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The paradigm of portal matter represents a well-motivated extension to models with kinetic mixing/
vector portal dark matter. In previous work, we constructed a simple leptonic portal matter model in which
the portal matter fields could mediate a new physics correction to the anomalous magnetic moment of the
muon consistent with the observed discrepancy between the measured value for this quantity and the SM
prediction. Here, we present a version of this mechanism by constructing a model with an extended dark
gauge sector in which SM and portal matter fields exist as members of the same dark gauge multiplets,
which provides a natural extension of simple portal matter models. We find a rich phenomenology in this
extended model, including nontrivial novel characteristics that do not appear in our earlier minimal
construction, and discuss current experimental constraints and future prospects for this model. We find that
a multi-TeV muon collider has excellent prospects for constraining or measuring the crucial parameters of
this model.
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I. INTRODUCTION

Estimated to compose roughly 80% of the matter content
of the universe, the presence of dark matter (DM) is clearly
indicated through a plethora of cosmological and astro-
physical data. However, DM’s characteristics remain a
mystery apart from its gravitational interactions, leading
to a variety of extensions of the Standard Model (SM)
featuring DM candidates [1–7]. As the parameter space
for WIMP DM [1] continues to be constrained by exper-
imental searches,1 other thermal DM paradigms have
proliferated that can readily avoid these constraints and
easily open up new viable parameter spaces for dark matter.
For dark matter in the sub-GeV mass range (which might
avoid stringent direct detection constraints from nuclear
recoils [9–13]), a popular framework is that of vector
portal/kinetic mixing [14–19]. In the simplest realization of
this setup, the SM gauge group is augmented by a local
Abelian Uð1ÞD symmetry, under which an SM singlet DM
candidate is charged, while the SM particle content is
entirely neutral under the new group. Contact between the

dark sector and the SM occurs via small kinetic mixing
between Uð1ÞD and Uð1ÞY , the SM hypercharge, via a
term in the action

ϵ

2cw
BμνXμν; ð1Þ

where Bμν is the usual SM hypercharge field strength
tensor, Xμν is the field strength tensor for the dark photon
field, and cw is the cosine of the Weinberg angle. For a
massive dark photon (where this mass might be achieved
by a Higgs or Stuckelberg mechanism), this mixing then
leads to a coupling between the dark photon and SM fields
with nonzero hypercharge proportional to ϵ. For a sub-GeV
DM candidate and a dark photon of comparable mass, this
model will reproduce the Planck [20] observation of the
DM relic abundance for ϵ ∼ 10−ð3–5Þ, depending on model
specifics.
As noted by Holdom [14,15], finite and calculable

kinetic mixing of this magnitude can be generated at
one loop if there exist additional fields in the theory which
are charged under both Uð1ÞD and Uð1ÞY , and the Uð1ÞD
and Uð1ÞY charges of the additional fields are such that the
ultraviolet divergence from each field’s loop contribution is
canceled by the others. Recently there has been interest in
the theory and phenomenology of these “portal matter”
fields [21–31], in scenarios in which they are light enough
to be kinematically accessible at present or near-future
experiments. It was noted in [21] that if the portal matter is
fermionic, the most phenomenologically viable scenario
would be for the portal matter to be charged under Uð1ÞD,
have identical SM quantum numbers to some SM field, and
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be vectorlike under the SM gauge group and Uð1ÞD.
Such fields have distinctive experimental signatures in
collider experiments [32,33], dominantly decaying into
highly boosted jets (for QCD-charged portal matter) or
leptons (for leptonic portal matter), plus a dark photon or
dark Higgs, in contrast to channels featuring the emission
of an electroweak boson that dominate vectorlike fermion
decay widths in scenarios without the Uð1ÞD symmetry.
Furthermore, these new portal matter fields may play a role
in a variety of other unresolved questions in physics, such
as the recently observed W mass anomaly [27,34].
One intriguing possibility is that the portal matter is

purely leptonic in nature. As a concrete example, in [30]
we suggested a minimal portal matter construction in
which loops of portal matter fields with dark photons
and dark Higgs bosons can account for the discrepancy
between the experimental measurement of the anomalous
magnetic moment of the muon [35,36] and the theoretical
expectation [37–57],

Δaμ ¼ aexpμ − aSMμ ¼ ð251� 59Þ × 10−11: ð2Þ

In [30] two pairs of leptonic portal matter fields (weak
isospin singlets and doublets) were introduced. The weak
isospin doublet and singlet fields are mixed by a Yukawa
coupling to the SM Higgs field, and the dominant con-
tribution to Δaμ is directly proportional to this coupling,
yLE. Somewhat remarkably, the beyond Standard Model
(BSM) contribution toΔaμ is to an excellent approximation
independent of the details of the sub-GeV DM sector,
and only dependent on the portal matter masses and their
couplings to the SM and dark Higgs fields. For portal
matter masses of ∼1 TeV, the observed Δaμ can be
accommodated for intriguingly small values of yLE,
roughly on par with the b quark or τ lepton Yukawa
couplings, and for larger yLE ∼Oð1Þ, portal matter masses
of several TeV are potentially permitted.
While the minimality of the leptonic portal matter

construction of [30] is in some respects attractive, like
many minimal portal matter models, it suggests the
possibility of a UV extension. As noted in [21], the Uð1ÞD
charge assignments in a minimal realization of the portal
matter paradigm are essentially arbitrarily chosen to satisfy
the need for finite and calculable kinetic mixing, and
the fact that portal matter fields share quantum numbers
with SM fields immediately suggests that both portal
and SM matter might be embedded in multiplets of a
larger dark sector gauge group, which, if it is semisimple,
will automatically yield finite and calculable kinetic mix-
ing. Therefore a number of more “UV-complete”models of
portal matter have recently been developed to explore the
model building possibilities of these types of constructions,
such as [22,24,26,28].
This paper expands the work of [30] in this direction by

proposing an extended dark sector gauge group. Noting that

the necessary yLE values to account for the observedΔaμ in
our minimal construction can be of the same magnitude
as the τ Yukawa couplings, and that by restricting our
model to the second and third generations we can avoid
stringent precision constraints on new physics couplings
to electrons, we choose as our semisimple extended dark
sector the group SUð2ÞA × SUð2ÞB and associate it with a
flavor symmetry in the second and third lepton generations.
This extended construction possesses several appealing
aspects: it is anomaly-free, and, because the dark gauge
group is semisimple, kinetic mixing between any Uð1Þ
subgroups of it (including the group Uð1ÞD which we
identify with the group of the same name in minimal portal
matter models) and the SM are finite and calculable.
Furthermore, in contrast to the case of [30], the multiplet
structure we choose relates some of the Higgs Yukawa
couplings between isospin singlet and doublet portal
matter directly with observed SM lepton masses.
Constraints on flavor-changing currents are significantly
mitigated with the addition of a Z2 global discrete sym-
metry to the theory.
Upon analyzing the viable parameter space of this

model, we find a rich phenomenology, including two
qualitatively different scenarios which can both address
the anomalous magnetic moment of the muon, based on the
Z2 parity of the particle that is identified as the muon.
The first, which we call scenario A, closely resembles the
minimal model of [30], with Uð1ÞD-charged portal matter
that dominantly decays into muons and a contribution to
the muon magnetic moment which is independent of any
gauge couplings or other parameters of the underlying
simplified dark matter model. In the other case, which
we denote as scenario B, the portal matter does not directly
mix with the muons, and instead decays dominantly to τ
leptons–there are meanwhile Uð1ÞD-neutral vectorlike
leptons that dominantly decay into the muons. Because
loops involving heavier TeV-scale dark sector gauge
fields now dominate the calculation, the g − 2 correction
in this scenario bears a greater similarity to the model
of [58], in which a heavy Z0 acts to generate the muon
magnetic moment anomaly rather than a sub-GeV dark
photon.
The remainder of the paper is laid out as follows. In

Sec. II, we outline the construction of our model and
identify various important features, as well as presenting
notation that we shall use for the remainder of the work. In
Sec. III, we explore the parameter space for which the
constructions of scenario A and scenario B can recreate the
observed g − 2 anomaly. In Sec. IV, we outline existing
constraints and future prospects on both scenario A and
scenario B, focusing on collider phenomenology and the
usefulness of a multi-TeV muon collider in constraining or
observing crucial model parameters. In Sec. V, we sum-
marize and discuss our findings and mention directions for
future work.
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II. MODEL DESCRIPTION

We will consider the augmentation of the SM gauge
group GSM ¼ SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY by a dark
gauge group GD, which we take to be of the form

GD ¼ SUð2ÞA ⊗ SUð2ÞB; ð3Þ

and further augment the theory with a global Z2 symmetry.
Turning now to the fermionic matter content of the model,
the SM quarks are taken to be singlets with respect to GD
and Z2, as is one generation of the SM leptons. However, the
other two generations of SM leptons will arise as the light
degrees of freedom from mixing with sets of leptonic portal
matter states. These states have nontrivial quantum numbers
with respect to GD and/or Z2 as well as the electroweak
gauge group, and are chosen to satisfy gauge anomaly
constraints. Because GD is semisimple, any kinetic mixing
featuring the gauge fields associated with GD will be finite
and calculable. The list of these fields is given in Table I.
The breaking of GD occurs in two stages: the first to the

usual Uð1ÞD of minimal portal matter constructions, which
occurs at OðTeVÞ scales, and the second the breaking of
Uð1ÞD, which occurs at sub-GeV scales. The SM Higgs
bosonH is taken to be a singlet with respect toGD, and thus
new scalar fields must be introduced to achieve the required
symmetry breaking pattern. More precisely, we introduce
the dark scalar Φ, which is a bidoublet with respect to
SUð2ÞA ⊗ SUð2ÞB, and two real scalar triplets ΔA;B, which
are triplets with respect to SUð2ÞA;B, respectively. In
addition, Φ is even and ΔA;B are odd with respect to Z2.
The dark scalar field content is summarized in Table II.
Writing the overall scales of the vacuum expectation

value (vevs) of Φ and ΔA;B as vΦ and vΔA;B
, schematically,

we have

SUð2ÞA⊗SUð2ÞB⊗Z2⇒
vΦ∼1TeV

Φ
Uð1ÞD⊗Z2⇒

vΔA;B∼1GeV

ΔA;ΔB

Z0
2:

We note the appearance of a residual unbroken Z0
2, which

arises from a combination of the unbroken part of Uð1ÞD
and the global Z2 symmetry, as discussed in greater detail
in Appendix A. We will see that while the conserved Z0

2

leads to a number of intriguing features, it will ultimately
need to be broken to generate viable lepton mixing. We will
comment later in this paper on possible extensions of this
scenario that allow for Z0

2 breaking.
As discussed in [30], we will not include terms that

couple the SM Higgs boson to the dark sector at the
renormalizable level, as such interactions are strongly
constrained by, e.g., the invisible Higgs width (this issue
is generic to portal matter constructions). In this case, the
electroweak symmetry breaking and the dark symmetry
breaking are decoupled. Focusing on the dark gauge group
breaking, the most general renormalizable scalar potential
that respects SUð2ÞA ⊗ SUð2ÞB ⊗ Z2 is given by

VðΦ;ΔA;BÞ ¼ −μ21TrðΦ†ΦÞ − μ22
2
½TrðΦ̃†ΦÞ þ H:c:� − μ23TrðΔ2

AÞ − μ24TrðΔ2
BÞ þ λ1TrðΦ†ΦÞ2 þ λ2

2
½TrðΦ̃†ΦÞ2 þ H:c:�

þ λ3
2
½TrðΦ†ΦÞTrðΦ̃†ΦÞ þ H:c:� þ λ4TrðΔ4

BÞ þ λ5TrðΦ†ΦÞTrðΔ2
BÞ þ

λ6
2
½TrðΦ̃†ΦÞTrðΔ2

BÞ þ H:c:�

þ λ7jTrðΦ̃†ΦÞj2 þ λ8TrðΦ†ΔAΦΔBÞ þ
λ9
2
½TrðΦ̃†ΔAΦΔBÞ þ H:c:� þ λ10TrðΔ4

AÞ þ λ11TrðΦ†ΦÞTrðΔ2
AÞ

þ λ12
2

½TrðΦ̃†ΦÞTrðΔ2
AÞ þ H:c:� þ λ13TrðΔ2

AÞTrðΔ2
BÞ; ð4Þ

in which Φ̃iα ¼ −ϵijΦ�jβϵβα.

TABLE I. The lepton field content and corresponding representations with respect to GD and GSM. Here, L and e
denote the GSM charge assignments of the usual SM electroweak doublet and singlet leptons.

Lepton Matter Content

LH fields GSM SUð2ÞA SUð2ÞB Z2 RH Fields GSM SUð2ÞA SUð2ÞB Z2

LL L 1 1 þ1 eR e 1 1 þ1
ΨL L 2 2 þ1 ΨR e 2 2 þ1
VL e 1 3 þ1 VR L 1 3 þ1
SL L 1 1 −1 SR e 1 1 −1

TABLE II. The dark scalar field content of this model. All the
dark scalars are singlets under GSM.

