

suppressed to be dominant,

QL → qL + lL + χL, (61)

LL → eR + lL + χL.

Both of these decays can be mediated by bosons with the quantum numbers of (1, 2, 2)(1/2,0) . In

Appendix B, we show how this mediating particle is naturally a consequence of unifying the dark

and electroweak gauge interactions. If we consider a supersymmetric UV completion, an additional

decay channel is opened, LL → dR + qL + χL. This channel generates a baryon and anti-baryon in

the final state which results in net baryon number of zero. Thus, for a generic SUSY completion, the

important point is, regardless of the branching fraction, LL decays to one dark matter candidate.

In order to use these decay channels to explain the ΩDM/Ωb ratio, there are several points which

must be treated with care. We assume the following:

• We require the heavy fermions to be sufficiently long-lived so the dark matter produced by

the dark phase transition is out of thermal equilibrium by the time the messenger particles

decay.

• Before the messenger fermions decay, we require the remaining dark matter candidates to

annihilate efficiently to the SM and not give a significant relic abundance. Thus, the messenger

fermions decay is responsible for the dark matter asymmetry as well as the relic abundance.

In essence these requirements mean all of the observed dark matter in the universe is a result of the

decay of the heavy quarks and leptons. Naively the decays in equation 61 and the two requirements

above alter the ratio of heavy messenger particles to dark matter produced by the dark sphalerons.

The ratio is converted to

3 : 2 : 1 → 1 : 2 : 5. (62)
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Here the order on the left side is heavy quarks to heavy leptons to dark matter. The order on the

right is SM baryons to SM leptons to dark matter. At this stage, we have a dark matter to SM

baryon number density ratio of 5 : 1. Assuming GeV scale dark matter, the resulting factor of

ΩDM/Ωb ∼ 5 is what we hoped to achieve. By construction, this factor is ultimately due13 to the

fact that our anomaly free particle content, equation 24, fits into the fundamental representation

of SU(5).

To be sure the scenario described in the previous paragraph holds, there are still more items

which require care. We require

• The messenger fermion decays and the dark matter decoupling must not upset nucleosynthesis.

Nucleosynthesis provides fairly strong constraints on relativistic new physics [47, 48, 49] at the MeV

scale. Thus these bounds point to the SM with three neutrino flavors. Codifying these statements,

the requirements generate the following conservative temperature hierarchy

1 MeV . Tdecay < Tdecoupling. (63)

Here Tdecay and Tdecoupling are the characteristic temperatures associated with the messenger fermion

decay and the decoupling of the dark matter generated by the dark phase transition, respectively.

Dark matter needs to cold, or non-relativistic, when it decouples from the SM. Thus, Tdecoupling

is typically of order, Mχ, the mass of the dark matter14. In the next few subsections we use

simple estimates to substantiate this hierarchy. We will see messenger fermion decays at MeV

temperatures generates final states that are non-relativistic and therefore do not produce much

entropy to upset nucleosynthesis. Thus the above hierarchy should be regarded as conservative.

Beyond the temperature constraints, we also require

• The dark phase transition needs to be a highly efficient, strongly first order phase transition.

A highly efficient first-order dark phase transition is necessary so that there are almost no anti-

heavy baryons around to spoil the ratio in equation 62. A strong first order transition implies a

large CP violating phase in the dark sector. In Section 5.1 we show how current EDM constraints

are considerably relaxed in the dark sector. Finally, it is also important to have

• The effect of the weak and QCD phase transitions has a negligible effect on the dark matter

and baryon asymmetries.

13To be more precise, the messenger QL and LL fermions fit into a 5 of SU(5). In grand unification, particles that
fit into the 5 of SU(5) are traceless under U(1)Y . During the dark phase transition, the non-perturbative instanton
generated operator must also be a singlet U(1)Y . Therefore, this forces three QLs to be produced with every two
LLs.

14We will show Tdecay is basically determined by the dark and electroweak unification scale.
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This requirement is already built into the model. The QCD and electroweak phase transitions

preserve B −L but violate B +L. As described in Section 3.5, the new dark particle content does

the opposite and preserves B + L but violates B − L. The ratio in equation 62 is preserved in

presence of these SM phase transitions.

4.2 Thermal Decoupling Temperatures and Dark Matter Relic Abundance

As described Section 4.1, it is important that the temperature at which the heavy messenger

fermions decay is smaller than the relic dark matter decoupling temperature. This satisfies the

second requirement in Section 4.1. As a reminder, we want the dark matter to efficiently annihilate

into the SM for as long as possible in order to minimize the dark matter relic abundance. Therefore,

the ratio of the dark matter to baryon number densities is set by the decays of the heavy messenger

fermions.

In Section 3.4, we showed how the dark matter mass is dynamically generated to be about a

GeV. Thus, it is reasonable to expect that the dark matter annihilations will fall out of thermal

equilibrium at temperatures near this mass. At these low temperatures, the dark matter domi-

nantly annihilates via the higgs portal and, to a lesser extent, via kinetic mixing of the dark and

SM photons. Experiment constrains SM higgs to be heavier than 114.4 GeV [47]. (Indeed, recent

experimental results have given hints of a 126 GeV higgs mass [19, 20].) Thus, dark matter an-

nihilation through the higgs portal is suppressed by the SM higgs mass which is integrated out.

Because we require the relic dark matter to efficiently annihilate into the SM for as long as possible

in order to minimize the relic abundance, we therefore require the dark higgses and photons to be

light.

4.2.1 Dark Matter Annihilation through the Higgs/Gauge Boson Portal

Kinetic Mixing Portal: As discussed in Section 3.3.1, these models admit heavy photons which

can kinetically mix with the SM photon via equation 40:

χL χR → γ′/γ → fi fi. (64)

The dark photon sector alone can meet the dark matter annihilation requirements listed in Sec-

tion 4.1. The parameter space, however, can be limited. In Appendix C, we show the parameter

space available to get the right relic abundance. To open the parameter space up, in the next

paragraph, we detail a higgs portal through which the dark matter can also annihilate. We will

include the effects of both portals in the analysis in this section.

Higgs Portal: Ostensively, the dark matter annihilation through the higgs portal would proceed
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though the following process:

χL χR → h1,2/φ→ fi fi (65)

Here i runs over all of the SM fermion flavors, u, d, c, s, e and µ which are (semi-)relativistic for

decoupling temperatures near 1 GeV. However, in Section 3.4.2, we wrote down a mechanism where

the dark matter gets a mass of order

mχ ∼ vew
16π2

(

c vew
mLL

)

c = 2λ2φ4 λ
2
S1

log

[

vew
mφS

]

.

where the quantity in parenthesis is taken to be O(1). In addition, we required the couplings be-

tween the dark matter and h1,2 to be technically small so that the above contribution to the dark

matter mass is dominant over the tree-level contribution. This mechanism (and the accompanying

set of assumptions) complicates dark matter annihilation story.

Below the dark and electroweak symmetry breaking scales, the above mass implies that the dark

matter has a coupling to the SM higgs that goes as

1

16π2
c

mLL

(

χR φ̃
) (

φχL
)

∼ 1

16π2
φ0 χLχR. (66)

Here φ0 is the SM higgs boson leftover after electroweak symmetry breaking. Of course, on the

operator on the RHS of the equation is generated below the dark symmetry breaking scale. This

implies the dark matter annihilation to the SM is suppressed by (16π2)2. Recall, we want the

relic dark matter to efficiently annihilate so that the relic abundance is extremely small; thus,

the measured dark matter relic abundance today is set by the messenger fermions decay. Explicit

computation of the relic abundance using this SM higgs coupling shows the 1/16π2 suppression in

equation 66 results in a O(10000) relic abundance. This is clearly inconsistent with observation;

see equation 1.

It is enough to simply rely on the kinetic mixing sector to meet the dark matter annihilation

requirements in Section 4.1. However, to open up the available parameter space, we add a new

dark higgs, hS , with the same quantum numbers as the dark higgses introduced in equation 28.

