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a b s t r a c t

Dark matter that was once in thermal equilibrium with the Standard Model is generally prohibited from
obtaining all of its mass from the electroweak phase transition. This implies a new scale of physics and
mediator particles to facilitate dark matter annihilation. In this work, we focus on dark matter that
annihilates through a generic gauge boson portal. We show how partial wave unitarity places upper
bounds on the dark gauge boson, dark Higgs and dark matter masses. Outside of well-defined fine-tuned
regions, we find an upper bound of 9 TeV for the dark matter mass when the dark Higgs and dark gauge
bosons both facilitate the dark matter annihilations. In this scenario, the upper bound on the dark Higgs
and dark gauge boson masses are 10 TeV and 16 TeV, respectively. When only the dark gauge boson
facilitates dark matter annihilations, we find an upper bound of 3 TeV and 6 TeV for the dark matter
and dark gauge boson, respectively. Overall, using the gauge portal as a template, we describe a method
to not only place upper bounds on the dark matter mass but also on the new particles with Standard
Model quantum numbers. We briefly discuss the reach of future accelerator, direct and indirect detection
experiments for this class of models.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the nature of dark matter (DM) is one of the
most pressing unresolved problems in particle physics. Dark mat-
ter is needed to understand structure formation, the observed
galactic rotation curves [1–3] and the acoustic peaks in the cosmic
microwave background [4]. Moreover, the dark matter relic abun-
dance is measured to be [4]

h2 Ωc = 0.1199 ± 0.0027. (1)

A compelling argument for the origin of this abundance is to
assume dark matter was once in thermal contact with the baryon–
photon plasma during the early universe. Since all known forms
of matter in the universe were once in thermal equilibrium, this
type of dark matter is theoretically persuasive. In this scenario, the
measured relic abundance is controlled by dark matter annihila-
tions into Standard Model (SM) particles. Because of constraints
from the observed large scale structure in the universe, darkmatter
must be stable and non-relativistic (cold) when departing thermal
equilibrium [2].

The Standard Model (SM) alone cannot account for the miss-
ing matter in the universe [5]. Current experimental constraints,
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however, provide someguidance on the structure of the underlying
theory. For example, the lack of large missing energy signatures
at the Large Hadron Collider (LHC) [6–16] and other colliders
[17–24] suggest that dark matter is either heavy or has very small
couplings with the SM so that it is not produced in high-energy
collisions. Additionally, direct detection experiments [25–27], up-
dated precision electroweak constraints, and precision Z-pole ex-
periments [28–30] all severely constrain the direct coupling of
dark matter to the SM Higgs and/or Z bosons. These constraints all
imply dark matter cannot obtain all of its mass from the SM Higgs
alone [28]. Thus, if dark matter is a weakly interacting massive
particle (WIMP), we are led to scenarios where new mediators
facilitate dark matter interactions with the SM. Moreover, a new
fundamental scale of physics is needed that is (at least partly)
responsible for the dark matter mass. Mediator-facilitated inter-
actions help to evade current experimental constraints by partially
decoupling the darkmatter from the SM. Should these scenarios be
realized in nature, the discovery of themediator particleswould be
an important step in understanding the nature of dark matter. It
is therefore crucial to place bounds on the masses and couplings
of these mediators. The most popular ways for dark matter to
annihilate via amediator particle are through the Higgs [31] boson,
through scalars that are coloured or charged, or via a new neutral
gauge boson. Some of us considered the perturbative unitarity
constraints on the Higgs portal in [32–34]. In this work, we focus
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on placing constraints on a scenario where fermionic dark matter
is charged under a new, dark gauge group, U(1)D. This gauge group
is spontaneously broken by a dark Higgs, Φ , generating a massive,
dark Z ′ boson. This boson is also known in the literature as a dark
photon. The dark Z ′ mixes kinetically as well as through mixed
mass terms with the SM Z boson. Thus, the mixing between the
hidden sector and the SM allows dark matter (DM) to annihilate
via the Higgses, Z and Z ′ bosons.