Dark Scalar Content

Fields GSM SUð2ÞA SUð2ÞB Z2

Φ 1 2 2 þ1
ΔA 1 3 1 −1
ΔB 1 1 3 −1
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As shown in detail in Appendix A, to achieve the
two-stage breaking of GD through the minimization of
Eq. (4), the vevs of the dark scalar fields Φ and ΔA;B take
the form:

hΦi ¼ vΦ

�
cos θΦ 0

0 sin θΦ

�
;

hΔA;Bi ¼
�

0 vΔA;B

vΔA;B
0

�
: ð5Þ

We define vΔ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ΔA

þ v2ΔB

q
and tan θΔ ¼ vΔA

=vΔB
, where

0 ≤ θΔ ≤ π=2, and take rΔ ¼ vΔ=vΦ. Note that rΔ ∼
10−3 ≪ 1, and hence the symmetry breaking analysis
can be performed perturbatively in rΔ.
We begin by describing the gauge boson masses and

eigenstates. Here we label the gauge fields of SUð2ÞA ⊗
SUð2ÞB asWA;B, with coupling constants gA;B. These gauge
couplings are related to the elementary dark charge eD of
the Uð1ÞD gauge group by eD ¼ gA cos θD ¼ gB sin θD,
which allows us to exchange the inputs ðgA; gBÞ for
ðeD; θDÞ. The mass eigenstates are given by

ZD ¼ cos θDW
z
A þ sin θDW

z
B; MZD

¼
ffiffiffi
2

p
vΦeD cscð2θDÞ;

AD ¼ − sin θDW
z
A þ cos θDW

z
B; mAD

¼ 1ffiffiffi
2

p rΔ sin 2θDMZD
;

W�
l ¼ cos θWW�

A þ sin θWW�
B ; MWl

¼ sin θlhMZD
;

W�
h ¼ − sin θWW�

A þ cos θWW�
B ; MWh

¼ cos θlhMZD
; ð6Þ

in which tan 2θW ¼ sin 2θΦ tan 2θD and cos 2θlh ¼
cos 2θD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin2 θΦ tan2 θD

p
. We note that we can ex-

change the inputs ðeD; θDÞ for ðMZD
; θlhÞ. The field AD is

the dark photon, which has its mass controlled by rΔ,
while the remaining gauge boson masses scale with vΦ. We
note that ZD and AD are even with respect to Z0

2, whileWl;h

are odd.
The details of the scalar mass spectrum are provided in

Appendix A; here we briefly summarize the relevant
results. There are 14 real degrees of freedom in the scalar
sector (8 from Φ and 6 from ΔA;B). 6 of these degrees of
freedom are eaten via the Higgs mechanism in the breaking
of SUð2ÞA ⊗ SUð2ÞB, leaving 8 physical scalar fields. We
denote the 8 physical scalars as

fh1; h2; h3; h1deg; h2deg; h4; h5; h6g; ð7Þ

in which ðh1deg; h2degÞ form a degenerate subspace. Of these
scalars, all but h3 have their masses controlled by vΦ, while
the mass of h3 is governed by rΔvΦ. We will denote the
mass of h1;2deg asMh� ; this can be understood by considering

the quantities h� ¼ ðh1deg � ih2degÞ=
ffiffiffi
2

p
, in which the “�”

superscript denotes the charges with respect to the unbro-
ken Uð1ÞD that results after the first stage of symmetry
breaking. In the forthcoming phenomenological analysis,
we will use Mh� as an input parameter in the scalar sector
and parametrize the remaining scalar masses as

Mh1;2;4 ¼ r1;2;4Mh� ; mh3 ¼ rΔr3Mh� ;

Mh5 ¼ cos θMMh� ; Mh6 ¼ sin θMMh� ; ð8Þ

in which the ri and θM are Oð1Þ parameters; their detailed
definitions are provided in Appendix A. As the minimum is
CP-conserving and Z0

2-conserving, the scalars have well-
defined CP and Z0

2 quantum numbers ðCP; Z0
2Þ, as sum-

marized in Table III.
Turning now to the fermion sector, the Yukawa inter-

actions among the SUð2ÞA ⊗ SUð2ÞB ⊗ Z2-charged fer-
mions as listed in Table I to the dark scalars Φ and ΔB as
well as to the SM Higgs H take the form

−LY ¼ yH½TrðΨLHΨRÞ þ H:c:� þ yHV ½TrðVLHVRÞ þ H:c:� þ yHS½TrðSLHSRÞ þ H:c:�
þ yP½TrðΨLΦVRÞ þ H:c:� þ ỹP½TrðΨL Φ̃VRÞ þ H:c:� þ yP0 ½TrðVLΦ†ΨRÞ þ H:c:�
þ ỹ0P½TrðVLΦ̃†ΨRÞ þ H:c:� þ ySE½TrðVLSRΔBÞ þ H:c:� þ ySL½TrðSLVRΔBÞ þ H:c:�: ð9Þ

For simplicity, we will take all Yukawa couplings to be real. We will further find it convenient to write the Yukawa
couplings as

yP ¼ yL cos θL; ỹP ¼ yL sin θL; y0P ¼ yE cos θE; and ỹ0P ¼ yE sin θE; ð10Þ
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and define

Mþ
L ¼ vΦyL cosðθL − θΦÞ; M−

L ¼ vΦyL sinðθL þ θΦÞ;
Mþ

E ¼ vΦyE cosðθE − θΦÞ; M−
E ¼ vΦyEj sinðθE þ θΦÞj;

ð11Þ

where as before, both in the above and in what follows,
the “�” superscripts denote charges of �1 with respect
to Uð1ÞD. Reflected above is the fact that by applying a
series of chiral rotations to the fermions, we are capable
of ensuring that yL, yE, ySL, ySE, yHS, cosðθL − θΦÞ,
cosðθE − θΦÞ, and sinðθL þ θΦÞ are all positive without
loss of generality, while yH, yHV , and sinðθE þ θΦÞ can be
either positive or negative–so we must take the absolute
value of sinðθE þ θΦÞ to get the physical mass M−

E. The
signs of yH, yHV , and sinðθE þ θΦÞ will have significant
phenomenological implications later, so it is important
to be aware that they remain undetermined under our
conventions. For notational purposes, the electric-charged
components of the matter fields will be written as

ΨL;R ¼
�ΨL;R11

Ψþ
L;R

Ψ−
L;R ΨL;R22

�
and

VL;R ¼
 
V0
L;R=

ffiffiffi
2

p
Vþ
L;R

V−
L;R −V0

L;R=
ffiffiffi
2

p
!
; ð12Þ

and for the electric-neutral components we will use a
similar definition, but with the inclusion of the superscript
N. In the electric-charged fermion sector, we will organize
the components of these fields in the following two sets:

XF;ðL;RÞ ¼ ðXð1Þ
F;ðL;RÞ; X

ð2Þ
F;ðL;RÞÞ, in which

Xð1Þ
F;ðL;RÞ ¼

�
ΨðL;RÞ11 ;ΨðL;RÞ22 ; V

0
ðL;RÞ

�
;

Xð2Þ
F;ðL;RÞ ¼

�
SðL;RÞ;Ψþ

ðL;RÞ; V
þ
ðL;RÞ;Ψ

−
ðL;RÞ; V

−
ðL;RÞ

�
: ð13Þ

The electric-charged fermion mass matrixMF is composed

of two blocks, Mð1Þ
F and Mð2Þ

F , that do not mix with each
other. These two blocks take the form

Mð1Þ
F ¼ 1ffiffiffi

2
p

0
B@

yHv 0 Mþ
L

0 yHv −M−
L

Mþ
E ∓M−

E yHVv

1
CA ð14Þ

Mð2Þ
F ¼

0
BBBBBBBBB@

yHSvffiffi
2

p 0 yΔSLrΔvΦ 0 yΔSLrΔvΦ

0 yHvffiffi
2

p Mþ
L 0 0

yΔSErΔvΦ Mþ
E

yHVvffiffi
2

p 0 0

0 0 0 yHvffiffi
2

p M−
L

yΔSErΔvΦ 0 0 �M−
E

yHVvffiffi
2

p

1
CCCCCCCCCA
;

ð15Þ

in which v is the usual SM electroweak Higgs vev, and
we have introduced the shorthanded notation yΔSL;SE ¼
ðySL;SE=2Þ cos θΔ. Upon diagonalizing these matrices, to
leading order in rH ¼ v=vΦ ∼ 10−2 ≪ 1 and rΔ, the left
and right-handed mass eigenstates for the Z0

2 positively
charged fermions are

Lb
L ¼ 1ffiffiffi

2
p M−

L

M0
L
ΨL11

þ 1ffiffiffi
2

p Mþ
L

M0
L
ΨL22

; ebR ¼ � 1ffiffiffi
2

p M−
E

M0
E
ΨR11

þ 1ffiffiffi
2

p Mþ
E

M0
E
ΨR22

;

L0
L ¼ −

1ffiffiffi
2

p Mþ
L

M0
L
ΨL11

þ 1ffiffiffi
2

p M−
L

M0
L
ΨL22

; L0
R ¼ V0

R;

E0
L ¼ V0

L; E0
R ¼ −

1ffiffiffi
2

p Mþ
E

M0
E
ΨR11

� 1ffiffiffi
2

p M−
E

M0
E
ΨR22

; ð16Þ

TABLE III. Scalar mass eigenstates listed with their CP and Z0
2

quantum numbers, and their masses.

Scalars Mass Eigenstates

Eigenstate CP Z0
2 Mass (In units of Mh� )

h1 þ1 þ1 Mh1 ¼ r1
h2 þ1 þ1 Mh2 ¼ r2
h3 þ1 þ1 mh3 ¼ rΔr3
h1deg þ1 þ1 1

h2deg −1 þ1 1
h4 −1 þ1 Mh4 ¼ r4

h5 þ1 −1 Mh5 ¼ cos θM
h6 þ1 −1 Mh6 ¼ sin θM
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with masses

mb ¼
Mþ

EM
þ
L �M−

EM
−
Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðM−
E
2 þMþ

E
2ÞðM−

L
2 þMþ

L
2Þ

p yHvffiffiffi
2

p ;

M0
L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM−

LÞ2 þ ðMþ
L Þ2

2

r
; M0

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM−

EÞ2 þ ðMþ
E Þ2

2

r
;

ð17Þ

respectively, while for the Z0
2 negatively charged fermions,

the left and right-handed mass eigenstates to leading order
are

La
L ¼ SL; eaR ¼ SR; L�

L ¼ Ψ�
L ;

L�
R ¼ V�

R ; E�
L ¼ V�

L ; E�
R ¼ Ψ�

R ; ð18Þ

with masses

ma ¼
yHSvffiffiffi

2
p ; M�

L ; M�
E ; ð19Þ

respectively. The charged lepton mass eigenstates and their
Z0
2 charges are summarized in Table IV.
For the electrically charge-neutral fermions, in analogy

with Eq. (13), we can define

XN
F;L ¼ ðΨN

L11
;ΨN

L22
; SNL ;Ψ

Nþ
L ;ΨN−

L Þ;
XN
F;R ¼ ðVN0

R ; VNþ
R ; VN−

R Þ: ð20Þ

In this basis, the mass matrix for the electric charge-neutral
fermions MN

F thus takes the form

MN
F ¼

0
BBBBBB@

Mþ
L=

ffiffiffi
2

p
0 0

−M−
L=

ffiffiffi
2

p
0 0

0 yΔSLrΔvΦ yΔSLrΔvΦ
0 Mþ

L 0

0 0 M−
L

1
CCCCCCA
; ð21Þ

which again shows the separation into blocks according to
the Z0

2 charges. The electrically neutral mass eigenstates are
given by

νbL ¼ 1ffiffiffi
2

p M−
L

M0
L
ΨN

L11
þ 1ffiffiffi

2
p Mþ

L

M0
L
ΨN

L22
;

N0
L ¼ −

1ffiffiffi
2

p Mþ
L

M0
L
ΨN

L11
þ 1ffiffiffi

2
p M−

L

M0
L
ΨN

L22
; N0

R ¼ VN0
R ; ð22Þ

and

νaL ¼ SNL ; N�
L ¼ ΨN�

L ; N�
R ¼ VN�

R ; ð23Þ

with masses

mνa ¼ mνb ¼ 0; MN0 ¼ M0
L; MN� ¼ M0

L: ð24Þ

As we have not introduced right-handed neutrino singlet
counterparts to balance the degrees of freedom among the
left-handed and right-handed fermions, the active neutrinos
νaL and νbL remain massless. For the purposes of this
study, the issue of generating nonzero neutrino masses and
observable mixing angles does not have a strong impact for
the implications for the muon g − 2 or the portal matter
collider phenomenology, and thus we will neglect it in
this work. We will comment later about the need for Z0

2

breaking and its implications for the generation of neutrino
masses within this framework.
A straightforward one-loop computation quickly allows

us to explicitly verify that in this model, the kinetic mixing
coefficient between AD and the Uð1ÞY gauge field B is
finite, calculable, and consistent with theOð10−ð3−5ÞÞ range
we would require for a sub-GeV dark matter model. We
arrive at

ϵ ¼ eDe
6π2

log

�
Mþ

LM
þ
E

M−
LM

−
E

�
≈ ð5.3 × 10−3ÞeD log

�
Mþ

LM
þ
E

M−
LM

−
E

�
:

ð25Þ

Returning to the electrically charged leptons, we see that
there are two light states, which are massless in the limit
that the electroweak vev v → 0. These light states are ea
and eb, with masses ma and mb, respectively. ea is
negatively charged with respect to Z0

2, while eb is positively
charged with respect to Z0

2. The third light SM lepton is a
gauge singlet with respect to GD, and thus does not mix
with the additional portal matter states; we will assume
throughout this work that this state is the electron for the
sake of concreteness and simplicity. We can therefore
envision two general cases, depending on whether we
identify ea or eb with the muon. To be more precise, we
have the following two scenarios:

(i) Scenario A: the Z0
2-negative ea is the muon, while eb

is the τ lepton.

TABLE IV. List of charged fermion mass eigenstates and their
corresponding quantum numbers with respect to GSM and Z0

2.