The difference is this new dark higgs does not get a vev like h1 and h2. We require that hS has

O(1) couplings in

L′
1 = λ24 χL hS χR2

+ λ25 χL h̃S χR1
. (67)

where h̃S = iτ2h
∗
S . The new dark higgs also has the following couplings with the SM and h1,2,

O7 = λa φ
† φh†S hS O8 = λb h

†
S hS h

†
1,2 h1,2 (68)

O9 = λc h
†
S h2 h

†
2 h2 O10 = λd h

†
S h2 φ

† φ (69)
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Recall, to simplify the dark scalar potential, we imposed h1 → −h1; therefore there is no corre-

sponding operator similar O9 with h1 substituted for h2. After the dark and electroweak symmetry

breaking, O10 (along with the hermitian conjugate) gives the term

O10 = λd vewv2 φ0 hS1
(70)

where hS1
is a component in hS . In the coming work, we assume the simplifying limit, λ24 = λ25 =

λd, and denote it as the “simplified” higgs coupling.

Annihilation Cross Section and Relic Abundance: Here we provide a basic estimate of

the the dark matter annihilation. We do not account for form factors for dark matter annihilations

into SM quarks. We also do not assume any chemical potentials. With these simplifications, it is

straightforward to compute the low-velocity thermally averaged annihilation cross section [7, 50].

It is

〈σ|v|〉 = a+
6T

mχ
b+

60T 2

m2
χ

c+ . . . (71)

where the “. . .” are additional velocity suppressed terms and T is the dark matter freeze-out

temperature. Definitions for a, b, and c can be found in [7, 50]. Explicit computation of a and b

for annihilations through the higgs and kinetic mixing portals results in

ahiggs = 0, (72)

bhiggs =
∑

l

αλ4 v2darkv
2
ew

16 c2W s2W m2
Zm

4
φ

m2
l

(

m2
χ −m2

l

)3/2

mχ

(

4m2
χ −m2

h

)2 (73)

+
∑

q

3αλ4 v2darkv
2
ew

16 c2W s
2
W m2

Z m
4
φ

m2
q

(

m2
χ −m2

q

)3/2

mχ

(

4m2
χ −m2

h

)2 ,

akinetic =
∑

l

8π ǫ2 ααdarkmχ

√

m2
χ −m2

l

(

m2
l + 2m2

χ

)

(

m2
γ′ mχ − 4m3

χ

)2 (74)

+
∑

q

32π ǫ2ααdarkmχ

√

m2
χ −m2

q

(

m2
q + 2m2

χ

)

3
(

m2
γ′ mχ − 4m3

χ

)2 ,

bkinetic =
∑

l

πǫ2 ααalpha

(

64m6
χ + 8m4

χ(m
2
γ′ − 4m2

l )− 4m2
lm

2
χ(m

2
γ′ + 17m2

l ) + 5m2
γ′m

4
l

)

3mχ

√

m2
χ −m2

l

(

m2
γ′ − 4m2

χ

)3 (75)

+
∑

q

4πǫ2 ααdark

(

64m6
χ + 8m4

χ(m
2
γ′ − 4m2

q)− 4m2
qm

2
χ (m

2
γ′ + 17m2

q) + 5m2
γ′m

4
q

)

9mχ

√

m2
χ −m2

q

(

m2
γ′ − 4m2

χ

)3 .

where again ǫ is the kinetic mixing parameter, sW and cW are sin θW and cos θW with SM Weinberg

angle. mγ′ and mh is the mass of the heavy photon and new dark higgs, hS . v1 = v2 = vdark for
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Figure 2: Allowed parameter points for the relic dark matter abundance that does not originate
from the messenger fermion decays. Each point represents a point in parameter space that yields
an abundance of h2Ω < 0.0034. The dark photon and dark higgs masses are set to be equal; and,
to be conservative, we take the dark vevs v1 = v2 = 1 TeV. The kinetic mixing parameter is taken
to be ǫ = 10−3.

simplicity. Of course, the summation is over the final state quarks and leptons. λ is the simplified

higgs coupling. Now with the thermally averaged cross section in hand, we can estimate the freeze-

out temperature and the dark matter relic abundance.

An estimate of the freeze out temperature can be determined when the dark matter annihilation

rate drops below the expansion of the universe: Γ < H where H ∼ T 2/Mpl during the radiation

dominated universe. Here

Γ = n 〈σ|v|〉 n = g

(

mχT

2π

)3/2

e−mχ/T (76)

where g is the degrees of freedom of the dark matter. n is the dark matter equilibrium density in

the non-relativistic limit. The freeze out temperature can be determined by finding the roots of [7]

xF = ln

(

c(c+ 2)

√

45

8

g

2π3
mχMpl(a+ 6 b/xF )

g
1/2
∗ x

1/2
F

)

(77)
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where xF ≡ mχ/T . T is the freeze-out temperature; and, c is usually taken to be a half. g∗ is all

of the relativistic degrees of freedom in the universe.

With all of this, the dark matter relic abundance is simple to determine. It is

Ωχ h
2 ∼ 1.04 × 109

Mpl

xF√
g∗

1

a+ 3b/xF
(78)

We want Ωχ h
2 to be as small as possible; thus, the observed abundance today would be a result

of the decay of the messenger fermions. The measured dark matter relic abundance is

h2 ΩDM = 0.1131 ± 0.0034.

We therefore make the conservative requirement that the relic abundance, that does not come from

the messenger fermion decays, is

h2 Ωrelic DM < 0.0034. (79)

In Figure 2, we show some points in parameter space that are consistent with the above dark

matter abundance requirement. As mentioned before, in these plots, the dark matter annihilations

are mediated by the dark photon and higgses. For simplicity, we fixed both dark photon and dark

higgs masses to be the same. The annihilations via the dark higgs dominate. In Appendix C, we

show the same plots as Figure 2 but for the dark photon only. This shows the need for a light dark

higgs. A final point: The allowed parameter space in Figure 2 can expand slightly if we allowed

the dark photon and higgs masses were allowed to vary independently.

4.3 Messenger Fermion Lifetime and Decay Temperatures

Implementing the requirements in Section 4.1 is straightforward. We simply need to ensure the

messenger quarks and leptons are sufficiently long-lived so that the relic dark matter in the universe

annihilates to produce a minuscule relic abundance. This ensures the dark matter relic abundance

measured today dominantly comes from the messenger fermion decays. As discussed in Section 4.1,

the messenger fermions decay via new, massive gauge bosons needed for dark-electroweak unifi-

cation. Therefore, the dark-electroweak unification scale sets the mass of these gauge bosons and

introduces a free parameter into the (lifetime and) characteristic temperature in which the mes-

senger fermion decay. In order to generate a small relic abundance, above in Figure 2 we showed

the dark matter decoupling temperature is around 0.035 GeV. In this section, we estimate the

parameter space available for the messenger fermion decays.

Nucleosynthesis occurs at temperatures near 1 MeV and therefore and can potentially constrain

the parameter space for the messenger fermion decays. We remind the reader that particles which

decay far out-of-equilibrium into the SM can introduce a significant amount of entropy into the
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Figure 3: A sample of the parameter space available for the messenger fermion decay into the SM
and dark matter. We require the decay temperature in equation 81 to be T ∼ 0.03 GeV with the
simplification, MQ ∼ ML. The top two plots, Plots (a) and (b), are the available parameter space
points for dark-electroweak unification scale around the grand unification scale. Allowing a partial
dark-electroweak unification scale, Plots (c) and (d), potentially allows the messenger fermions to
be observed at the LHC.

baryon-photon plasma. This in turn can cause the universe to cool less slowly and significantly

delay the onset of nucleosynthesis. In Section 4.1, we showed heavy messenger quarks formed a

heavy “baryon” which decays to a SM baryon, three dark matter candidates and three anti-leptons.

Also, the heavy messenger lepton decays into two SM leptons and one dark matter candidate. All

of final state particles resulting for the messenger fermion decay, except with the possible exception

of final state neutrinos from tau decays, are (or rapidly becoming) non-relativistic around the nu-

cleosynthesis scale at 1 MeV. Besides relativistic final state neutrinos would dump entropy in the

neutrino sector which is decoupled at those temperatures from the SM. Assuming zero chemical

potential, all non-relativistic (and therefore pressure-less) final state particles have an exponentially

suppressed energy density [7]. Thus, the increased entropy from the non-relativistic final states is

also exponentially suppressed.