We apply unitarity constraints in a manner reminiscent of Gri-
est and Kamiokowski [35]. However, there are important differ-
ences: Here we focus on perturbative unitarity constraints which
determine, in particular, when the dark matter couplings become
strong. WIMP dark matter and perturbativity have always had
an important conceptual association. Dark matter masses that
violate the perturbative unitarity bounds imply the dark matter
is efficiently forming bound states as well as annihilating as the
temperature decreases toward the thermal decoupling tempera-
ture. Because the dark matter annihilates into lighter states, the
annihilation diagrams can be altered (and sometimes dressedwith
these lighter states) to produce diagrams inwhich the bound states
decay. The darkmatter decays have a lifetimewell shorter than the
age of the universe. Elementary dark matter with a mass beyond
the perturbative unitarity bounds may not be an asymptotic state.
The resulting bound state is not a viable dark matter candidate.
Thus within the gauge portal, the bounds presented in this paper
are a first step in understanding the nature of thermally produced
dark matter when a coupling necessary for dark matter annihi-
lation becomes strong. Note, it is well known that viable dark
matter candidates exist that are the result of strongly coupled
or confining hidden sectors. However, in these models the dark
matter annihilation processes are still perturbative [36]. We show
our perturbative unitarity constraints are improved in comparison
to the updated Griest and Kamiokowski bounds [37]. Of central
importance is the fact that our methodology places constraints on
any particle associated with the dark matter annihilation. For this
paper, our bounds on the masses and couplings of the new Higgs
and dark gauge boson are novel.

Our basic perturbative unitarity arguments are straightforward.
The DM annihilation cross section depends on the masses of the
dark matter, the dark Higgs, and the Z ′, as well as the dark matter
couplings to the dark Higgs and dark Z ′. As the dark matter gets
heavier, its annihilation cross section decreases. In order for heavy
dark matter to satisfy the relic abundance constraints, it must
annihilate more efficiently and therefore have sizeable couplings
to the SM and hidden sectors. Eventually, the couplings required
to obtain the correct relic abundance are so large that perturbative
unitarity is violated. Perturbative unitarity arguments therefore
set an upper bound on the dark matter mass. If the dark Higgs
and gauge boson masses are raised to be larger than the dark
matter mass, fewer (and more suppressed) annihilation channels
are available. The annihilation cross section in these regimes of
parameter space is thus diminished. Therefore these arguments
yield bounds on the dark matter mass as well as on the mass of
any other particle involved with the dark matter annihilation.

In the next section, we introduce a generic U(1)D model on
which to place our unitary bounds and introduce the parameters
that need to be constrained as well as the constraints from elec-
troweak precision tests (EWPT). In Section 3, we show how to
apply unitarity constraints on the various sectors of the model.
Section 4 details how relic abundance and direct detection con-
straints on the DM sector impact the masses and couplings of the
theory. Section 5 gives our results by detailing the bounds on the
particle masses obtained by applying the EWPT, unitarity and relic
abundance constraints. Conclusion and Appendices follow.

2. A representative model

We extend the SM with an additional U(1)D gauge group with
coupling gD that is spontaneously broken at a high scale. This dark
group is associated to a dark gauge boson that mixes kinetically
and via mass terms with SM hypercharge. The U(1)D gauge group
is broken by a new, dark Higgs, that gets a vev u. The model then
includes two Higgs fields

H =
1

√
2

( √
2G±

v + h + i G0

)
Φ =

1
√
2

(
u + ρ + i G0

ρ

)
(2)

where H is the SM Higgs. We also introduce a DM candidate χ ,
which is a chiral fermion, neutral under the SM gauge groups but
charged underU(1)D. All SM particles are taken to be neutral under
U(1)D. The dark charge assignments for the DM and the dark Higgs
are

QΦ = −2 QχL = −1 QχR = 1. (3)

Anomaly cancellation mandates the introduction of the second
chiral fermion. In this work, we take this additional fermion to be
much heavier than the other particles so that it does not have any
influence on the final results.

We adopt the notations and conventions from [38]. The relevant
parts of the lagrangian associated to new physics is

L = Lgauge + LDM + LHiggs (4)

where the dark matter and gauge sectors are
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1
4
B̂µν B̂µν

−
1
4
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−
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2
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(5)

LDM = χ̄L /DµχL + χ̄R /DµχR − λχ χ̄LΦχR + h.c. (6)

and
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is the Higgs sector. The kinetic mixing is parameterized by the
mixing angle δ. The kinetic terms can be diagonalized by defining
new fields Bµ and Z ′

µ such that [38](
B̂µ

Ẑ ′
µ

)
=

(
1 − tan δ

0 sec δ

)(
Bµ

Z ′

µ

)
(9)

where the hatted fields are the fields before diagonalizing kinetic
mixing. Denoting g1 and g2 as the SM hypercharge and weak
couplings respectively, the covariant derivatives for the Higgs and
DM fields then become

DH = ∂H − ig2W aσ aH −
ig1
2

BH +
ig1
2

tan δ Z ′H (10)

DΦ = ∂Φ −
2igD
cos δ

Z ′Φ (11)

DχR = ∂χR −
igD
cos δ

Z ′χR (12)

DχL = ∂χL +
igD
cos δ

Z ′χL. (13)

Any SM particle with non-zero hypercharge will then acquire a
dark charge. We now have the effective dark gauge coupling

g ′
=

gD
cos δ

. (14)
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