Lepton Mass Eigenstates

LH fields GSM Z0
2 RH Fields GSM Z0

2

Lb
L L þ1 ebR e þ1

L0
L L þ1 L0

R L þ1

E0
L e þ1 E0

R e þ1

La
L L −1 eaR e −1

L�
L L −1 L�

R L −1
E�
L e −1 E�

R e −1

WOJCIK, EVERETT, EU, and XIMENES PHYS. REV. D 108, 055033 (2023)

055033-6



(ii) Scenario B: the Z0
2-positive eb is the muon, while ea

is the τ.
We note that in scenario B, the muon mass is controlled by
the Yukawa coupling yH and the mass eigenstate is
dominated by the GD-bidoublet fermions ΨL;R. In contrast,
in scenario A, the muon mass is governed by yHS and the
muon eigenstate is dominantly given by the SUð2ÞA ⊗
SUð2ÞB singlet SL;R.
For our phenomenological studies of this model, it will

be useful to have a compact list of parameters that we can
use to uniquely specify a point in parameter space. For
clarity, we shall present that here–we have selected a
parametrization that maximizes the number of parameters
with immediate physical interpretation (i.e., masses, rela-
tive coupling strengths) and uses entirely quantities which
are explicitly defined in this section. In the purely gauge
and scalar sector, we have

ðeD; λ1;MZD
;Mh1;2;4 ;Mh� ; θM; θD; θΔ; θlhÞ; ð26Þ

Since we are principally concerned with the phenomenol-
ogy of the theory at OðTeVÞ energy scales, there will be no
need for us to uniquely specify the masses of the dark
photon AD or the dark Higgs h3, which are both of sub-GeV
scales. Furthermore, of the couplings in the potential of
Eq. (4), we need only retain the quartic coupling λ1, since
all other terms are either expressible in terms of masses
or the angles given above, or only enter into scalar self-
coupling interactions that we shall not explore in detail in
this work. To specify the fermion sector we shall have the
masses and Yukawa couplings

ðM�
L ;M

�
E ; jyHV j; jyHj; jySLj; jySEjÞ: ð27Þ

Finally, as mentioned earlier in this section, there are a
handful of nontrivial signs for parameters that we must
specify. For a complete specification, we need only include
the signs

signðyHV; yH; sinðθE þ θΦÞ; sinð2θΦÞÞ: ð28Þ

We note that although the sign of sinð2θΦÞ must be
independently specified, its magnitude is always deter-
mined in terms of other parameters. In all of our subsequent
computations in this work, we shall employ the parameter-
ization of Eqs. (26)–(28) to specify points in parameter
space of this model.

III. MUON g− 2
In this section, we will present the results of the

computation of the new physics contribution to the anoma-
lous magnetic moment of the muon in scenario A and
scenario B. In both scenarios, the dominant contributions
arise at the one-loop level from loops of the new scalar
and gauge bosons with heavy intermediate fermions, as

in [30,58]. If the SM Higgs mediates strong enough
couplings between the isosinglet and isodoublet vectorlike
fermions, then the resultant chirality flip in the internal
heavy fermion line can give rise to a chirally-enhanced
contribution to Δaμ which can fully account for the
observed discrepancy. Other contributions, such as that
stemming from the coupling of the dark photon to the muon
through kinetic mixing (as discussed in, e.g., [59]), are
heavily suppressed, and can generally contribute to the final
result at no more than the few percent level while remaining
consistent with experimental constraints.2 In this analysis,
we shall therefore focus exclusively on the dominant
contributions in our analysis. While the two scenarios both
exhibit a similar mechanism by which the dominant
contribution to Δaμ is realized, the specifics of the
scenarios are markedly different. As the scenarios differ
in which light fermion is identified with the muon, the
specific diagrams that contribute to Δaμ are in fact entirely
different in the two scenarios, and they must be addressed
separately.

A. g− 2 in scenario A

In scenario A, we identify the muon with the light

fermion appearing in the block Mð2Þ
F of the fermion mass

matrix in Eq. (14), while the τ is identified with the light

mass eigenstate appearing in blockMð1Þ
F . In turn, this allows

us to use Eqs. (17) and (19) fix the Yukawa couplings yH
and yHS to

jyHj ¼
ffiffiffi
2

p
mτ

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMþ

L
2 þM−

L
2ÞðMþ

E
2 þM−

E
2Þ

ðMþ
LM

þ
E �M−

LM
−
EÞ2

s
;

yHS ¼
ffiffiffi
2

p
mμ

v
; ð29Þ

where we note that in our sign conventions, yHS is always
positive, but yH may be either positive or negative.
Recalling Eq. (11) and the discussion surrounding it in
Sec. II, we recall that the þð−Þ sign in our expression
is applied when sinðθE þ θΦÞ is positive (negative). As
discussed in Sec. II, this relative sign cannot be eliminated
by chiral phase rotations, and hence the selection of a
positive or negative sign here represents a selection
between two distinct points in the model parameter space.
Scenario A features all of the same contributions to Δaμ

that our minimal construction in [30] does: Namely chirally
enhanced contributions from one-loop diagrams with dark
photons and the dark Higgs, with intermediate portal matter

2We find that it is in principle possible for the dark photon loop
as in [59] to account for as much as ≲10% while still remaining
barely consistent with current limits on dark photon mass and
kinetic mixing (e.g., [60]), but this contribution in most regions of
parameter space is dramatically more subdued.
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fermions. In contrast to the minimal model presented in
that work, however, the chirally enhanced contributions
here feature the contributions from the exchange of heavy
hidden gauge bosons and scalars, in addition to the
contributions of the dark photon and dark Higgs that are
associated with the Uð1ÞD gauge group. Keeping only the
chirally enhanced contribution

aμ ¼ aADhD
μ þ ah5h6μ þ ahþ;h−μ ; ð30Þ

where aXμ represents the contribution to aμ from one-
loop diagrams featuring gauge or scalar bosons X. For
convenience, we have also depicted the relevant diagrams

in Fig. 1. Using the general expressions of [61], we find
the contributions

aADhD
μ ≈ ∓ στySLySE

mμmτ

16π2
cos2ðθΔÞ

M0
LM

0
E

Mþ
LM

−
LM

þ
EM

−
E
;

ah5h6μ ≈
ySLySE
16π2

mμðmτστa
h5;h6
τ þmHVa

h5;h6
HV Þ;

ahþ;h−
μ ≈

ySLySE
16π2

mμðmτστah�τ þmHVa
hþ;h−
HV Þ;

στ ≡ sign½yHðMþ
Lm

þ
E �M−

LM
−
EÞ�; ð31Þ

where mHV ≡ yHVv=
ffiffiffi
2

p
, and

ah5;h6τ ≡M0
LM

0
E

Z
1

0

dxx3
−M2

h�c
2
Δð1 − xÞPxðM2

h� ;M
0
L
2 þM0

E
2Þ −Qx

PxðM2
h5
;M0

L
2ÞPxðM2

h6
;M0

L
2ÞPxðM2

h5
;M0

E
2ÞPxðM2

h6
;M0

E
2Þ ;

ah5;h6HV ≡
Z

1

0

dxð1 − xÞx2 M2
h5
M2

h6
ð1 − xÞPxðM2

hþ ;M
0
L
2 þM0

E
2Þ þM2

h�s
2
ΔQx

PxðM2
h5
;M0

L
2ÞPxðM2

h6
;M0

L
2ÞPxðM2

h5
;M0

E
2ÞPxðM2

h6
;M0

E
2Þ ;

ahþh−
τ ≡ −2s2ΔM0

LM
0
E

Mþ
LM

þ
E �M−

LM
−
E

Z
1

0

dx

�
Mþ

LM
þ
E

PxðM2
h� ;M

þ
L
2ÞPxðM2

h� ;M
þ
E
2Þ � ðMþ

L;E → M−
L;EÞ
�
;

ahþ;h−
HV ≡ s2Δ

Z
1

0

dxð1 − xÞx2
�

M2
hþ

PxðM2
h� ;M

þ
L
2ÞPxðM2

h� ;M
þ
E
2Þ þ ðMþ

L;E → M−
L;EÞ
�
;

PxðA; BÞ≡ ð1 − xÞAþ xB; Qx ≡M0
L
2M0

E
2x2 −M2

h5
M2

h6
ð1 − xÞ2; ðsΔ; cΔÞ≡ ðsin θΔ; cos θΔÞ: ð32Þ

Notably, because these expressions are invariant under
Mþ

L;E ↔ M−
L;E and M�

L ↔ M�
E , for the purposes of our

numerical explorations here we can assume that the lightest
portal matter field is the isodoublet with þ1 charge under
Uð1ÞD, with massMþ

L . Numerically, we shall also find that
although the various physical signs in our model, namely
those of yHV , yH, and sinðθE þ θΦÞ have physical effects,
certain choices are overwhelmingly favored in order to
reproduce the observed g − 2 anomaly. First, because the
signs of yHV and yH are arbitrary, we may always select
them so that the yHV and yH contributions to Δaμ interfere
constructively and are of the appropriate sign to be
consistent with experiment. This is, however, a physical
assumption, and other possibilities exist—in particular
one of the two terms may actually contribute negatively to
Δaμ and be compensated by a larger contribution of the

other. In practice, this choice only has notable qualitative
effects in the case that yHV > yH, where we shall explore
it, and otherwise we shall assume that yHV and yH’s signs
are such that both terms contribute to Δaμ in the direction
consistent with the anomaly. The second physical sign
selection we make, the sign of sinðθE þ θΦÞ has a slightly
more subtle effect on our results. The sign of sinðθE þ θΦÞ
leaves the yHV terms of Δaμ invariant, but if sinðθE þ
θΦÞ < 0 various contributions to the yH terms will
interfere destructively, severely reducing the magnitude
of this contribution relative to the sinðθE þ θΦÞ > 0 case.
When applicable, we will discuss the significance of our
sinðθE þ θΦÞ sign choice.
In total, then, the chirally enhanced contributions to Δaμ

will be dependent on fixed SM parameters, plus a com-
paratively small subset of the model parameters that we

FIG. 1. Feynman diagrams contributing to Δaμ in scenario A, with F0 ¼ fL0; E0g, F� ¼ fL�; E�g.
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have outlined in Eqs. (26)–(28): The masses of the portal
matter fermions (where we always take Mþ

L to be the
lightest) and the two heavy scalars h5 and h6 [or equiv-
alently, the mass of the heavy scalar h� and the angle θM,
defined in Eq. (8)], the angle θΔ [defined below Eq. (5)], the
Yukawa coupling yHV , and the product of Yukawa cou-
plings ySLySE, plus the sign choices of sinðθE þ θΦÞ, yH,
and yHV . There are several points to be made about these
parameters which might guide our numerical explorations
of the model’s parameter space. First, as is apparent from
Eqs. (30)–(32), when the masses of the heavy scalars are
non-negligible both the Yukawa couplings yH ∼mτ=v and
yHV can play a role in the predicted value of g − 2. This is
particularly significant because while yH is determined
entirely by the value of the τmass and the relative masses of
the various portal matter fermions, yHV can in principle be
assigned any (perturbative) value we like—apart from
affecting some branching fractions of heavier vectorlike
fermions to lighter ones, its only observable phenomeno-
logical consequence lies in the g − 2 anomaly. We shall
therefore consider two scenarios in our numerical inves-
tigations here: First, that yHV ≪ yH and so does not
significantly contribute to the g − 2 anomaly (perhaps,
for example, if its value were related to the electron mass
in a larger model of lepton flavor), and second that yHV can
take on up to Oð1Þ values.
Second, we can intuitively see that the new physics con-

tribution to Δaμ will be somewhat sensitive to the relative
values of the masses of the portal matter fermions—if
we set the lightest portal matter mass at some value,
larger mass splittings between the portal matter fermions
will generally suppress Δaμ as the higher masses of
the heavier portal matter fields will suppress their contri-
butions in loops. For our numerical analysis, we shall
consider a “typical” selection of Oð1Þ proportional mass
splittings between portal matter fermions in most
cases–M−

L=M
þ
L ¼ 1.3, Mþ

E=M
þ
L ¼ 1.5, and M−

E=M
þ
L ¼

1.8 to get a sense of the numerics of a reasonable point
in parameter space, as well as occasionally considering a
“maximal” case in which all portal matter masses are
degenerate and therefore the value of Δaμ is maximized. Of
course, the kinetic mixing between the dark and visible
sectors will be weakly (logarithmically) sensitive to the
mass splitting between the portal matter states, which
suggests that requiring a kinetic mixing of ≳10−ð4–5Þ likely
merits at least an Oð1Þ mass splitting reminiscent of our
typical case, and certainly renders the fully mass-degener-
ate scenario unfeasible for producing a viable dark matter
model. The mass-degenerate numerics, where depicted,
should not be considered a realistic scenario, therefore, but
more of an absolute bound on the magnitude of Δaμ that
might be achieved in the model.
Finally, we note that while the new particle masses and

the θΔ angle are both essentially arbitrary in the absence of
additional experimental evidence, we can estimate limits on

the Yukawa couplings from partial wave unitarity.
Following the analysis of [62] (generalized to incorporate
scalars in the adjoint representations of SUð2Þ rather than
simply in the fundamental representation), we find that
partial wave unitarity requires that

y2SL;y
2
SE ≤ 16π;

3y2SEþ 5y2SLþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3y2SEþ 5y2SLÞ2− 28y2SEy

2
SL

q
< 32π; ð33Þ

such that

ySLySE ≤
16π

7

� ffiffiffiffiffi
15

p
− 2

ffiffiffi
2

p �
∼ 7.5; ð34Þ

and

y2HV ≤
8π

3
: ð35Þ

While these couplings might be further constrained in
future experiments, in particular from muon collider mono-
photon searches in the case of ySL;SE (see Sec. IV B) and
branching fractions of heavier vectorlike fermions (in the
event of their discovery) for yHV, it is useful to keep in mind
these bounds which maintain perturbative unitarity.
With the above observations in mind, we can now move

on to considering a probe of some benchmark points in the
model parameter space, beginning with the case in which
yHV ≪ yH, and hence the terms ah5;h6HV and ahþh−

HV do not
contribute appreciably to Δaμ. This scenario has the
appealing consequence that the g − 2 correction is specifi-
cally related to another observable quantity, namely the τ
mass. In turn, this relationship significantly limits the portal
matter mass range for which the model in this regime can
reproduce the observed g − 2 anomaly. In Figs. 2 and 3, we
have plotted the necessary value of the product ySLySE in
order to fully account for the observed g − 2 anomaly in
the yHV ≪ yH scenario as a function of Mþ