With these facts in hand, estimating the temperature of the universe when the messenger fermions
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decay is now straightforward. The messengers decay at a time tL,Q ∼ H−1 ∼ τL,Q. τL,Q is the

easily computable lifetime of the messenger leptons and quarks.

τL ∼ 1

g4
M4

M5
L

τQ ∼ 1

g4
M4

M5
Q

(80)

where g is the unification gauge coupling at dark-electroweak unification. The temperature is

TL ∼
(

g

M

)2 (

M5
LMpl

)1/2

TQ ∼
(

g

M

)2(

M5
QMpl

)1/2

(81)

Here M is the mass of the (1, 2, 2)(1/2,0) unification boson introduced below equation 61. As

emphasized in the first paragraph, we require this temperature to be less than around 0.035 GeV

(from Figure 2). Solving both sets of equations, the lifetime15 is

τ & 5× 10−3 seconds (82)

with the requirement T ∼ 0.03 GeV. Again, we have taken ML ∼MQ. In Figure 3, we sample some

of the available parameter space for this decay. In this plot, we focused on the parts of parameter

space that can generate messenger fermion signatures at the LHC. More on potential signals with

long-lived particles at the LHC in Section 5 below.

5 Experimental Considerations

In this section we discuss experimental constraints and signatures for this class of models. We focus

on constraints from (chromo-)electric dipole moments (EDMs) and signatures of these models at

the LHC. We choose to estimate the contributions to the (chromo-)EDMs because the assumption

that they are small is unwarranted in dark baryogenesis models. At the LHC, One “smoking gun”

signature is the observation of long-lived particles (with large missing momentum). This signature

was first considered by us in preparation for the this paper [3]. In the next paragraph, we give only

a very brief overview on potential constraints from direct and indirect measurements.

First consider direct detection experiments: Exempting the recent debates over dark matter dis-

covery claims, direct detection experiments (such as Xenon100 [51]) roughly have ruled out dark

matter-SM scattering cross sections of order σ ∼ 10−44 cm2 for a range of dark matter masses.

Unfortunately, this cross section is largely insensitive to the GeV dark matter which is featured

in this model. (See, e.g., the scattering cross section vs. dark matter plots in [51].) Further, dark

matter scattering with the SM via the higgs portal generically has a much smaller cross section.

Direct detection experiments such as CoGeNT [52] are searching for dark matter in this mass range.

15This lifetime is extremely long compared to the time (in the lab frame) for particles at relativistic speeds to
transverse the ATLAS and CMS detectors at the LHC. This lifetime is key to identify this physics cleanly. We
discuss this in detail in Section 5.
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As for indirect detection experiments, many experimental collaborations (such as the Fermi-LAT

telescope [53]) are looking, e.g., for cosmic gamma rays which could originate from dark matter

annihilations. A particular focus is gamma ray fluxes from dwarf spheroidal galaxies; such galaxies

are dominantly composed of dark matter and therefore deviations from expected fluxes from known

cosmological sources provide a litmus test. In this model, annihilation cross section is parametrically

dependent on ǫ4 where ǫ is the kinetic mixing parameter. However ǫ can be very small in this model.

Now the dark matter in this theory does have “self-interactions.” Here the self-interactions is defined

by the exchange of a light dark higgs or a dark photon. Constraints on dark matter self-interactions

come from gravitational lensing of galaxies such as the bullet cluster; this, in turn, places a con-

straint on the dark matter interaction cross section today. The generic bounds [54, 55, 56] are for

a self-interaction cross section of order σ/mχ . 10−25 cm2 GeV−1. For almost all of the parameter

points in Figure 2, the interaction cross section is of order σ/mχ . 10−30 cm2 GeV−1. Finally, as

the LHC continues to explore new physics at the TeV scale, precision electroweak measurements

have placed constraints up to 5 TeV on new physics beyond the SM. Because the new physics is

charged under the dark gauge group, the precision electroweak observables tend to be suppressed

by multiple loops. Finally, the LHC has not seen large missing momentum signatures which could

potentially constrain these models [57]. Like the direct detection experiments, these signals have a

reduced sensitivity for GeV scale dark matter.

5.1 Constraints from Electric Dipole Moments

In section 3.1.3, we added CP violating terms to the dark higgs potential. For a recent review of

the effect of CP violating phases on electric dipole moments see, e.g., [17]. As a reminder, those

terms are (from equation 22)

VCP = λ6

(

Re[h†1 h̃2]− v1v2 cos β

)(

Re[h†2 h̃1]− v1v2 cos β

)

+ λ7

(

Im[h†1 h̃2]− v1v2 sin β

)(

Im[h†2 h̃1] + v1v2 sin β

)

.

In this section, we estimate whether a large CP violating phase from these terms can generate

observably large electric dipole moments (EDMs). Communicating CP violation from the dark

sector to the SM higgs can occur via the messenger fermions (equations 25 and 26) or through the

SM higgs. Since we are ultimately interested in SM quark (chromo-)EDMs the former generically

requires extra loops. We restrict our attention to CP violation through the higgs portal.

The lowest dimensional operator connecting the SM higgs and dark CP violating terms is

V ′
CP =

λ17
4Λ2

φ†φ

(

Re[hT1 h̃2]− v1v2 cos β

)(

Re[hT2 h̃1]− v1v2 cosβ

)

(83)

+
λ18
4Λ2

φ†φ

(

Im[hT1 h̃2]− v1v2 sin β

)(

Im[hT2 h̃1] + v1v2 sin β

)

.
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which is dimension-six and suppressed by the scale Λ. Here Λ is a new physics scale above the dark

symmetry breaking scale. Throughout this text, we have alluded to dark-electroweak unification

as the source of the structure in the model. Λ can fit nicely as the unification scale within this

framework. As a reminder, φ is the SM higgs(es) and the λ18 term generates the CP violation. We

also remind the reader of the dark higgs component notation

h1 =

(

η2 + i η3
η0 + i η1

)

h2 =

(

ξ0 + i ξ1
ξ2 + i ξ3

)

.

Going to unitary gauge requires η2, η3, ξ2 and ξ3 to be eaten. The remaining η1 and ξ1 terms are

CP odd while η0 and ξ0 are CP even. After symmetry breaking, the most important term is

V ′
CP ∼ λ18

Λ2
vew φ0

(

cos β (v1 ξ1 − v2 η1)− sinβ (v2 η0 + v1 ξ0)

)

, (84)

which is relevant. Here β is the CP violating phase.

5.1.1 Comparison with Data

The most stringent constraints on models with additional sources of CP violation beyond the SM

comes from precision measurements of the electric dipole moments (EDM) of the neutron, thalium

and mercury atoms [61, 62, 63]:

|dHg| < 3.1 × 10−29 e cm (95% C.L.), (85)

|dn| < 2.9 × 10−26 e cm (90% C.L.), (86)

|dT l| < 9.0 × 10−25 e cm (90% C.L.). (87)

The connection of these measured dipole moments to more fundamental particles which can poten-

tially interact with the new sector is more readily apparent when knowing the following relations [17]

dT l = −585 de − e 43GeV × (C
(0)
S − 0.2C

(1)
S ) ∼ −585 de, (88)

dHg = −1.8× 10−4 GeV−1 e ḡ
(1)
πNN + 10−2 de + 3.5× 10−3 GeV eC

(0)
S , (89)

dn ∼ 3× 10−16 θQCD + 0.7 (dd −
1

4
du) + 0.6 e (d̃d +

1

2
d̃u). (90)

Here CS and ḡ
(1)
πNN are the CP-odd electron-nucleon and pion-nucleon couplings, respectively. De-

termining both requires complex many-body computations. Also, di and d̃i are the EDM and

chromo-EDM for particle i. Finally, θQCD is the coefficient of the well-known operator in the QCD

lagrangian
gs

32π2
θQCDGµνG̃

µν , (91)

where Gµν is the gluon field strength. When doing our estimates, we assume a Peccei-Quinn [58]

mechanism so θQCD has a natural explanation for why it is vanishingly small. Below, we focus on
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Figure 4: The dominant Weinberg-type (top left) and Barr-Zee-type (others) contributions to vari-
ous EDMs and chromo-EDMs. The Weinberg-type diagrams [59] are loop suppressed in comparison
to the SM diagrams. The Barr-Zee diagrams [60] feature dark fermions (top diagrams), dark hig-
gses and gauge bosons (bottom diagrams) running in the loop. φ is the SM higgs and h is short
dark higgses.

the dq and d̃q (chromo-)EDMs. Our estimates are sufficiently general so as to apply to the electron

(de) EDMs. To make an example, below we make a direct comparison to the neutron EDM.

As discussed above, the CP violation in the dark higgs sector can be transmitted to the SM through

the higgs portal. The dominant EDMs and chromo-EDMs are shown in Figure 4. The upper-left

diagram in Figure 4 was first identified as a EDM source by Weinberg [59]. It is loop suppressed

in comparison to the Barr-Zee diagrams [60] in the figure. We no longer consider diagrams of the

Weinberg type. It is straightforward to estimate the contributions to the quark Barr-Zee (chromo-
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)EDM from the diagrams shown in Figure 4.
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)
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∼ 4πα

(16π2)2

(

mq

v2dark

)(

vdark
Λ

)2

f

(

m2
φ

m2
h

)

ImZ. (95)

Here gs is the strong coupling constant. We have assumed the lightest dark higgs is lighter than the

SM higgs. Here ImZ contains all of the CP violating phases. It is clear the EDMs are parametrically

suppressed by Λ. Following [60] we conservatively take the phases to be maximal and therefore

ImZ ∼ O(1). f calculated can explicitly; but, we do not do so here. Interestingly, vdark does not

have an impact on our estimates except through the masses of the dark fermions and higgses. It

is now clear why it is important to do these estimates. Λ can be small depending on the model. If

we conservatively assume, however, that f ∼ O(1) and Λ ∼ 10 TeV, then the quark chromo-EDM

and EDM are of order
(

dq
gs

)

∼ 1× 10−29

(

dq
e

)

∼ 7× 10−31. (96)

In comparison to equations 86 and 90, CP violation in the dark sector can be consistent with the

data due to the parametric suppression of Λ.

5.2 Long-Lived Particles at the LHC

The mechanism discussed in this paper relies on long-lived messenger particles that remain after

the dark phase transition. Our messenger fermions have a lifetime in excess of 10−3 seconds. (See

Section 4.3 for further discussion.) In general, experimental searches for visible long-lived particles

can be divided into two categories: (1) Searches for visible particles whose lifetime is long enough

such that the particles are around today and (2) searches with particle accelerators [46]. Since we

require our messenger particles decay, the former does not apply. Accelerator searches are limited

by the particle mass range and coupling to the SM. Present bounds from LHC generally roughly

long-lived colored particles like the gluino with masses less than 600 GeV [64, 65, 66]. Although as

we discuss below, these bounds can be a bit porous (or stronger) depending on the particle lifetime

and electric charge [67]. In this section we overview some distinctive features of these models which

can appear at the LHC. We particularly focus on signatures of long-lived particles with and without

large amounts of missing transverse momentum. This is a defining signature for this class of models

and was the subject of a previous paper [3]. The results of that paper are summarized in this section.
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After production at the LHC, the messenger quarks can form color singlets with valence SM quarks.

In detail, the production process at the LHC is

p+ p→ hQ+ hQ p+ p→ mQ+mQ (97)

where hQ and mQ are the colored singlets

hQ = QL q q mQ = QL q. (98)

Here q are SM quarks. Of course, the heavy messenger quark, QL can form additional color singlets

like QLQL, QLQL q and QLQLQL. However, these states require heavier quarks to be created out

of the vacuum to form the desired color singlet and are disfavored. We focus only on the singlets

in equation 98. hQ and mQ have the electric charges Q = 0,±1. As for the messenger leptons, the

production process at the LHC is

p+ p→ LL + LL (99)

which is produced by an off-shell photon or Z boson. The messenger leptons have the same electric

charge as hQ and mQ. Given messenger quarks and leptons of the same mass, the messenger

quarks have a larger cross section because of the strongly coupled QCD production.

The ATLAS detector is about twice the size of the CMS detector. Since the time it takes a

relativistic particle to transverse the central part of the larger ATLAS detector is on the order of

10-100 nanoseconds, it is clear our messenger particles with a lifetime of 10−3 seconds are long-lived

on detector time scales. It is well-known long-lived particles can generate dramatic signatures at

the LHC. For a review of the signatures of long-lived particles, please see [68]. In summary, the

experimental reasons are:

1. Observation of particles that are “out-of-time” with the rest of the event. This includes

particles that are stopped in the detector and decay far after the initial event.

2. Observation of “heavy muons” in the muon detector.

3. Observation of events with heavily ionized tracks in the electronic calorimeter.

4. Observation of events with sizable displaced vertices.

5. Observation of particles which oscillate between positively and negatively charged in the

detector.

6. Observation of particles which oscillate between charged and neutral in the detector. This

allows the distinct signature possible where a fraction of the events have two back-to-back

tracks and others with only one one track.
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All of these signatures are possible for the messenger quarks. The long-lived leptons can produce

only the first three items. Long-lived particles are out-of-time with the rest of the event because

the travel at velocities, β, that are subluminal. The ATLAS and CMS collaborations are sensitive

to velocities in the range of 0.7 < β < 0.9 and 0.5 < β < 0.8, respectively16. The range in velocities

is mostly due to the fact that the ATLAS detector is so much large than the CMS detector. See,

e.g. [3], for the velocities of different long-lived particles with different masses. These slow moving

particles punch through the calorimeters like “cannonballs” and, if charged, arc in the muon detec-

tor like a slow, heavy muon. When transversing the electronic calorimeter, slow moving charged

long lived particles generate the heavily ionized tracks. The most stringent bounds on the mass

of long-lived particles are due to particles with large electric charges (that subsequently generate

prominent tracks) [67]. To date, our messenger fermions have a small enough charge to evade this

most stringent bound. As mentioned above, colored long-lived particles pick up valence quarks.

The exchange of valence SM quarks with the detector material in the calorimeters generates the

distinctive last three signatures in the above list.

Many models can produce long-lived particles at the LHC. A defining signature, however, for

this class models is the production of long-lived particles plus large amounts of missing transverse

momentum (p/T ). This occurs via the following processes

p+ p→ hQ+ hQ+ V p+ p→ mQ+mQ+ V p+ p→ LL + LL + V (100)

where V is a dark gauge boson. The dark gauge boson decays, with a large branching fraction,

into the GeV dark matter. This generates the p/T . The branching fraction into the SM goes as

∼ ǫ2e2/g2dark which is suppressed and can be miniscule.

5.2.1 Results

In this section, we simulate the production of a 1 TeV heavy messenger quark at the LHC for a 14

TeV center-of-mass energy. Included are events with and without emission of a 50 GeV dark gauge

boson. Importantly, a detector simulator was created and implemented which accounts for ATLAS

and CMS’s detector geometry as well as nuclear interactions of the long-lived colored particles

with the detector material. In addition to the velocity cuts described in the previous paragraph,

the following were taken to ensure the analysis would be consistent with both ATLAS and CMS

collaborations [69, 70, 71]. See [3] for additional details. The pT of the long-lived particle is required

to have

pT ATLAS > 250 GeV pT CMS > 30 GeV. (101)

16Here the speed of light is β = 1.
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We also require events to be in the center of the detector.

|η| ≤ 2.4. (102)

For the CMS collaboration, we also required the averaged reconstructed particle mass to be

mCMS > 100 GeV. (103)

ATLAS also requires no hard jets in the hadronic calorimeter to come within

∆RATLAS ≤ 0.4 (104)

of the muon tracks. Here ∆R ≡
√

∆η2 +∆φ2 where η (φ) is the psuedorapidity (transverse angle)

of the two tracks in question. We finally veto all of the events with only one track in the detector.