L , assuming that
yH is of the appropriate sign to make the resultant Δaμ
consistent with experiment, and taking sinðθE þ θΦÞ > 0
(when sinðθE þ θΦÞ < 0, the destructive interference
among various Δaμ corrections renders it unrealistic that
the observed anomaly can be reproduced, so we do not
consider that case here). In Fig. 2, we consider a typical
Oð1Þ mass splitting between the various portal matter
masses, while in Fig. 3, consider the case in which the
portal matter masses are all degenerate (or at least have
insignificant mass splitting), which will generally maxi-
mize the value of Δaμ. In both cases, we find that for
Mþ

L ≳ 1 TeV, roughly on par with existing LHC con-
straints on leptonic portal matter (we shall discuss this
and other collider constraints in Sec. IVA), a modest Oð1Þ
enhancement of the new physics g − 2 contribution from
the product ySLySE is necessary. This product quickly
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approaches the perturbative unitarity bound on the product
ySLySE–we see for the points in parameter space considered
in Fig. 2 that Mþ

L must generally be lighter than ∼1.5 TeV
in order to address the g − 2 anomaly in this scenario, while
in the more maximal case considered in Fig. 3 we instead
see that the lightest portal matter masses might be as large
as ∼2.2 TeV before the unitarity bound is saturated.
Consulting the study of [33], we see that portal matter
masses within this range are potentially within the reach of
the

ffiffiffi
s

p ¼ 27 TeV HE-LHC, and likely also within the
discovery reach of a muon collider with a maximum center-
of-mass energy greater than ∼4 TeV [63].
We can get a better feel for the different parameters’

effects on Δaμ in the yHV ≪ yH scenario by plotting the
results as functions of several different variables. In Fig. 4,
we depict contour plots of Δaμ along several different
variables. We can see several important behaviors from
these plots. For example, we see that achieving the observed
Δaμ in this regime for ≳1 TeV portal matter will require
modest ySLySE ≳Oða fewÞ enhancements of the yH con-
tribution, and will generally be limited to scenarios in which
the other portal matter fields and the scalars h5 and h6 are
≲a few TeV, certainly not much greater than 2–3 TeV.
Given that these masses are all dictated in the action by the
same scale vΦ, this requirement of only modest Oð1Þ

splittings between them is encouraging—it suggests that
the favored parameter space for this model requires no
careful tuning of the individual heavy particle masses.
Next, we consider the scenario in which the coupling

yHV is comparable to or greater than yH. As noted before,
because yHV’s magnitude is not dictated by any other model
parameter, it is feasible for it to be as large as Oð1Þ, in
which case yHVv=

ffiffiffi
2

p
∼ 200 GeV. In Fig. 5, we depict

contour plots of Δaμ as a function ofmHV ¼ yHVv=
ffiffiffi
2

p
and

Mhþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

h5
þM2

h6

q
for various choices of physical signs

in the model, assuming that the lightest portal matter field
has a mass of 1 TeV. We note that as Mh5 and Mh6 both
approach 0, the required yHV value to reproduce the
observed Δaμ diverges, since in the limit that these masses
both vanish the yHV term of the Δaμ contribution vanishes.
However, past a low-mass regime in which the observa-
tionally consistent yHV value depends strongly on the
particular value of Mhþ , which generally ends by Mhþ ≳
2 TeV for all sign conventions we consider here, Δaμ
becomes only weakly dependent on the specific value of
the scalar mass. Notably, we see that for ySLySE ¼ 1, the
observed value of Δaμ can be recreated for mHV ∼
20–50 GeV as long as the h5 and h6 scalar bosons have
masses ≳0.5–1 TeV), depending on the signs of various
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FIG. 2. The necessary coupling
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p
in order to recreate the observed g − 2 anomaly as a function ofMþ

L in scenario A, assuming
M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , and M−
E ¼ 1.8Mþ

L , where different line colors denote θΔ ¼ 3π=8, θM ¼ π=8 (blue), θΔ ¼ θM ¼ π=4
(magenta), θΔ ¼ θM ¼ π=8 (red). We have taken Mh� to have values relative to Mþ

L as shown. The unitarity bound shown is
ySLySE ≈ 7.5.
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parameters within the model. Since these values of mass
terms are well below 1 TeV, the scale of our portal matter
mass, this suggests that our perturbative treatment yHVv ≪
vΦ is, like our other perturbative expansions, numerically
justified here.
As will be discussed later in Sec. IVA, a constraint on

yHV may be identified by measuring the branching fractions
of certain vectorlike lepton decays via the emission of
electroweak bosons, since this parameter contributes to
the partial widths of both Uð1ÞD-uncharged and Uð1ÞD-
charged vectorlike leptons decaying into states which
involve other vectorlike leptons. However, given that these
measurements are predicated on the successful discovery of
not only the lightest portal matter field, but also the heavier
vectorlike leptons that may possess the relevant decay
channels, the principal constraint on yHV currently (and for
the foreseeable future) can come only from perturbative
unitarity, even as the Yukawa couplings ySL and ySE and the
mass of the lightest portal matter field can be constrained
by monophoton searches at a muon collider and vectorlike
lepton pair production, respectively. It is therefore of some
interest to explore how large the scale of the portal matter
masses can be before it becomes impossible to reproduce
the observed Δaμ with perturbative yHV , namely before
yHV saturates the partial wave unitarity bound of Eq. (35).
In Figs. 6 and 7, we take a sample spectrum of portal matter
masses relative to one another (Oð1Þ separation in the case

of Fig. 6 and complete mass degeneracy in the case of
Fig. 7) and plot the necessary yHV in order to match
observation as a function of the lightest portal matter mass,
for various choices of the parameters θΔ and ySLySE, along
with the perturbative unitarity bound on yHV . We can see
that for the sample spectrum of portal matter masses in
Fig. 6, the model might be disallowed for lightest portal
matter masses ranging from as light as ∼1.5 TeV, or
permitted for lightest portal matter masses as large as
≳10 TeV—this range can be considerably narrowed by
finding constraints on the Yukawa couplings ySL and ySE
beyond those imposed by perturbative unitarity, however.
The more maximal Δaμ from assuming the portal matter
masses are degenerate considered in Fig. 7 unsurprisingly
shift this portal matter mass range somewhat higher, to
between ∼2 TeV and ∼15 TeV. Notably, the results in
Fig. 6 suggest that for Oð1Þ portal matter mass splittings
and a lightest portal matter mass much above ∼10 TeV, it is
unlikely for any point in parameter space to be able to
match the observed Δaμ without significant fine-tuning–
and hence a muon collider with a maximum center-of-mass
energy of ≳20 TeV could likely probe the entirety of
this model’s viable parameter space by searching for
portal matter pair production and constraining the cou-
plings ySL and ySE via monophoton searches–this is
roughly consistent with the behavior of the more minimal
construction in [30]. Being more conservative and instead
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FIG. 3. As in Fig. 2, but with all portal masses assumed to be degenerate in order to near-maximize the new physics contribution to
g − 2 in scenario A.
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assuming that Δaμ is maximized with degenerate portal
matter masses, as in Fig. 7, we see that the same conclusion
can be reached with the upper limit on portal matter mass
instead being ∼15 TeV, which would potentially lie in the
reach of a muon collider with a center-of-mass energy of
≳30 TeV. Of course, we remind the reader that such a high
degree of portal matter mass degeneracy should be con-
sidered less realistic, and if taken literally, would lead to
vanishing kinetic mixing between the photon and the dark
photon AD.

B. g− 2 in scenario B

In scenario B, we identify the muon with the light

fermion appearing in the block Mð1Þ
F of the fermion mass

matrix in Eq. (14), while the τ is identified with the light

fermion appearing in the block Mð2Þ
F . The Yukawa cou-

plings yH and yHS then can be expressed as

jyHj ¼
ffiffiffi
2

p
mμ

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMþ

L
2 þM−

L
2ÞðMþ

E
2 þM−

E
2Þ

ðMþ
LM

þ
E �M−

LM
−
EÞ2

s
;

yHS ¼
ffiffiffi
2

p
mτ

v
; ð36Þ

where we adopt the same sign conventions as in scenario A,
namely that yHS is always positive, and yH could be either
positive or negative.

FIG. 4. Contour plots of Δaμ in scenario A, with yHV ≪ yH ,M
þ
L ¼ 1 TeV and ySLySE ¼ 3. Top left: contour plot as a function ofMþ

E
andM−

E, assumingMh� ¼ 1 TeV and θM ¼ π=4,M−
L ¼ 1.3 TeV, and θΔ ¼ π=4. Top right: Contour plot as a function ofMh� and θM,

for M−
L ¼ 1.3 TeV, Mþ

E ¼ 1.5 TeV, M−
E ¼ 1.8 TeV, and θΔ ¼ π=4. Bottom: contour plot as a function of ySLySE and θΔ, for

Mh� ¼ 1 TeV, θM ¼ π=4, and M−
L ¼ 1.3 TeV, Mþ

E ¼ 1.5 TeV, M−
E ¼ 1.8 TeV. Note that points with θΔ ≠ π=4 are unphysical (see

Appendix A), but due to a lack of sensitivity of Δaμ to θM, the plot remains illustrative of the θΔ behavior of Δaμ at physical points in
parameter space.
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In this scenario, the muon’s interactions with the new heavy gauge bosons are much stronger, appearing at leading order
in rΔ=vΦ. Therefore, the gauge boson contributions and the scalar contributions are comparable and both should be taken
into account. Figure 8 shows the Feynman diagrams that have dominant contributions to Δaμ. In scenario B, it is yHV that is
the most relevant coupling, unlike scenario A in which ySLySE does the heavy lifting. Keeping only the chirally enhanced
contribution that is numerically significant, and neglecting the term proportional to jyHj, which is now far too small to
contribute meaningfully to the magnetic moment anomaly, we have

aZD
μ ≈

5e2DσμσE−mHVmμM−
EM

þ
EM

−
LM

þ
L

8π2s22DM
0
LM

0
E

Z
1

0

dx
x2ðx − 1Þ

PxðM2
ZD
;M0

L
2ÞPxðM2

ZD
;M0

E
2Þ ;

aWh;Wl
μ ≈

5e2DσμmμmHV

16π2M0
LM

0
E

�
σE−M−

EM
−
LðaWh− þ aWl− Þ þMþ

EM
þ
L ðaWhþ þ aWlþ Þ

�
;

ah1;h2;h4μ ≈
e2DσμmμmHV

16π2M0
LM

0
EM

2
ZD
s22lh

�
2M2

h4
ah4 þ ðM−

E
2 −Mþ

E
2ÞðM−

L
2 −Mþ

L
2ÞðM2

h1
ah1 þM2

h2
ah2Þ

�
; ð37Þ

FIG. 5. Contour plots of Δaμ in scenario A, for ySLySE ¼ 1, Mþ
L ¼ 1 TeV, M−

L ¼ 1.3 TeV, Mþ
E ¼ 1.5 TeV, M−

E ¼ 1.8 TeV,
θΔ ¼ π=4, and Mh5 ¼ Mh6 ¼ Mh�=

ffiffiffi
2

p
. Top left: Assuming the yHV and yH terms interfere constructively, and sinðθE þ θΦÞ > 0. Top

right: the yHV and yH terms interfere destructively, and sinðθE þ θΦÞ > 0. Bottom left: the yHV and yH terms interfere constructively, and
sinðθE þ θΦÞ < 0. Bottom right: the yHV and yH terms interfere destructively, and sinðθE þ θΦÞ < 0.
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where

aWh− ≡ 4Kþ
1 ðMþ

L ;M
−
L;M

þ
E ; σE−M

−
EÞ

s22D

Z
1

0

dx
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þ
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þ
L Þ
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þ
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þ
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þ
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1

0

dx
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E
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dx
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FIG. 6. Plots of the yHV coupling necessary to reproduce Δaμ as a function ofMþ
L in scenario A, forM−

L=M
þ
L ¼ 1.3,Mþ

E=M
þ
L ¼ 1.5,

M−
E=M

þ
L ¼ 1.3. The perturbative unitarity bound y2HV ¼ 8π=3 is depicted as a gray dashed line, while we have taken ySLySE ¼ 0.3

(blue), 1 (magenta), 3 (red), and the partial wave unitarity bound ≈7.5 (green). We have also taken θΔ ¼ π=8 (top left), π=4 (top right),
and 3π=8 (bottom). Because when yHV ∼Oð1Þ, the yHV term dominates the yH term, this result is insensitive to choices of the sign of yH
and sinðθE þ θΦÞ.
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and

M0
L;E

2 ¼ 1

2
ðMþ

L;E
2 þM−

L;E
2Þ; PxðA; BÞ≡ ð1 − xÞAþ xB;
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s22lh
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; ð39Þ

Unlike the case of scenario A, these expressions are not
invariant under Mþ

L;E ↔ M−
L;E and M�

L ↔ M�
E . Nonethe-

less, following the treatment in Sec. III A, we will now
explore the parameter space in which we select Mþ

L to be
the mass of the lightest portal matter field, and leave the

exploration of the vectorlike leptons’ mass asymmetry to
the later part of this section. Among the choices of physical
signs of various terms in our model, we find two are
particularly dominant. First, the sign of the product yHVyH
scales all the chirally enhanced contributions to Δaμ, and
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FIG. 7. As in Fig. 6, but assuming all portal matter masses are degenerate in order to estimate a near-maximal effect on Δaμ.
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therefore in order for the observed anomaly to be generated,
the sign of this product must be selected to give a positive
contribution to Δaμ. Second, the sign of the term sinðθE þ
θΦÞ alters whether certain terms will interfere destructively
or constructively with one another: If we select sinðθE þ
θΦÞ < 0 various contributions to the yHV terms will
interfere destructively, severely reducing the magnitude
of this contribution relative to the sinðθE þ θΦÞ > 0 case.
Therefore, in scenario B, the chirally enhanced contri-

butions to Δaμ will only be dependent on fixed SM
parameters, the masses of the portal matter fermions, the
masses of the heavy gauge bosons, which are parametrized
as MWh

¼ cos θlhMZD
, MWl

¼ sin θlhMZD
, masses of the

three heavy scalars Mh1;2;4 , the Yukawa coupling yHV , the
parameter λ1 and eD, and the angle θD. We find that this
wealth of parameters is highly constrained by certain not
immediately apparent physical consistency requirements—
specifically that the mixing angle θλ, which parameterizes
the definition of the h1 and h2 scalar mass eigenstates and is
discussed in Eq. (A16) of Appendix A, must be real. In this
case, we need to have the following relation between the
gauge boson masses and the scalar masses:

Mh2 <
ffiffiffiffiffiffiffi
2λ1

p
e−1D sin 2θlhMZD

< Mh1 ð40Þ

where we note thatMh1 > Mh2 from the definition of the h1
and h2 masses. This relation heavily constrains the acces-
sible parameter space in our scenario, as 6 different input
parameters need to satisfy this relation. In Fig. 9, we plot
this bound as a function of the mass of ZD, for different θlh
and fixed λ1 and eD. This figure is illustrative for the choice
of Mh1 and Mh2 for our numerical analysis. Here we
consider an Oð1Þ splitting for the gauge boson masses,
which is a natural assumption since all masses of portal
matter fermions and bosons are controlled by the same
scale vΦ.
Before moving on to a direct numerical probe of the

g − 2 corrections in the model, we should highlight one
final crucial difference between the construction of scenario
B and that of scenario A: In scenario B, the muon magnetic
moment correction scales quadratically with the dark gauge
coupling eD. However, unlike every other parameter here,
eD is an important parameter not just of the higher-scale,
portal matter theory, but also enters into the behavior of the

sub-GeV simplified dark matter models which motivate the
portal matter framework. As such, the g − 2 correction
(and, as we shall see later on in Sec. IV B 2, other collider
probes of the model) can potentially have excellent
complementarity with limits from the dark matter sector,
although the precise form of the relationship between these
constraints is dependent on specifications about the nature
of the sub-GeV dark matter candidate that we remain
agnostic about in this work.
Similar to scenario A, for our numerical analysis, we will

always select Oð1Þ mass splittings between portal matter
fermions M−

L=M
þ
L ¼ 1.3, Mþ

E=M
þ
L ¼ 1.5, and M−

E=M
þ
L ¼

1.8 in most cases to get a sense of the numerics of a
reasonable point in parameter space, as larger mass split-
tings between portal matter fermions generally lead to more
suppressed loop contributions. Next, we explore the effect
of the physical sign of sin ðθE þ θΦÞ. In the top panels of
Fig. 10, we depict the necessary strength of the Yukawa
coupling yHV in order to achieve the observed Δaμ as a
function of the lightest portal matter fermion mass Mþ

L ,
using the benchmark values for masses of portal matter
fermions. Two different physical signs of sin ðθE þ θΦÞ can
give us Δaμ with the right magnitude and sign at different
regions of parameter space. For sin ðθE þ θΦÞ > 0 in which
various contributions mostly interfere constructively, we
just need yHV to be between 0.02 to 0.06 to get the observed

FIG. 8. Feynman diagrams contributing to Δaμ in scenario B, with F0 ¼ fL0; E0g, F� ¼ fL�; E�g.

FIG. 9. The bound
ffiffiffiffiffiffiffi
2λ1

p
e−1D sin 2θlhMZD

of Eq. (40) as a
function of MZD

, for λ1 ¼ 0.4 and eD ¼ 0.7. This bound applies
in both scenarios A and B, but is relevant for g − 2 only in
scenario B.
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anomaly. However, for sin ðθE þ θΦÞ < 0 in which various
contributions mostly interfere destructively, we need larger
yHV , which is around Oð0.1Þ to reproduce the observed
anomaly. In the bottom panels of Fig. 10, we consider the
case in which the portal matter masses are all degenerate,
which will maximize the value of Δaμ. For most of the θD
values, this indeed lowers the value of yHV required to
generate the desired Δaμ. Unlike scenario A, the value of
yHV required to generate the observed Δaμ is well below
the unitarity bound and thus it does not provide a mean-
ingful constraint. However, we might be able to constrain
yHV from observations of the branching fractions of some
vectorlike leptons, as will be discussed in Sec. IVA.
We now explore the asymmetry of our portal matter

fermion masses with respect to Mþ
L;E ↔ M−

L;E and M�
L ↔

M�
E . Although the expressions in Eqs. (37) and (38) are not

manifestly symmetric under M�
L ↔ M�

E , for the parameter
space of interest that is explored, Δaμ is numerically nearly
symmetric under M�

L ↔ M�
E , regardless of sign selection

of sin ðθE þ θΦÞ. In Fig. 11, we depict contour plots of Δaμ
as a function of different portal matter fermion masses,
for various choices of physical signs in the model, assum-
ing the lightest portal matter field has a mass of 1 TeV.
In the case that sin ðθE þ θΦÞ > 0, we observe a slight

asymmetry in Δaμ value under Mþ
L;E ↔ M−

L;E. In the case
sin ðθE þ θΦÞ < 0, the asymmetry in Δaμ with respect to
Mþ

L;E ↔ M−
L;E is further amplified. In both cases, all other

parameters are held constants, except yHV is adjusted to
access to the relevant parameter space that gives the desired
Δaμ in each case. However, this difference in yHV does not
contribute to the asymmetry of the portal matter masses,
since it is a global constant that exists in front of all relevant
corrections.
It is also of interest to explore the parameter space

dependence on θD and eD. As mentioned earlier, these two
parameters significantly constrain the parameter space,
given that they appear in the definition of the h1, h2
mixing angle θλ and the bidoublet vev angle θΦ in a square
root form. Therefore, for the physical consistency of h1
and h2 mixing, θD and eD can only take on certain values,
after we have chosen to fix θlh, MZD

and Mh1;2 . For θD, a
different sign selection of sin ðθE þ θΦÞ does affect the
magnitude of Δaμ. However, it does not change the viable
region of θD, as this sign does not enter the definitions of θλ
and θΦ. The viable θD range is then around 0.20-0.32π or
0.68-0.82π, under the assumption that MZD

¼ 0.74 TeV,
θlh ¼ arccotð1.7Þ, eD ¼ 0.8, λ1 ¼ 0.4,Mh2 ¼ 1.2 TeV and
Mh1 ¼ 1.5 TeV. With the same choice of θD and model

FIG. 10. Top: the necessary strength of yHV to reproduce Δaμ in scenario B as a function ofMþ
L , forM

−
L=M

þ
L ¼ 1.3,Mþ

E=M
þ
L ¼ 1.5,

M−
E=M

þ
L ¼ 1.8, MZD

¼ 0.74 TeV, θlh ¼ arccotð1.7Þ, eD ¼ 0.8, λ1 ¼ 0.4, Mh2 ¼ 1.2 TeV, Mh1 ¼ 1.5 TeV, Mh4 ¼ 1 TeV. Top left:
sin ðθE þ θΦÞ > 0, (top right): sin ðθE þ θΦÞ < 0. Bottom: the same as the top panels, but for degenerate portal fermion masses.
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parameters as above, we need a larger yHV in the case that
sin ðθE þ θΦÞ < 0. Turning now to constraints on eD, if
we assume θD ¼ 0.7,MZD

¼ 0.74 TeV, θlh ¼ arccotð1.7Þ,
λ1 ¼ 0.4, Mh2 ¼ 1.1 TeV and Mh1 ¼ 1.9 TeV, the viable
range for eD is then eD ¼ 0.6–1.0. Again for the case
sin ðθE þ θΦÞ < 0, with the same set of fixed parameter
values as in the sin ðθE þ θΦÞ > 0 case, Δaμ always falls
short by nearly an order of magnitude, and thus the relevant
parameter space in cases with different sign options of
sin ðθE þ θΦÞ is different. These two examples on the
selection of eD and θD also show that in scenario B,
although there are many parameters, the allowed range for
several of them is severely limited by physical consistency.
However, we are still able to realize any Oð1ÞeD value
we need without modifying anything else that affects the
sub-GeV dark sector.
Another interesting feature of the muon g − 2 anomaly in

scenario B is that the dominant contribution always arises
from the contribution of heavy gauge bosons ZD and Wh;l,
regardless of the choice of signs or of the other parameters.
In the case that sin ðθE þ θΦÞ > 0, Wh;l and ZD both
contribute constructively to Δaμ, whereas h1;2;4 contribute
destructively, with a contribution which is an order of
magnitude smaller than that of the heavy gauge bosons. In
the case that sin ðθE þ θΦÞ < 0, the contribution ofWh and
Wl is opposite in sign, causing the overall contribution
from Wh;l to be small but constructive, comparable to the
size of the constructive contributions from h1;2;4. The
contribution of ZD is dominant in this case, which is about
an order of magnitude larger. This relative contributions
from heavy gauge bosons and scalars hold true in all
regions of parameter space explored.

IV. OTHER MODEL PHENOMENOLOGY:
CONSTRAINTS AND EXPERIMENTAL

PROSPECTS

Having explored the valid parameter regimes for which
this construction might address the observed muon mag-
netic moment anomaly, we must now consider what other
observational consequences this model might lead to in
both scenario A and scenario B, and how these compare to
the more minimal construction in [30].

A. Fermion collider production

We will begin with a discussion of the segment of the
theory which most resembles our minimal construction
in [30], and constitute the signals which are the most
characteristic of portal matter models: The direct produc-
tion of the vectorlike fermions. Both scenario A and
scenario B will have extremely similar phenomenology
in this sector, so we shall address both cases together. These
fields are all vectorlike leptons with SM quantum numbers,
and so they may be pair-produced in abundance at current
and future colliders through SM interactions. A distinctive
characteristic of this model is the spectrum of the vectorlike
leptons—because the squared mass of the electroweak
doublet (singlet) Uð1ÞD-neutral portal matter field is equal
to the average of the squared masses of the Uð1ÞD-charged
isospin doublet (singlet) portal fields, we will have

M�
L;E ≤ M0

L;E ≤ M∓
L;E; ð41Þ

that is, the weak doublet (singlet) portal matter field content
consists of two Uð1ÞD-charged weak doublet (singlet) states
and aUð1ÞD-neutral weak doublet (singlet) case with a mass

FIG. 11. Contour plots of Δaμ in scenario B, for MZD
¼ 0.74 TeV, θlh ¼ arccotð1.7Þ, eD ¼ 0.8, λ1 ¼ 0.4, Mh2 ¼ 1.2 TeV,

Mh1 ¼ 1.5 TeV,Mh4 ¼ 1 TeV, θD ¼ π=4,Mþ
EðLÞ ¼ 1 TeV, andM−

EðLÞ ¼ 1.3 TeV. Left: contour plot as a function ofMþ
LðEÞ andM

−
LðEÞ,

for yHV ¼ 0.03, sin ðθE þ θΦÞ > 0. Right: contour plot as a function of Mþ
LðEÞ and M−

LðEÞ, for yHV ¼ 0.1, sin ðθE þ θΦÞ < 0.
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between them. Since a Uð1ÞD-charged state will therefore
represent the lightest (and hence most likely to be kinemat-
ically accessible) new vectorlike fermion, it behooves us to
consider collider signatures of these states first. For brevity,
when computing partial decay widths in this section, we shall
present our results in scenario A, reminding the reader of this
by applying an “A” superscript to all of our width expres-
sions here. The corresponding results for scenario B can be
obtained by swapping the muons and τ’s in all expressions.
The Uð1ÞD-charged portal matter fields will exhibit

similar phenomenology to that of minimal portal matter
discussed in [21]—due to their nontrivial Uð1ÞD charge,
their decay widths to SM fermions through the emission of
electroweak gauge bosons are highly suppressed. These
states always have far larger partial widths for decay into a
muon or muon neutrino (in scenario A) or a τ or τ neutrino
(scenario B) associated with the emission of AD or hD;
these widths are given by

ΓA
L�;E�→μ−AD

¼ ΓA
L�;E�→μ−hD

¼ M�
L;Ey

2
SL;SE cos

2ðθΔÞ
128π

: ð42Þ

For the lightest portal matter state, these final states will have
a branching fraction of close to 100% if there are no other
kinematically accessible two-body channels. In this case, the
collider signature of the portal matter is simply the familiar
case discussed in [21]: A highly boosted lepton (in this case a
muon or τ, depending on the scenario we have chosen)
accompanied by missing energy (or a lepton-jet, if the dark
photon decays visibly within the detector). For scenario A, in
which the portal matter decays into muons, the case in which
both the dark photon and the dark Higgs are invisible is
explored in the study of [33] by rescaling an existing ATLAS
slepton search [64]. Assuming that the lightest portal matter
state decays with a branching fraction of 1 through the
processes outlined in Eq. (42), then if the electroweak singlet
portal matter is the lightest state, M�

E ≳ 895 GeV, while if
the lightest state is an electroweak doublet, the constraint
becomes M�

L ≳ 1050 GeV (the electroweak doublet con-
straints are marginally stronger due to larger production

cross sections [25,63]). These are considerably stronger than
the constraints on a vectorlike lepton decaying dominantly
through traditional channels via the emission of electroweak
gauge bosons, which limit the mass of an electroweak singlet
vectorlike muon partner to ≳420 GeV [33].3