This allows computation of the p/T . Formally, it is defined as

p/T = −
∑

i

pTi (105)

where i runs over all of the visible particles. For the ATLAS cuts, the collaboration finds a signal to

background ratio of S/B = 2.6× 103 for an integrated luminosity of 1 fb−1. Similarly, for the CMS

cuts that collaboration find a “background free region” for 100 pb−1. Thus, for this analysis we

do not consider on any SM backgrounds. There is however an irreducible background with which

we must be careful. The Z boson can be produced along with the long-lived messenger quarks and

decay to neutrinos (equation 100 where the V boson is replaced by the Z boson). This generates

our signal. The Z boson also decays to leptons and jets. Thus, the invisible decay width of the

Z can be determined and the number of “signal” events generated by the irreducible background

ascertained. To be safe, we require the signal cross section to be no less than 10% for this irreducible

background.

In Figures 4 and 5, we place the results of our simulation. In the left panel of Figure 4, it is clear

the processes that pair produce only the colored long-lived particles dominate over the processes

that produce both the long-lived particles and the p/T . These events are dominantly back-to-back.

The right panel in Figure 4 is the same as the left panel but emphasizes the events that are not

back-to-back. These events are created by the emission of a dark boson in addition to the colored

long-lived particles. Thus, to search for the signal events with large p/T , we additionally require

cosφ > −0.9 (106)

where φ is the transverse angle between the two colored long-lived particles. This effectively elimi-

nates the events with only pair production of the colored long-lived particles. In Figure 6, we plot

the resulting missing energy from the emission of the dark gauge bosons.
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Figure 5: Reconstructed transverse angle between the two tagged 1 TeV long-lived color particles.
Included are events with and without the emission of a 50 GeV dark gauge boson. A detector
simulation which reproduces the GEANT4 response to colored meta-stable particles is implemented.
(This simulation takes into account the ATLAS and CMS detector topology and composition.) In
the left panel, it is clear most of the events are back-to-back. The right panel zooms in on the
non back-to-back events that are generated by the emission of the dark gauge boson. The dashed
(solid) lines are ATLAS (CMS).

Other Potential Signatures of Dark Gauge Bosons: It is possible that the long-lived parti-

cles are too heavy to observe at the LHC. If the mechanism presented in this paper is realized in a

larger theory (such as supersymmetric UV completion), other complementary signatures are possi-

ble. Typically dark matter searches at the LHC feature searching for distributions with kinematic

edges (in addition to those signatures have large amounts of p/T ). Radiating of dark gauge bosons

from the SUSY partners (or the equivalent) can add additional sources of p/T . Some distinctive

signatures are detailed in [1, 4].

Like the electroweak interactions, discovering theW and Z bosons confirmed the SU(2)L⊗U(1)Y →
U(1)em symmetry breaking pattern. This is also true for the dark gauge group symmetry breaking.

The signature discussed in the previous paragraph is defining. More definitive evidence can be gen-

erated if the dark gauge bosons produced by the process in equation 100 have a sizable branching

fraction into the SM. Assuming enough events, the invariant mass of the resulting SM products

could then be reconstructed. This is possible because tagging the two long-lived particles effectively

eliminates all backgrounds. A mass peak way from the Z-boson mass (see related discussion below

equation 105) would give a positive identification of the dark gauge boson mass. Since the system

is fully reconstructable, the spin can be determined thereby giving positive identification of the

dark gauge boson’s identity.
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Figure 6: The resulting missing momentum after the cut in equation 106 is applied. Like Figure
5, two tagged 1 TeV long-lived color particles are simulated with and without the emission of a
50 GeV dark gauge boson. The latter event remain after equation 106 is applied. The kinematic
cuts in the text are applied along with a simulation of the GEANT4 detector response to colored
meta-stable particles. This simulation takes into account the ATLAS and CMS detector topology
and composition. The dotted (solid) lines are ATLAS (CMS).

6 Conclusions and Outlook

In this paper, we presented a model in which a generic, dark chiral gauge group undergoes a first

order phase transition in order to generate the observed baryon asymmetry in the universe, provide

a viable dark matter candidate and explain the observed baryon-to-dark matter ratio of relic abun-

dances [1]. We focused a model in which a dark SU(2)D × U(1)D gauge group is spontaneously

broken to the diagonal Z2 center. This symmetry is used to stabilize a dark matter candidate.

Beyond the dark matter candidate, messenger leptons and quarks (charged under both the dark

and SM gauge groups) were included. The details of the particle content of this model is featured

in Section 3. In analogy to electroweak baryogenesis, we showed the model generates an excess of

heavy messenger quarks and leptons. These fermions are long-lived and eventually decay to the

SM and dark matter to generate a ratio of five dark matter candidates for every one SM baryon.

Ultimately, this ratio is due simply to the requirement of gauge anomaly freedom. The dark gauge

group symmetry breaking scale can be much larger than the weak scale. This is because dark

phase transition violates B − L but preserves B + L. Therefore, the excess of messenger quarks

(heavy baryons) and leptons is not erased by the background SM processes. Eventually, the excess

of heavy baryons decay to the Standard Model and dark matter to generate an excess of Standard

Model baryons.
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We showed new, large CP violating phases could be permitted in the dark sector sector. The

contributions to the various electric dipole moment (EDM) effective operators are at most three-

loop and parametrically suppressed. Additionally briefly outlined some distinctive experimental

signatures previously described in [1, 2, 3, 4]. Notably, as first discussed in [2], these dark matter

scenarios feature long-lived particles which can be observed at colliders.

Getting the right baryon-to-dark matter ratio requires a relatively light dark higgs boson. In order

to avoid fine-tuning of these higgses, we outlined how approximate symmetries in the higgs sector

stabilize the dark and electroweak scales thereby mitigating the hierarchy problem. Thus, given

new physics at the scale f , the SM and dark higgses can have natural masses of order λ4f/(4π)

and λ8f/(4π)2, respectively. The latter mass is due to “overlapping” chiral symmetries which force

the dark higgs mass to be generated at three loops. In addition, given a chiral symmetry which

protects the dark matter mass, this model radiatively generates a dark matter mass of order of the

electroweak vacuum expectation value (vev) suppressed by a loop factor (∼ vew/16π
2).
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During the completion of this work, [89, 90, 91, 92, 93, 94] appeared on the arXiv which shared

the motivation to generate an asymmetry with a non-trivial dark gauge group and have the

asymmetry communicated to the visible sector. As we have emphasized, in our previous work

[1], we first presented the idea of how new dark chiral gauge group could generate sphalerons

at finite temperature, nucleate additional bubbles and may be relevant for electroweak baryo-

genesis. The current work is to provide a specific model to the broad ideas described therein.

Other novel dark matter asymmetry scenarios that may be of interest to the reader can be found

in [95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 36].
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Appendix

A. Messenger Fermion Effective Operators

In this appendix, we list all the dimension six effective operators which involving the new particle

content in Section 3 and the SM. Each operator implicitly has a prefactor of ci/Λ
2
i where i labels

the operator. The operators with only one messenger fermion are

O1 = (qcL σQL) (l
c
L σ χL) O2 = (ecR σ LL) (l

c
L σ χL)

O3 = (ucR σ U) (ecR σ χR1
) O4 = (χcR1

σ E) (lcL, σ nR)

O5 = (dcR σ U) (χcR1
σ nR) O6 = (χcR1

σ N) (lcL σ nR)

O7 = (ucR σD) (ecR σ χR1
) O8 = (dcR σD) (χcR2

σ nR)

O9 = QL qL qL χL O10 = U uL dR χR2

O11 = DuR dR χR1
O12 = QL uR eR χL (107)

O13 = QL dR nR χL O14 = U qL lL χR2

O15 = D qL lL χR1
O16 = LL qL uR χL

O17 = LL lL nR χL O18 = N lL eR χR2

O19 = EL lL eR χR1

These operators were constructed only considering the symmetries of the particles involved. For

this appendix, all the lowercase, latin particles are the easily identifiable SM particles except for nR

which is the right hand component of the SM neutrinos. The important point here is the first eight

operators are generated by new gauge bosons resulting from dark-electroweak unification. These

operators encode how the messenger fermions decay. For completeness, we also list the operators

involving two messenger fermions. For ease, we restrict to operators resulting from scalar exchange.

O15 = QLQL uR nR O21 = DN dR lL

O16 = QL U χL χR2
O22 = LL LL eR nR

O17 = QLDχL χR1
O23 = LLN χL χR2

(108)

O18 = QL LL qL nR O24 = LLE χL χR1

O19 = U D dR dR O25 = N E lL lL

O20 = U E dR lL

Finally, the operators with four messenger fermions are

O26 = QLQL U D O28 = QL LLN D (109)

O27 = QL LL U E O29 = LL LLN E
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There are no operators with three messenger and/or dark matter fermions. We have omitted the

trivial dimension six operators with four dark matter candidates.

B. Stabilizing the Dark and Electroweak Scales

In this paper, we have discussed the effective description of this model at and below the dark and

electroweak symmetry breaking scales. This description features a very light dark higgs boson which

facilitates efficient dark matter annihilation; as a result, this annihilation generates a small dark

matter relic abundance. Therefore, by construction, the observed dark matter abundance comes

solely from the decay of decoupled messenger fermions. There are some inconsistencies, however,

that mar this picture. It is well-known that radiative corrections to the electroweak (and dark) higgs

boson masses are naively unsuppressed. This would mean the mass of each of the higgses could be

as large as the cutoff scale of new physics. Since the only known scale of new physics beyond the

electroweak scale is the Planck scale at 1019 GeV, an incredible amount of fine-tuning of the higgs

potential would be required to generate the dark and electroweak symmetry breaking scales. This

is the well-known hierarchy problem. With such a potentially large mass, the dark higgs would be

integrated out of the low-energy effective theory and could not be used to help explain the ratio of

the dark matter to baryon relic abundance. Of course, the problems with a Planck scale electroweak

higgs boson mass has been written about extensively. As a final point to emphasize the magnitude

of this problem, precision electroweak measurements generally set the scale of new physics to be

around 5 TeV [47, 72]. Yet, the scattering of the longitudinal W bosons [73] requires the SM higgs

must have a mass at most around 1 TeV. This deficit is called the little hierarchy problem. For

these reasons, an explanation outlining how the the dark and electroweak symmetry breaking scales

can be stabilized must be germane to the goals of this publication. In the following, we do just

that by using approximate symmetries between the dark and electroweak sectors. Interestingly,

this symmetry can be broken in such a way so that the electroweak and dark higgs masses can be

naturally of order the weak scale and around a GeV, respectively. Finally, for completeness in the

next section, we briefly discuss a supersymmetric UV completion which can address the hierarchy

problem as well.

B.1 A Motivation from Dark and Electroweak Unification

It is well known the electroweak gauge group can be expanded to SU(2)L ⊗ SU(2)R. This gauge

group is isomorphic to SO(4). At a high scale, it is assumed SU(2)R is broken to hypercharge

thereby giving an origin for global custodial symmetry. As previously discussed, the custodial

symmetry is explicitly broken by hypercharge and the top17 yukawa coupling. Even with these

explicit symmetry breaking terms, custodial symmetry is essential for the weak interactions and

17We neglect the other yukawa terms because they are extremely small relative to the top yukawa coupling.
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preserves the well-measured relation18,

MW =MZ cos θW . (110)

Here θW is the Weinberg angle. By analogy, we assume the dark gauge sector has a similar custodial

structure. This produces an additional dark SO(4). It is easy to unify the SO(4) ⊗ SO(4) dark

and electroweak groups into the maximal subalgebra of SO(8). In the next section, we outline how

a global chiral SO(8) symmetry can stabilize the dark and weak scales.

Before moving on, in order to finish the unification story, we note the dark and weak gauge groups

have four Cartan generators. Given that SU(3) color has an additional two, a simple dark and SM

unification group would need at least six. This leaves the simple groups E7, E8, SU(n + 1) and

SO(4n′ +2) where, respectively, n ≥ 7 and n′ ≥ 3. Here we made use of the fact that SO(4n′ +2)

are the only SO(2N) groups with complex spinor representations; further, gauge anomaly freedom

is automatic for SO(2N) groups. As an example, SO(4n′ + 2) can always be broken at the unifi-

cation scale to SO(4n′ +2) → SO(4n′ − 6)⊗ SO(8) where SO(8) contains the SU(2)4 of interest.

This breaking is equivalent to the well-known Pati-Salam unification [74, 75].

B.2 Stabilizing the Dark and Electroweak Scales with Overlapping Chiral

Symmetries

In this section, we extend the model described in Section 3 by employing additional chiral sym-

metries in order to stabilize the dark and electroweak symmetry breaking scales. More explicitly,

these symmetries protect both the dark and electroweak higgs masses. Here we outline a scenario in

which the electroweak and dark higgses generate masses at one- and three-loops, respectively. This

is needed as model relies on a light dark higgs bosons in order to obtain the correct the relic dark

matter abundance. The work in this section is an extension of Intermediate Higgs (IH) models [76]

which, in turn, take inspiration from the Little Higgs (LH) mechanism [37, 77].

Loop corrections to the electroweak and dark higgses’ masses produce quadratically divergent cor-

rections. Running in the loops are the fermions, gauge and scalar bosons described in Section 3. For

simplicity’s sake, we apply the IH philosophy to this section: To generate naturally light higgses, it

is enough to cancel out the quadratic divergences from the top (fermion) sector using global sym-

metries to protect the higgs mass. This rationale is due to the fact that the top yukawa coupling

is so much larger than, say the electroweak gauge couplings, and therefore contributes the most

to the radiative corrections of the electroweak higgs. To make this section as simple as possible,

we will assume the dark fermions have a much larger yukawa coupling than the gauge and scalar

bosons.
18Preservation of this relation means whatever new physics is associated with the weak scale is independent of

electroweak symmetry breaking mechanism.
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B.2.1 Preliminaries

In this section, we detail some essentials to show a mechanism for how the electroweak and dark

higgses generate masses at one- and three-loops respectively. For simplicity, we follow the philoso-

phy of the Intermediate Higgs (IH) models [76] and cancel the divergences only in the fermion sector.

We focus on a model with the coset space

G/H = SO(8)1 ⊗ SO(8)2/SO(8)V . (111)

This coset space generates 28 massless Nambu-Goldstone bosons whose mass is protected by the

SO(8)1 ⊗SO(8)2 chiral symmetry. For simplicity, we gauge both the SU(2)L⊗SU(2)D ⊗U(1)Y ⊗
U(1)D subgroup in both SO(8)1 and SO(8)2. The (now) pseudo-Nambu-Goldstone bosons (PNGBs)

transform as

h = (2, 1)(1/2,0) h† = (2, 1)(−1/2,0) (112)

φ = (1, 2)(0,1/2) φ† = (1, 2)(0,−1/2). (113)

We identify these PNGBs as the dark and electroweak higgses in Section 3. As before, the entries

in parenthesis label the (SU(2)L, SU(2)D) representations. The subscript parenthesis label the

(U(1)Y , U(1)D) representations. The rest of the 28 PNGBs transform as

Sh = (1, 1)(0,0) ⊕ (1, 1)(0,0) (114)

Sφ = (1, 1)(0,0) ⊕ (1, 1)(0,0) (115)

A = (2, 2)(0,0) ⊕ (2, 1)(0,1/2) ⊕ (2, 1)(0,−1/2) ⊕ (1, 2)(1/2,0) ⊕ (1, 2)(−1/2,0)

⊕ (1, 1)(1/2,1/2) + (1, 1)(1/2,−1/2) + (1, 1)(−1/2,1/2) + (1, 1)(−1/2,−1/2) . (116)

We are most interested in how the PNGBs transform under the SU(2)2 ⊗U(1)2 gauged subgroup.