We can now consider the corresponding case in scenario
B, in which the lightest portal matter field will decay
dominantly into τ’s instead of muons. Unfortunately, a
detailed study of such exotically decaying τ partners in the
manner of [33] does not yet exist, but we can generally
anticipate that the LHC constraints on the lightest portal
matter mass will be considerably weaker than they are in
the case of muons, due to the greater difficulty involved in τ
reconstruction. We can most saliently see this by compar-
ing the results of slepton searches for muon and τ partners,
which provide the closest analogy to portal matter searches
dominantly decaying through dark photon and dark Higgs
emission: In [65], CMS finds a 95% CL lower mass bound
on electroweak singlet τ sleptons of Mτ̃ ≳ 240 GeV from
138 fb−1 of data, while the ATLAS study in [66] finds a
constraint of Mμ̃ ≳ 450 GeV in the corresponding scenario
for muons. In both scenario A and B, it should be noted that
a multi-TeV muon collider will generally have a far better
reach than current or future proton-proton colliders, and
likely be able to constrain portal matter masses up to just
below half of its center-of-mass energy.
Our considerations thus far are entirely consistent with a

minimal construction of portal matter of the form discussed
in [21]—we should note that any constraints from fermion
production will be further modified by the fact that in our
model, the dark gauge and scalar sectors are no longer
minimal and include a significant number of new heavy
scalar and gauge bosons. Specifically, these new heavy
bosons open up more decay channels for the lightest portal
matter state. In particular, the Uð1ÞD-charged portal matter
states may now decay into SM fields via the emission of a
scalar h� boson, as well as a Wh and Wl bosons. For
emission of a Wh boson in scenario A, the partial width is
given by

ΓA
L;E�→τ−W�

h
¼ e2DM

�
L;E

64π cosð2θlhÞcos2θlh
G
�
M�

L;E

MZD

�
F
�
M�

L;E

MZD

;
M∓

L;E

MZD

; θlh; θD; σΦ

�
;

F ðxA; xB; θlh; θD; σΦÞ≡
2
4�1 − sin2θlh

cos2θD

�
x2A þ

�
1 −

sin2θlh
sin2θD

�
x2B þ 2xAxB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

sin22θlh
sin22θD

s
σΦ

3
5;

GðxÞ≡ 1þ x−2 − 2x−4; σΦ ≡ sign½sin 2θΦ�; ð43Þ

3In the case of electroweak doublet vectorlike fermions, constraints from such a particle decaying via electroweak gauge boson
emissions can be considerably strengthened (to ≳720 GeV [33]) by including SM W�-mediated production of a charged vectorlike
lepton associated with a neutral one. An analogous analysis for portal matter, in which the process qq → W� → L�N� → μ− þMET
will produce monolepton events, has not been performed, but might be conjectured to yield marginally stronger constraints than the
≳1050 GeV limit quoted for pair production of charged electroweak doublet portal matter.
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where θlh and θD are defined in Eq. (6). The corresponding
width for the emission of a Wl boson is given by making
the substitutions, θlh;D → θlh;D þ π=2. The partial widths
for the corresponding neutrinolike portal matter decays into
neutrinos and Wh;l bosons are identical to those appearing
in Eq. (43). Meanwhile, for emission of the h� scalar, the
partial widths are

ΓA
L;E�→μ−h� ¼ M�

L;Ey
2
SL;SE

64π

�
1 −

M2
h�

M�
L;E

2

�
2

sin2θΔ: ð44Þ

When either h� or Wh;l are too heavy to be produced on-
shell via portal matter decays, channels with virtual W�

l;h

and h� are unlikely to have significant branching fractions.
In such a scenario, the lightest portal matter field will
overwhelmingly decay through the emission of AD or hD,
as in the minimal portal matter construction of [21]. If,
however, any of the particles Wh;l or h� are lighter than a
given portal matter particle, the partial widths of Eqs. (43)
and (44) can easily yield significant branching fractions

into these states. These additional decay channels will in
turn diminish the branching fraction of the lightest
portal matter state to the final state considered in [33].
To get a sense for the scale of this effect, we plot the
branching fractions of the portal matter field L� to h� and
W�

h;l in Fig. 12.
Notably, the results of Fig. 12 demonstrate that feasible

points in parameter space allow for substantial branching
fractions of even the lightest portal matter field into
final states other than the minimal model’s dominant
channels to an SM lepton and a dark photon or dark
Higgs. As a result, a considerable reduction of the
predicted signal in the analysis of [33], and therefore a
significant weakening of constraints—if in scenario A,
BRðE� → μ− þ AD; hDÞ ≈ 0.45, for example, then [33]
finds that current LHC constraints require only that M�

E ≳
600 GeV, rather than the constraint M�

E ≳ 895 GeV if
BRðE� → μ− þ AD; hDÞ ¼ 1.
Of course, this diminished sensitivity could be amelio-

rated by including analyses with the new heavy boson final
states. While a full analysis of this type is beyond the scope
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FIG. 12. Top: The branching fraction BRðL� → μ− þW�
h;lÞ, assuming that the only significant kinematically accessible decay

channels are L� → μ− þW�
h;l and the familiar portal matter channels L� → μ− þ h3; AD. We have taken MWh

¼ 1.5MWl
,

M−
L ¼ 1.3Mþ

L , ySL ¼ 1, eD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
4παem

p
, and cos 2θD ¼ ðcos 2θhlÞ=2 and θΔ ¼ π=8 (blue), π=4 (magenta), and 3π=8 (red). The sign

of sin 2θΦ is taken to be positive (left) and negative (right). Bottom: The branching fraction BRðL� → μ− þ h�Þ, assuming that the only
significant kinematically accessible decay channels are L� → μ− þ h� and the familiar portal matter channels L� → μ− þ h3; AD.
Selections for θΔ, the only free parameter in this quantity other than the mass Mh�=M

�
L , follow the same convention as the top figure.

These charts are computed for scenario A, but apply equally well for scenario B by substituting all muons for τ leptons.
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of this paper, we can consider what sorts of signals might be
of interest in such searches. The exact final states corre-
sponding to the new heavy boson channels depends on the
decay channel of the on-shell Wh;l or h�. In many regions
of parameter space visible Wh;l decays will be dominated
by two-body decays featuring an SM τ (in scenario A) or μ
(in scenario B) and a Uð1ÞD-charged portal matter field, for
example W�

h;l → τ− þ L̄∓, if such a channel is kinemati-
cally accessible, or if no portal matter fields are lighter
than Wh;l, through a three-body decay such as W�

h;l →
τ− þ μþAD; hD with a virtual internal portal matter field.4

Meanwhile, h� will dominantly decay into a two-body
muon plus portal matter state or via bosonic interactions
into a ZD plus an hD, if any such final states are kine-
matically accessible. If no two-body decays are kinemat-
ically accessible to the h�, possible dominant three-body
decays include muon-antimuon pairs from virtual portal
matter h�μþμ− þ AD; hD, or somewhat more exotic chan-
nels such as h� → 3hD and h� → hD þ Z�

D → τþτ− þ hD.
In any case, these final states are considerably more
complicated than the canonical μþ hD; AD final states of
the minimal model and invariably feature significant
missing energy. In the case of pair production of the
lightest portal matter fermion, the two-body decays of
the on-shell gauge and scalar bosons will invariably be
kinematically forbidden, and so we see that signals for
these events will generally involve two nearly back-to-back
lepton-jets (collimated clusters of charged particles) plus
missing energy (because of the heavy on-shell intermediate
particles in these processes, it is likely that the clusters of
charged leptons will have some exotic event geometry
which may help in tagging the signal). Such signals are
likely discoverable, however it should be noted that
because of the larger masses of the Wh;l and h� bosons
compared to the dark photon and dark Higgs, the individual
leptons (in particular for pair production of the lightest
portal matter fermions) will in general be significantly
softer in cases with portal matter decay through the heavy
boson emission than in cases where the portal matter
decays through the more familiar dark photon/dark Higgs
channel, making it less likely that events of this type will
pass kinematic cuts [33].
In addition to the Uð1ÞD-charged portal matter states,

one of which must constitute the lightest vectorlike fermion
in the model, we can also consider how the collider

signatures for the Uð1ÞD-neutral vectorlike leptons which
appear in the model. The absence of a Uð1ÞD charge for
these fields permits these fermions to decay via the
emission of electroweak bosons into SM fermions, in this
case the SM τ (for scenario A) or muon (for scenario B), in
a manner completely analogous to that of a conventional τ
or μ-philic vectorlike lepton. For the isodoublet, the decay
widths for these processes are given by

ΓA
L0→τ−h ¼ ΓA

L0→τ−Z ¼ 1

2
ΓA
L0→ντW−

¼ M0
L

32π

�
Mþ

LM
−
E − σE−M

þ
LM

−
E

Mþ
LM

þ
E þ σE−M−

LM
−
E

�
2m2

τ

v2
;

σE− ¼ sign½sinðθE þ θΦÞ�; ð45Þ

with corresponding results for the electroweak singlet
portal matter, albeit without channels featuring the SMW�
boson. Depending on the mass of theWh;l gauge bosons, an
additional two-body decay channel may be open to the
Uð1ÞD-neutral vectorlike leptons of the type L0 → W∓

h;lL�.
Because the electroweak decay partial widths suffer sub-
stantialm2

τ=v2 ∼ 10−5 suppression due to the small Yukawa
coupling of the τ, the decays from W∓

h;l emission will be
overwhelmingly favored if they are kinematically acces-
sible, however because Wh;l itself tends to have a sup-
pressed decay width (as discussed above), these channels
quickly become negligible once Wh;l becomes massive
enough to kinematically forbid their on-shell emission.
Therefore, there are two conceivable qualitative scenarios
for the collider signature of the lightest Uð1ÞD-uncharged
vectorlike lepton: It may either decay like a traditional,
nonportal matter vectorlike lepton via emission of electro-
weak bosons, or it may decay dominantly into Uð1ÞD-
charged portal matter and Wh;l bosons.
In the former case, searches for these vectorlike leptons

will directly correspond to searches for any predominantly
τ-mixed (in scenario A) or μ-mixed (scenario B) vectorlike
lepton. In scenario A, constraints from present searches,
such as that of [67] are considerably weaker than con-
straints on the portal matter masses–even the analysis
of [67], which considers an electroweak doublet vectorlike
lepton, leverages the production of both charged lepton
pairs and production of a single charged lepton with a
vectorlike neutrino, and benefits from a statistical deficit
in the measured signal region events at CMS, only con-
strainsM0

L ≳ 790 GeV, considerably worse than theM�
L ≳

1050 GeV constraint achieved by rescaling the constraint
of [33] to limit electroweak doublet, rather than singlet,
portal matter. In scenario B, the weakened constraints on
portal matter may make constraints on the Uð1ÞD-neutral
fermions more important. Quantitatively, assuming that the
model’s heavy gauge boson and scalar content are massive
enough that the Uð1ÞD-neutral fermions decay dominantly
via electroweak boson emission, the analysis of [33] finds

4In the event that Wh;l decays through on-shell portal matter
emissions are kinematically inaccessible, it is also possible for the
Wh;l to decay via a two-body flavor violating decay such as
W�

h;l → μþτ−, however this partial width will be suppressed by
Oðv2Δ=v2ΦÞ ∼ 10−6, and so is unlikely to exceed the partial width
of the three-body channel from a virtual portal matter field, which
only suffers ð2πÞ−3 ∼Oð10Þ−3 relative suppression to a two-body
decay from the three-body phase space.
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an expected limit of ≥420ð720Þ GeV on the isospin singlet
(doublet) Uð1ÞD-neutral fermion.
The collider signature for the case in which the Uð1ÞD-

neutral vectorlike fermions decay dominantly via Wh;l has
been less studied. However, we can comment briefly that
the preferred decay channels for the Wh;l bosons and the
Uð1ÞD-charged portal matter suggest that these channels
will involve large numbers of collimated leptons (lepton-
jets) and significant missing energy, and likely yield
constraints similar to an analysis of the Wh;l emission
channels in the case of Uð1ÞD-charged portal matter, as
mentioned earlier.
The analysis thus far has restricted our attention to the

least massive portal matter fermions of that are Uð1ÞD-
charged and Uð1ÞD-uncharged, but the results for the
heavier portal matter fields are qualitatively quite similar,
if somewhat complicated by the presence of additional
possible decay channels from intermediate vectorlike
fermions. Notably, in both the Uð1ÞD-charged and Uð1ÞD-
uncharged cases, these permit the electroweak doublet
vectorlike leptons to decay into the electroweak singlets
(or vice versa, depending on the relative masses of the
particles in question) of the same Uð1ÞD charge via the
emission of SM electroweak bosons. The partial widths of
these decay channels will scale with the Yukawa couplings
yH ∼mτ;μ=v and yHV , as Oðm2

τ;μ=v2; yHVmτ;μ=v; y2HVÞ—
because mτ;μ=v ≪ 1, this suppression will render these
channels largely irrelevant for the Uð1ÞD-charged fermions
unless yHV ∼ 1, but in the case of the Uð1ÞD-neutral
vectorlike fermions these channels can compete with the
Oðm2

τ;μ=v2Þ-suppressed decay width to SM fermions, or
even dominate them when yHV ≫ mτ;μ=v, leading to
atypical signatures. In the event that the complete spectrum
of vectorlike fermions is discovered (likely at a multi-TeV
muon collider where such a search has significantly greater
reach), it may then be feasible to place limits on or even
measure the coupling yHV from the branching fractions of
the vectorlike fermions—given the central role this cou-
pling constant can play in the generation of Δaμ in both
scenario A and scenario B, such a measurement would play
a key role in determining if the model remains a viable
explanation of the muon magnetic moment anomaly.

B. Boson sector

Having discussed the fermion sector in some detail, we
can now move on to the boson sector. Because the new
gauge and scalar bosons are leptophilic (up to small kinetic
mixing), significant production of these states (apart from
in association with vectorlike fermions, as discussed in
Sec. IVA) is not especially feasible at the LHC, where the
leptons which couple to the dark sector bosons must be
produced from quark and gluon collisions. However, in
both scenario A and scenario B, various bosons in the dark
sector may be produced copiously at a multi-TeV muon

collider, through t-channel exchanges of heavy vectorlike
leptons. The heavy gauge bosons and scalars will have
visible decay channels featuring final-state charged leptons
in both scenarios, while if we assume dark photons
and dark Higgses decay invisibly, their production may
still be measured via searches for monophoton events.
Furthermore, because many of these diagrams are essen-
tially the same as the one-loop diagrams that generate the
new physics contributions to the muon magnetic moment
(albeit without an external photon and with the internal
scalar/gauge boson line cut), the production cross section
of these bosons will necessarily be related to the same
parameters which govern the muon magnetic moment
correction. It is therefore of interest to consider the rate at
which we might expect the dark sector bosons to be
produced at a muon collider, and discuss the role that
these probes might play in constraining the model’s ability
to address the muon g − 2 anomaly. Because of the
preserved Z0

2 parity, it should be noted that there is no
overlap between the bosons that can be produced at a muon
collider in scenario A and those which can be produced in
scenario B. As a result, we shall address the two scenarios
separately here.

1. Diboson production (scenario A)

In scenario A, the exotic bosons which may be produced
at leading order in rΔ=vΦ are the dark photon AD, the dark
Higgs h3, and the heavier scalars h5, h6, and h�. Perhaps
the most intriguing signatures here will be those from the
production of solely AD and h3 states, since these both have
sub-GeV masses and will always be kinematically acces-
sible at a multi-TeV muon collider. In the event that these
particles decay invisibly, it should be possible to constrain
the production rate for these particles via a simple mono-
photon search, such as what has been considered for a
WIMP dark matter model in [68,69].5 As these cross
sections scale quartically with ySL and ySE, such a
measurement can be used to constrain or observe these
couplings, which from Eqs. (30)–(32) play a crucial role in
generating the anomalous muon magnetic moment. The
precise reach of these searches remains unclear, pending
further work on the beamline background in muon colliders
and, of course, knowledge of the beam energy, detector
coverage, and integrated luminosity of the hypothetical
future machine, but we can make a rudimentary assessment
by simply computing the production cross sections of the
monophoton processes μþμ− → γADAD, μþμ− → γADh3,
and μþμ− → γh3h3, and estimating their significance

5The production of dark photons and dark Higgses from muon
collisions in our model is also analogous to the corresponding
case in the model of [22], in which quark portal matter mediated
similar processes at the LHC and from which the authors found
monojet constraints on their parameter space.
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against the dominant background μþμ− → γνν̄.6 Analy-
tically, we find that in the limit that the muon, hD, and AD
masses are negligible, all three LO cross sections for the
signal processes here can be written as7

σXY ¼ �y4SLσLXY þ y4SEσ
E
XY

�
cos4 θΔ; ð46Þ

where X and Y can denote hD or AD, depending on the final
state for the given signal process, and σL;EXY depend solely
on SM parameters and the masses of the portal matter
fermions. In turn, we can estimate the significance of the
monophoton signal here for a muon collider with integrated
luminosity L as

NSD ¼
ffiffiffiffi
L

p
cos4θΔffiffiffiffiffiffiffiffi
σSM

p
�
y4SLσ

L þ y4SEσ
E
�
;

σL;E ≡X
XY

σL;EXY ; XY ¼ hDhD; ADhD; ADAD; ð47Þ

where σSM is the production cross section for the dominant
SM background process μþμ− → γνν̄. For the purposes
of constraining the parameter space of this model that can
address the muon g − 2 anomaly, we are primarily con-
cerned with the value of the product ySLySE, which scales
the chirally enhanced contribution of the portal matter to
Δaμ, rather than the two Yukawa couplings’ individual
values. Given a spectrum of portal matter states, any given
value of the product ySLySE, will in turn have a corre-
sponding minimum possible value for

P
XYðy4SLσLþ

y4SEσ
EÞ, and hence NSD. Using this minimum, we can

estimate that for a given product ySLySE, we shall achieve a
significance of at least

NSD > 2y2SLy
2
SE cos

4 θΔ
ffiffiffiffi
L

p
ffiffiffiffiffiffiffiffiffiffi
σLσE

σSM

s
: ð48Þ

We can then use Eq. (48) to estimate the 2σ exclusion
and 5σ discovery reach for the product ySLySE, given
hypothetical muon collider experiments with various

center-of-mass energies and integrated luminosities.
We compute the signal and background cross sections
using MadGraph [70], with our model implemented with
FeynRules [71]. We impose kinematic cuts such that

Eγ > 50 GeV;

m2
miss ≡ ðpμþ þ pμ− − pγÞ2 > ð200 GeVÞ2; jηγj < 2.5;

ð49Þ

where Eγ is the energy of the final-state photon,m2
miss is the

invariant mass of the combined four-momentum of the
invisible final-state particles, and ηγ is the pseudorapidity
of the photon. For the benchmark center-of-mass energies
and corresponding luminosities we consider in this study,
we have chosen the values displayed in Table V, following
those of the similar study in [68].
In Fig. 13, we depict the 2σ exclusion and 5σ discovery

reach for these benchmark muon collider experiments,
assuming that the spectrum of portal matter states follows
the canonical benchmark we have used thus far, namely
that M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , and M−
E ¼ 1.8Mþ

L , at
various values of the angle θΔ in order to get a sense for the
robustness of these constraints. Because the cross sections
scale quartically with the couplings ySL and ySE, we see
that even though the signal-to-background ratio in these
searches is quite low (generally between 10−2 and 10−3),
the monophoton search can still present a powerful probe of
the couplings, often significantly outperforming the bound
on the product ySLySE from partial wave unitarity given in
Eq. (33). Given that we have found in Sec. III A thatffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p ≳Oð1Þ is generally necessary in order to achieve
the desired value of Δaμ, especially in the case where
yHV ≪ yH, it is clear that this monophoton search can
potentially significantly constrain the viable parameter
space in which the model can address the muon magnetic
moment anomaly. Given that a multi-TeV muon collider is
likely to have a discovery reach for the portal matter
fermions up to half of its center-of-mass energy, it is even
feasible that such a muon collider could discover all portal
matter fermions in the model, and hence have their
complete spectrum known in a monophoton search. The

TABLE V. The benchmark center-of-mass energies and corre-
sponding integrated luminosities for the study of monophoton
constraints on the product ySLySE.ffiffiffi

s
p

(TeV) L (ab−1)

3 1
6 4
10 10
14 20
30 90

6This estimate ignores the monophoton signature from electro-
weak production of the portal matter neutrino partners, which
should be degenerate in mass with the charged isospin doublet
portal matter, the dominant process of which is μþμ− → γN�N̄�.
When the beam energy is sufficient to render these processes
kinematically accessible, they produce comparable cross sections
to those of the signal channels we do analyze when ySL;SE ¼ 1,
but do not scale with these couplings. As such, generally for
ySL;SE < 1 this signal would somewhat enhance our BSM signal
(and hence improve the reach of any given collider experiment),
but is generally a subdominant signal contribution when ySL;SE >
1 due to the quartic scaling of the other BSM monophoton
processes with these couplings.

7As a 2 → 3 process, the monophoton cross sections are
lengthy and not especially enlightening, so we do not present
them in full here.
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monophoton search’s constraints on the product
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p
are potentially exceptionally powerful.
A similarly quantitative evaluation of the discriminating

power of searches for other diboson processes, namely
μþμ− → h5;6; h5;6, μþμ− → hþh−, μþμ− → hþh3, and
μþμ− → hþhD, is considerably more complicated, and
because a detailed investigation of the branching fractions
of the heavy scalars in the model is highly nontrivial and
dependent on the extremely complicated scalar potential
terms, we will not attempt it. However, we can comment on
the fermionic decay channels for these bosons which will
presumably represent a sizable portion of their total decay
width. The Uð1ÞD-charged scalar h� will invariably have
open decay channels into an SMmuon plusUð1ÞD-charged
portal matter fields, leading to a final state featuring a
muon-antimuon pair and a dark photon or dark Higgs.
Similarly, h5 and h6 will have open channels into an SM
muon plus a virtual or on-shell Uð1ÞD-neutral vectorlike
lepton, L0 or E0, which will lead to signals featuring muons
plus some electroweak boson (if the electroweak boson
decays visibly, and all decay products remain hard enough
to be observed by the detector, it may in fact be possible to
entirely reconstruct the mass peak of the h5 or h6, although

a detailed study of whether this is in fact feasible is not
within the purview of the current work). Hence, it is
feasible to suspect that in wide regions of parameter space
(perhaps depending on values of scalar potential parame-
ters, which might influence the branching fractions of the
heavy scalars to other scalar states), a significant fraction of
the heavy scalars will produce events with visible final state
particles. Assuming that is the case, it is then useful to then
get a feel for the number of events with heavy scalars that
might be produced at a multi-TeV muon collider experi-
ment. We note that for the process μþμ− → XY, where X
and Y are some final-state scalars (or the dark photon), we
will have a cross section given by�

dσ
d cos θ

�
μþμ−→XY

¼ 1

32π

1

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

m2
X þm2

Y

s

�
2

− 4
m2

Xm
2
Y

s2

s
jMXY j2; ð50Þ

where s is the usual Mandelstam variable, the final-state
particles X and Y have massesmX andmY , respectively, and
jMXY j2 is the squared amplitude (with symmetry factors

0.5

1.0

1.5

2.0

2.5

2 4 6 8 10

0.5

1.0

1.5

2.0

2.5

2 4 6 8 10

0.5

1.0

1.5

2.0

2.5

2 4 6 8 10

FIG. 13. The estimated 5σ discovery (solid) and the 2σ exclusion (dashed) reach in scenario A for
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p
at a potential future muon

collider with center-of-mass energies
ffiffiffi
s

p ¼ 3 TeV (green), 6 TeV (blue), 10 TeV (magenta), 14 TeV (red), and 30 TeV (orange), with
corresponding integrated luminosities given in Table V. We have assumed that M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , M
−
E ¼ 1.8Mþ

L , and taken
the θΔ values displayed on each chart. The y-axis at each chart terminates at the upper bound on the product

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p
from partial wave

unitarity, given in Eq. (33),
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ySLySE

p ≲ 2.74.
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accounted for and averaged over initial spins), which for the processes involving the production of heavy scalars
will be

jMh5h5 j2 ¼
1

8

�
1 −

cosð2θΔÞ
cosð2θMÞ

�
2
�
y4SL

ðt − uÞ2ðtu −M4
h�cos

4θMÞ
ð2t −Mþ

L
2 −M−

L
2Þ2ð2u −Mþ

L
2 −M−

L
2Þ2 þ ðL → EÞ

�
;

jMh6h6 j2 ¼
1

8

�
1þ cosð2θΔÞ

cosð2θMÞ
�

2
�
y4SL

ðt − uÞ2ðtu −M4
h�sin

4θMÞ
ð2t −Mþ

L
2 −M−

L
2Þ2ð2u −Mþ

L
2 −M−

L
2Þ2 þ ðL → EÞ

�
;

jMh5h6 j2 ¼
1

4

�
1 −

cos2ð2θΔÞ
cos2ð2θMÞ

��
y4SL

ðt − uÞ2ðtu −M4
h�sin

2θMcos2θMÞ
ð2t −Mþ

L
2 −M−

L
2Þ2ð2u −Mþ

L
2 −M−

L
2Þ2 þ ðL → EÞ

�
;

jMhþh− j2 ¼
sin4θΔ
16

�
y4SL

ðM−
L
2 −Mþ

L
2 þ t − uÞ2ðtu −M4

hþÞ
ðt −Mþ

L
2Þ2ðu −M−

L
2Þ2 þ ðL → EÞ

�
;

jMhDhþj2 ¼ jMADhþj2 ¼
sin2ð2θΔÞ

8

�
y4SL

ðM−
L
2 −Mþ

L
2 þ t − uÞ2tu

ðt −Mþ
L
2Þ2ðu −M−

L
2Þ2 þ ðL → EÞ

�
;

jMhDh− j2 ¼ jMADhþj2 ¼
sin2ð2θΔÞ

8

�
y4SL

ðM−
L
2 −Mþ

L
2 þ u − tÞ2tu

ðu −Mþ
L
2Þ2ðt −M−

L
2Þ2 þ ðL → EÞ

�
: ð51Þ

Notice that the requirement that j cosð2θΔÞj < j cosð2θMÞj (see Appendix A) is manifested in the squared amplitude for
μþμ− → h5h6, where if it is not satisfied the cross section will become negative.
In Figs. 14–16, we depict the heavy scalar production cross sections at a

ffiffiffi
s

p ¼ 3 TeV muon collider as functions of
the portal matter mass Mþ

L , again assuming our benchmark values M−
L ¼ 1.3Mþ

L , M
þ
E ¼ 1.5Mþ

L , and M−
E ¼ 1.8Mþ

L ,
for different values of the scalar mass scale Mh� and different choices of the angles θΔ and θM. For convenience,
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FIG. 14. The combined total production cross section σh0σμþμ−→h5h5 þ σμþμ−→h5h6 þ σμþμ−→h6h6 in scenario A as a function of the
portal matter mass Mþ

L at a
ffiffiffi
s

p ¼ 3 TeV muon collider for θΔ ¼ θM ¼ π=8 (blue), θΔ ¼ θM ¼ π=4 (magenta), and θΔ ¼ π=8, θM ¼
3π=8 (red). We have taken ySL ¼ ySE ¼ 1, and assumed a benchmark portal matter mass spectrum M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , and
M−

E ¼ 1.8Mþ
L .
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In Figs. 14 and 16, we have combined several final states
that will likely have similar or identical final-state signals,
such as h5 and h6, hD and AD, and hþ and h−. Assuming a
luminosity of Oðab−1Þ for a multi-TeV muon collider, we
then see that if the final states with heavy scalars are
kinematically accessible, they can be produced copiously at
such a machine–for Mþ

L near the current bound of ∼1 TeV
we can expect thousands of heavy scalar production events.
We should also note that these processes, like the mono-
photon processes we inspected earlier, will scale quartically
with the Yukawa couplings ySL and ySE, introducing
possibly significant constraints on these couplings which
play a key role in the new physics contribution to the
anomalous muon magnetic moment.