We therefore can describe the vacuum orientation for the SO(8)1 ⊗ SO(8)2 symmetry breaking as

a unitary matrix Σ which transforms as

Σ → V1 ΣV
†
2 . (117)

Here V1,2 are the representations of the full SU(2)2 ⊗ U(1)2 subgroup. The background field Σ0

has the orientation

Σ0 =









1

1

1

1









. (118)

The Nambu-Goldstone bosons are fluctuations around this background in the direction of the broken

generators, Π = πaXa. They can be parametrized as [78]

Σ = eiΠ/f Σ0 e
iΠ†/f = e2iΠ/f Σ0. (119)
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The generators of the gauged SU(2)L ⊗ SU(2)D ⊗ U(1)Y ⊗ U(1)D subgroup are

QaL =
1

2















σa














Y = diag(0, 0, 1,−1, 0, 0, 0, 0)/2 (120)

QaD =
1

2















σa















YD = diag(0, 0, 0, 0, 0, 0, 1,−1)/2 (121)

where the lower row of matrices are the generators for the dark gauge group. The custodial SU(2)

matrices are

Ra =
1

2















σa















RaD =
1

2















σa















(122)

of which Y and YD are subgroups. Notice, Σ0 does not break the SU(2)2 ⊗ U(1)2 subgroup of

SO(8)1 ⊗ SO(8)2. The PNGB matrix can be written as

Π =
1

2



















h

h†
A

†

A
φ†

φ



















, (123)

where we have omitted the SU(2) singlets in equations 114 and 115. They are irrelevant to the

rest of the arguments in this section.

We are now able to make the most important points of this section:

1. In the limit where A is heavy and integrated out, the dark and electroweak higgses are

protected by different SO(4) ⊗ SO(4) chiral symmetries. Both higgses are protected by the

full SO(8) ⊗ SO(8) chiral symmetry when A is not integrated out.

2. The background field Σ0 preserves both the “overlapping” SO(4)⊗SO(4) and the full SO(8)⊗
SO(8) chiral symmetries.
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This last point a major difference between the models in this paper and LH theories. As we will

see, the preservation of additional “overlapping” chiral symmetries allows the higgses in the theory

to generate a mass at a larger loop order. To emphasize in this example, the SO(8) ⊗ SO(8) and

SO(4)⊗ SO(4) chiral symmetries are “overlapping” because they both protect both the dark and

electroweak higgses. We now outline how this mechanism can be applied to the fermion (top)

sector in the next section. It is well-known the top sector generates the largest contribution to the

electroweak higgs’ mass. For simplicity, we apply the same criteria [76] in this work. We briefly

discuss the scalar and gauge boson sectors in section following the next. Further work to fully

explore this mechanism is postponed for [79]. Although we have developed this mechanism for

this baryogenesis model, it can also be used to explain a light higgs and the absence of other new

physics at the LHC [79]. We also make some comments toward this research direction in the section

following the next.

B.2.2 Dark Fermion and Top Quark Sector

As discussed in previous sections, we want a dark higgs that is naturally of order the GeV scale to

facilitate dark matter annihilation. To accomplish this in the fermion sector, we do the following:

3. We explicitly break the chiral SO(4) ⊗ SO(4) symmetry under which the SM higgses trans-

forms non-trivially as a goldstone boson. This applies the LH mechanism to the elec-

troweak higgs which gets a mass at one-loop. This breaking also simultaneously breaks

the SO(8)⊗ SO(8) chiral symmetry.

4. The dark higgs only knows about the explicit SO(8) ⊗ SO(8) chiral symmetry breaking via

the additional higgs particle, A. Thus dark higgs gets a mass at three-loops due to diagrams

which exchange A.

In the dark fermion/top sector we have an approximate SO(8) multiplet of fermions (see equa-

tion 25) which include new fermions, qL and qR. The latter fermions transform like the left- and

right-handed SM top quarks. The fermion multiplet in the approximate 8 of SO(8) is

ψ =









QL
QR
qL
qR









(124)

where

QR =

(

Dc

U c

)

qR =

(

bcR
tcR

)

. (125)
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To be explicit under the approximate global symmetries, the fermions transform as

ψ → ψ V †
1 ψ → V2 ψ (126)

Q→ QU †
4 Q→ V4Q (127)

q → q U
′ †
4 q → V ′

4 q (128)

where we have defined

Q =

(

QL
QR

)

q =

(

qL
qR

)

. (129)

V1, V2 were defined above. U4, V4, U
′
4 and V ′

4 are the generators of the SO(4)1, SO(4)2, SO(4)′1

and SO(4)′2 global symmetries, respectively. Following [77, 77] and the requirements in Items 3

and 4 in the above list, we write the following

L′ = λ1f ψΣψ − λ2f qL q
′
L − λ3f q

′
R qR. (130)

Here λi are not related to the λi couplings in Section 3. f is the scale of new physics which generates

these couplings. q′L and q′R are additional fermions that transform under the SM gauge group as

top-quarks. They are not in the SO(8) multiplet and explicitly break the global chiral symmetries.

It is clear the first term in equation 130 preserves all of the chiral symmetries. As prescribed by the

IH/LH mechanism, the λ2 and λ3 terms break only parts of the SO(4)′1 ⊗SO(4)′2 chiral symmetry

that acts on qL and qR. More explicitly, the λ2 term breaks the SO(4)′1 global symmetry while

the λ3 term breaks SO(4)′2. Thus, both terms are needed to completely break the SO(4)′ chiral

symmetry. Since A is included in the higgs multiplet, λ2 and λ3 are both needed to break the

overall SO(8)1 ⊗ SO(8)2 chiral symmetry.

Effective Higgs Potential: We can eliminate the unphysical PNGBs from the dark and elec-

troweak higgses by performing a dark and electroweak gauge transformation. As discussed in

Section 3, the vacuum misalignment with respect to the dark and electroweak gauge interactions

can be parametrized by the angles

α = 2 〈η〉/f β = 2 〈ξ〉/f θ = 2 〈φ0〉/f (131)
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where we have required 〈η〉 = v1, 〈ξ〉 = v2 and 〈φ0〉 = vew. The fermion mass matrix can be written

as

M(Σ) = λ1











































1 0 0 0 0 0 0 0 0 0 0 0
0 c′ i s′ i s′′ 0 0 0 0 0 0 0 0
0 −i s′ ∗ c′′ −2 s′′′ 0 0 0 0 0 0 0 0
0 −i s′′ ∗ −2 s′′′ ∗ c′′′ 0 0 0 0 0 0 0 0
0 0 0 0 c 0 0 i s λ12 0 0 0
0 0 0 0 0 c i s 0 0 λ12 0 0
0 0 0 0 0 i s c 0 0 0 λ13 0
0 0 0 0 i s 0 0 c 0 0 0 λ13
0 0 0 0 λ12 0 0 0 0 0 0 0
0 0 0 0 0 λ12 0 0 0 0 0 0
0 0 0 0 0 0 λ13 0 0 0 0 0
0 0 0 0 0 0 0 λ13 0 0 0 0











































We have evaluated the sigma field in equation 119 and defined

c = cos θ s′ = α sin θ′/θ′ s′′ = β sin θ′/θ′ s′′′ = αβ∗ s′ 2/θ′ 2 (132)

s = sin θ c′ = cos θ′ c′′ = α∗α+ β∗β c′/θ′ 2 c′′′ = β∗β + α∗α c′/θ′ 2 (133)

and θ′ =
√

α2 + β2. As well, we also defined λ12 = λ2/λ1 and λ13 = λ3/λ1. It is easy to verify

∂

∂θ
tr (M †M)n = 0

∂

∂α
tr (M †M)n

′

= 0
∂

∂β
tr (M †M)n

′

= 0 (134)

where n ≤ 2 < n′. Because n, n′ ≤ 2 the quadratic and logarithmically divergent pieces of the

one-loop Coleman-Weinberg potential

− 3Λ2

8π2
trM †M − 3

16π2
tr(M †M)2 ln(M †M/Λ2). (135)

for the SM higgs automatically vanish. The logarithmic two-loop divergent term is given in [] for

various renormalization schemes. However, we were unable to find the quadratically divergent piece

for the two-loop Coleman-Weinberg potential in the literature. Despite this, in the next paragraph,

we make an estimate.

We can estimate the contribution of the fermion loops to the two-loop Coleman-Weinberg potential

by checking the two-loop cancellations diagram-by-diagram. Of course, we limit our attention to

diagrams that involve the dark fermions and scalars which originate from equation 130. We expand

Σ in equation 130 to determine the couplings which could radiatively generate a higgs mass. The
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Figure 7: Impartial cancellation between the three-loop diagrams for the dark higgs.

important terms are

L′ ⊃ λ1f QQ+ λ1f q q − λ2f qL q
′
L − λ3f q

′
R qR (136)

+ 2i λ1

(

QH Q+QA†q + q AQ+ qΦ q

)

− 2λ1
f

(

Q (H H† +A†A)Q+Q (H†H +A†Φ) q

+ q (AH +ΦA)Q+ q(A†A+Φ†Φ)q

)

+ . . .

where we have defined

H =

(

h
h†

)

Φ =

(

φ
φ†

)

. (137)

Using this equation, it is straightforward to show all of the coefficients to the 1-loop SM higgs mass

exactly cancel expect for those diagrams that involve both λ2 and λ3. This, again, was the point

of the LH mechanism and verified by the previous paragraph. However, all of the 1- and 2-loop

corrections to the dark higgs mass cancel. The 3-loop diagram (shown in the Figure 6 above) that

involves both λ2 and λ3 is incompletely canceled. Thus the fermion sector in this model generates

natural masses of order

mφ ∼ λ4f/(4π) mh ∼ λ8f/(4π)2. (138)

In the next section we discuss the correction to the higgs potential by the gauge and scalar bosons.
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B.2.3 Gauge and Scalar Boson Sectors

Gauge Boson Sector: As previously mentioned, the SU(2)L⊗SU(2)R⊗SU(2)D⊗U(1)Y ⊗U(1)D

is gauged. The unique two derivative term for the Σ field is

f2

4
tr|DΣ|2 (139)

where

DΣ = ∂Σ− i
∑

i=1,2

giW
a
i (Q

a
i Σ+ ΣQai )− i

∑

i=1,2

g′iBi(Yi Σ+ ΣYi). (140)

To make the notation compact, we define gi = (gew, gdark) and the generators Qai = (QaL, Q
a
D), and

Yi = (Y, YD). We also define W a
i = (W a, V a), Bi = (B,U) where V and U are dark gauge bosons.

For simplicity, we have not implemented any symmetries to protect the dark or electroweak higgs

potential from large radiative corrections from the gauge sector. Thus, the higgses get masses of

order

mφ ∼ g21 f mh ∼ g22 f (141)

at one loop where we have assumed a cutoff of Λ = 4πf . Again, f is the scale of new physics and

gi = (gew, gdark). We assume the higgses’ bare mass is tiny. As discussed in [], canceling only the

top divergences results in a 6 TeV cutoff for new physics in the electroweak sector. So the gauge

boson corrections to the dark higgs sector are not larger than the cancellations in the dark fermion

sector, we assume the gauge coupling is very weak

g2 < 1/(4π). (142)

This is with the assumption that λ in equation 138 is approximately one. Again this restriction is

done to make this section as simple as possible.

Scalar Sector: Naively, the dark higgses gets a mass of order

mh ∼ λ2 f (143)

from the dark and electroweak higgs’ scalar potential. Again, the coupling is unrelated to the λs

in other sections of the paper; and, we have assumed a cutoff of Λ = 4πf and f is the scale of new

physics. We note that the interaction terms in the scalar potential that can generate this mass

also are the same interactions which allow dark matter annihilations through the higgs portal. In

particular the operator

λ′φ†φh†h, (144)

is essential for both the radiative corrections and the dark matter annihilations. Just like in IH/LH

theories, the scalar potential is generated by the one- and two-loop Coleman-Weinberg potential.
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The potential is produced by fermion and gauge boson corrections. Above, we have required

the gauge boson corrections to be parametrically suppressed. However, as described above, the

Coleman-Weinberg potential generated by the top interactions cancels (at minimum) one-loop

radiative corrections. These cancellations are preserved in the couplings of the dark higgs and

electroweak higgs scalar potential thereby negating equation 143.

B.2.4 Generalized Mechanism/Additional Points

In this section, we very briefly outline how to extend the mechanism of the overlapping chiral sym-

metries to the gauge sector. Before doing so, we note the mechanism to give the dark higgs a mass

at three-loops can be used for LHC model building; this is especially true if the LHC continues not

to find any new physics beyond the SM. In this case, the SM higgs can be the light higgs boson

without finetuning. Moreover, adding an additional discrete symmetry, e.g. T-parity [80], to the

theory can decouple the SM higgs by an additional loop factor. This further decouples new physics

from the SM. We hope these techniques will not be needed and the LHC finds new physics soon.

Intentionally, we did not apply the overlapping chiral symmetries to the gauge sector for sim-

plicity. It is, however, to imagine how this can be accomplished. In LH scenarios, the higgs bosons

have to be protected as goldstone bosons in the event on of the gauge couplings is set to zero. In

the LH case the global symmetry protecting the higgs is explicitly broken by to gauge couplings.

This eliminates one-loop divergences. For the considered scenario, it seems reasonable one has to

construct a model where the global symmetry protecting the goldstone bosons is broken by four

gauge couplings. Further work on this is postponed for [79].

C. Dark Matter Relic Abundance from Dark Photon

In this appendix, we simply show how efficient it is for the dark matter to annihilates via the

dark photon. This annihilation parametrically depends on the kinetic mixing parameter ǫ. We will

show the available parameter space needed to ensure the correct relic abundance is small thereby

demonstrating the need for a light dark higgs.

As a quick reminder of Section 4, the low-velocity thermally averaged annihilation cross section is

〈σ|v|〉 = a+
6T

mχ
b+

60T 2

m2
χ

c+ . . . (145)
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Explicit computation of a and b for annihilations through the kinetic mixing portal results in

akinetic =
∑

l

8π ǫ2 ααdarkmχ

√

m2
χ −m2

l

(

m2
l + 2m2

χ

)

(

m2
γ′ mχ − 4m3

χ

)2 (146)

+
∑

q

32π ǫ2ααdarkmχ

√

m2
χ −m2

q

(

m2
q + 2m2

χ

)

3
(

m2
γ′ mχ − 4m3

χ

)2 ,

bkinetic =
∑

l

πǫ2 ααalpha

(

64m6
χ + 8m4

χ(m
2
γ′ − 4m2

l )− 4m2
lm

2
χ(m

2
γ′ + 17m2

l ) + 5m2
γ′m

4
l

)

3mχ

√

m2
χ −m2

l

(

m2
γ′ − 4m2

χ

)3 (147)

+
∑

q

4πǫ2 ααdark

(

64m6
χ + 8m4

χ(m
2
γ′ − 4m2

q)− 4m2
qm

2
χ (m

2
γ′ + 17m2

q) + 5m2
γ′m

4
q

)

9mχ

√

m2
χ −m2

q

(

m2
γ′ − 4m2

χ

)3 .

where again ǫ is the kinetic mixing parameter. mγ′ is the mass of the heavy photon. Implicit is

the summation is over the final state quarks and leptons. The dark matter relic abundance is

Ωχ h
2 ∼ 1.04× 109

Mpl

xF√
g∗

1

a+ 3b/xF
. (148)

In Figure 8, we fix ǫ ∼ 10−3 and vary the dark mass so that h2 Ωrelic DM < 0.0034.
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Figure 8: Allowed parameter points for the relic dark matter abundance that does not originate
from the messenger fermion decays. Each point represents a point in parameter space that yields
an abundance of h2Ω < 0.0034. The difference between this plot and the plots in Section 4 is
the dark matter annihilates via the dark photon only. It is clear this model requires dark matter
annihilation via a dark higgs to be dominant.
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