2. Diboson production (scenario B)

In scenario B, only heavy scalars and gauge bosons
might be produced via the t-channel exchange of vectorlike
fermions here, since the dark photon and the dark Higgs
fields both lack appreciable fermionic couplings featuring
the muon. The heavy boson production, however, might be
constrained through their visible decay channels to vector-
like and/or SM leptons, as with the heavy scalars in
scenario A, discussed in Sec. IV B 1. In scenario B, the
exotic bosons that might be produced are W�

h;l, ZD, h1, h2,
and h4–as noted earlier, precisely those fields which may

not be appreciably produced at a muon collider in scenario
A–final states with ZD are likely to be of particular
phenomenological interest, since it is feasible that they
have an appreciable branching fraction to μþ − μ− pairs,
and can therefore be easily reconstructed if their width is
sufficiently narrow. The symbolic forms of the cross
sections in this scenario are quite lengthy, and we do
not display them here (although for those who are curious
about the specific forms, they are given in Appendix B. For
our purposes, the salient points to be aware of are that all
cross sections scale quartically with the quantity eD=MZD

,
and are otherwise dependent on the same parameters which
govern the new physics correction to the muon magnetic
moment here: the spectrum of vectorlike fermion masses,
λ1, θD, θlh, the masses of the heavy scalars h1, h2, and h4,
and that of the gauge boson ZD. As discussed in Sec. III B,
physical consistency of the various parameters leads to a
rather narrow allowed space of selections of these param-
eters–as in our g − 2 analysis, then, although our space
appears to have a significant number of free parameters, in
practice our selections will be necessarily limited.
On the left panel of Fig. 17, we plot the combined

heavy scalar production cross sections σh0 ¼ σμþμ−→h1h1 þ
σμþμ−→h2h2 þ σμþμ−→h1h2 þ σμþμ−→h4h4 in scenario B at affiffiffi
s

p ¼ 3 TeV muon collider as functions of the portal matter
massMþ

L , with our canonical selection of benchmark values
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FIG. 15. The total production cross section σμþμ−→hþh− in scenario A as a function of the portal matter mass Mþ
L at a

ffiffiffi
s

p ¼ 3 TeV
muon collider for θΔ ¼ π=8 (blue), θΔ ¼ π=4 (magenta), and θΔ ¼ 3π=8 (red).We have taken ySL ¼ ySE ¼ 1, and assumed a
benchmark portal matter mass spectrum M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , and M−
E ¼ 1.8Mþ

L .
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M−
L ¼ 1.3Mþ

L , Mþ
E ¼ 1.5Mþ

L , M−
E ¼ 1.8Mþ

L . Here we
select Mh2 ¼ 1.2 TeV and Mh1 ¼ 1.5 TeV following the
selection rule in Eq. (40) to ensure that the selection in
parameter space is physical, and select θD ¼ π=4, which,
combined with the above-mentioned bound, also ensures
that the Φ vev angle θΦ appearing in Eq. (5) is real. The

available parameter range for eD will then also be governed
by the same bound. The main channel for this process is
σμþμ−→h4h4 . We thus plot the combined heavy scalar pro-
duction cross section σh0 as a function of M

þ
L with different

choice of Mh4 . There is a decrease in σh0 when we scale
up Mh4 , but overall these heavy scalars can be copiously

10–3

0.01

0.1

1.

10.

1 2 3 4 5 6

10–3

0.01

0.1

1.

10.

1 2 3 4 5 6

10–3

0.01

0.1

1.

10.

1 2 3 4 5 6

10–3

0.01

0.1

1.

10.

1 2 3 4 5 6

FIG. 16. The combined total production cross section σh�h3;AD
¼ σμþμ−→hþh3 þ σμþμ−→h−h3 þ σμþμ−→hþAD

þ σμþμ−→h−AD
in scenario A

as a function of the portal matter massMþ
L at a

ffiffiffi
s

p ¼ 3 TeV muon collider for θΔ ¼ π=8 (blue) and θΔ ¼ π=4 (red) (note that these cross
sections are invariant under θΔ → π=2 − θΔ). We have taken ySL ¼ ySE ¼ 1, and assumed a benchmark portal matter mass spectrum
M−

L ¼ 1.3Mþ
L , M

þ
E ¼ 1.5Mþ

L , and M−
E ¼ 1.8Mþ

L .

FIG. 17. Left: the combined total production cross section σh0 ¼ σμþμ−→h1h1 þ σμþμ−→h2h2 þ σμþμ−→h1h2 þ σμþμ−→h4h4 as a function of
the portal matter mass Mþ

L at a
ffiffiffi
s

p ¼ 3 TeV muon collider for scenario B, for M−
L=M

þ
L ¼ 1.3, Mþ

E=M
þ
L ¼ 1.5, M−

E=M
þ
L ¼ 1.8,

Mh1 ¼ 1.5 TeV and Mh2 ¼ 1.2 TeV. Right: The combined total and individual production cross sections σW ¼ σμþμ−→Wþ
l W

−
l
þ

σμþμ−→Wþ
h W

−
h
þ σμþμ−→Wþ

h W
−
l
þ σμþμ−→Wþ

l W
−
h
in scenario B, for the same portal masses, but with slhMZD

¼ 0.75 TeV, clhMZD
¼

1.3 TeV, and θD ¼ π=4.
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produced in a multi-TeV muon collider if they are kine-
matically allowed. On the right panel of Fig. 17, we
plot the combined total and individual production cross
section σW ¼ σμþμ−→Wþ

l W
−
l
þ σμþμ−→Wþ

h W
−
h
þ σμþμ−→Wþ

h W
−
l
þ

σμþμ−→Wþ
l W

−
h
, with the benchmark values for heavy vector-

like leptons and constant heavy gauge bosons and scalars
masses. The main contribution comes from σμþμ−→Wþ

h W
−
h
,

due to the choice of θD ¼ π=4. Figure 19 shows that the
main contributing channel for σW actually changes with
respect to θD. For θD ¼ 0.7, σWþ

h ;W
−
h
dominates the total σW

whereas for θD ¼ 0.8, σWþ
l ;W

−
l
dominates the total σW . The

contributions of σμþμ−→Wþ
l W

−
h
and σμþμ−→Wþ

h W
−
l
are identical,

emerging in the figure as two overlapping curves, since their
squared amplitudes differ by only t ↔ u.
In Fig. 18, we show the combined total and individual

production cross sections of ZD, with σZD
¼ σμþμ−→ZDZD

þ
σμþμ−→ZDh1 þ σμþμ−→ZDh2 , as a function of Mþ

L , again
assuming benchmark values for masses of other heavy

vectorlike leptons. For the masses of heavy gauge bosons
and scalars, we make two different assumptions. In the right
panel of Fig. 18, we set the values of the heavy gauge
bosons and scalars masses to be constants, and observe an
increase in σμþμ−→ZDh1 and σμþμ−→ZDh2 as a function ofM

þ
L .

This is because the masses of all heavy particles (scalars,
vectorlike leptons and gauge bosons) scale with vΦ, the
OðTeVÞ vev of the bidoublet Φ. When we define our input
parameters, vΦ is replaced withMZD

and other proportional
constants and angles. Therefore, without assuming masses
of heavy scalars scale with Mþ

L , we are actually assuming
that the Yukawa couplings yL and yE, which govern the
strength of the couplings of the muon to h1 and h2, increase
when Mþ

L increases, following the relations in Eq. (11).
This running of Yukawa couplings, though resulting in
unexpected increase of σμþμ−→ZDh1 and σμþμ−→ZDh2 as M

þ
L

increases, still respects the perturbative bound for this mass
range ofMþ

L . On the left panel of Fig. 18, we fix the ratio of
various heavy gauge bosons and scalars masses to Mþ

L .

FIG. 18. The combined total and individual production cross sections of σZD
¼ σμþμ−→ZDZD

þ σμþμ−→ZDh1 þ σμþμ−→ZDh2 as a function
of Mþ

L at a
ffiffiffi
s

p ¼ 3 TeV muon collider for scenario B, assuming that Left: M−
L=M

þ
L ¼ 1.3, Mþ

E=M
þ
L ¼ 1.5, M−

E=M
þ
L ¼ 1.8,

slhMZD
=Mþ

L ¼ 0.75; clhMZD
=Mþ

L ¼ 1.3;Mh2=M
þ
L ¼ 0.8;Mh1=M

þ
L ¼ 1.5; θD ¼ π=4, Right: M−

L=M
þ
L ¼ 1.3, Mþ

E=M
þ
L ¼ 1.5,

M−
E=M

þ
L ¼ 1.8, slhMZD

¼ 0.75 TeV; clhMZD
¼ 1.3 TeV;Mh2 ¼ 1.2 TeV;Mh1 ¼ 1.5 TeV, and θD ¼ π=4.

FIG. 19. The effect of θD on the individual cross sections for heavy gauge bosons in scenario B, assuming M−
L=M

þ
L ¼ 1.3,

Mþ
E=M

þ
L ¼ 1.5, M−

E=M
þ
L ¼ 1.8, slhMZD

¼ 0.75 TeV; clhMZD
¼ 1.3 TeV;Mh2 ¼ 1.2 TeV;Mh1 ¼ 1.5 TeV; eD ¼ 0.8. Left: different

channels for ZD production are shown for θD ¼ 0.7 and θD ¼ 0.8. Right: σWþ
l ;W

−
l
are plotted in dashed curves and σWþ

h ;W
−
h
are shown for

θD ¼ 0.7 and θD ¼ 0.8. Note that for different values of θD, the main contributing channels are different.
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Now, as expected, all channels of σZD
decrease with respect

to the increase ofMþ
L . However, we can not show σZD

over
a larger range ofMþ

L , as the masses of heavy gauge bosons
and scalars become too heavy very easily, and will quickly
violate the bound of Eq. (40). σZD

also depends nontrivially
on the choice of θD. In Fig. 19, we plot individual cross
sections with different choice of θD, assuming benchmark
values for vectorlike leptons masses, and constant heavy
gauge bosons and scalars masses. Numerically, we find that
larger θD results in larger σZD;ZD

and σZD;h2 , and vice versa
for σZD;h1–there is unfortunately no immediately satisfac-
tory intuitive argument that this relation should be so, but
the relationship can be ultimately observed analytically by
inspection of the cross sections in Appendix B.
Ultimately, we see that a TeV-scale muon collider with

Oðab−1Þ integrated luminosity will readily produce thou-
sands, if not hundreds of thousands, of potentially visible
exotic diboson pairs in this model if the relevant particles
are kinematically accessible. In particular, because the
results scale quartically with the dark coupling eD=MZD

,
which enters into the g − 2 calculation, searches for these
particles have the potential to significantly constrain the
model’s ability to address the magnetic moment anomaly.
Furthermore, if MZD

can be directly measured, possibly in
its dimuon decay channel, constraints on the coupling eD
from physical consistency requirements with other model
parameters can be determined. Because eD directly affects
the coupling strength of our conjectured dark matter
candidate to the dark photon mediator, such constraints
have the potential to have excellent complementarity with
dark sector constraints from the relic abundance and direct
and indirect detection.

C. Precision constraints

In this section, we discuss the precision constraints on
this model. We first note that precision electroweak
observables do not provide significant constraints on this
model, similar to the case of the minimal portal matter
construction of [21]. As the new fermions are all vectorlike
with respect to the SM group, their loop-level effects on S
and T are heavily suppressed. The only other potential
source of corrections to the oblique parameters in this
model is the kinetic mixing between the Z boson and the
dark sector gauge bosons, AD and ZD.

8 Oblique corrections
stemming from kinetic mixing scale quadratically with the

kinetic mixing coefficient, however, and as such generally
only constrain kinetic mixing of Oð10−2Þ [19,72]. We can
readily compute the kinetic mixing coefficients of both
the AD and the ZD with Z, which due to the fact that the
dark group is semisimple, will be finite and calculable.
At the Z pole (the relevant scale for the precision electro-
weak measurements), we arrive at kinetic mixing coeffi-
cients of

ϵZ−AD
¼ eDe

6π2
sw
cw

log

�
Mþ

LM
þ
E

M−
LM

−
E

�
;

ϵZ−ZD
¼ eDe

12π2 sinð2θDÞ
sw
cw

	
Mþ

L
2 −M−

L
2

Mþ
L
2 þM−

L
2

�
5

6
þ log

M0
L

mZ

�

þ ð1 − 2 cosð2θDÞÞ log
Mþ

L

M−
L
þ ðL → EÞ



; ð52Þ

to leading order in m2
Z=M

�
L;E

2 and m2
τ;μ=m2

Z. Following the
analysis of [73], because ZD interacts at leading order with
SM fields (the τ or μ, depending on whether we consider
scenario A or scenario B, and its corresponding neutrino),
we have included the effects of both the kinetic mixing of
the ZD with theUð1ÞY and SUð2ÞL gauge fields. Given that
the coefficient esw=ð12π2cwÞ ≈ 1.4 × 10−3, it is trivial to
see that both kinetic mixing coefficients trivially satisfy
precision electroweak constraints from, e.g., [19], as long
asMZD

−mZ ≳ 10 GeV. Since it is unlikely that ZD would
be so light while the portal matter (which presumably
has masses of the same magnitude) would remain unde-
tected, we can reasonably conclude that precision electro-
weak observables play no serious role in constraining the
parameter space.
In scenario B, the fact that ZD couples to muons, rather

than τ’s, requires us to consider further precision con-
straints, emerging from four-lepton operators featuring
muons and muon neutrinos. The strongest of these con-
straints comes from the neutrino trident production process
νμN → νμμ

þμ−N. Following the results of [74] for chiral
ZD couplings, we have

σSMþNP

σSM
¼ 1þ 8

ð1þ 4s2WÞ g
L
μμðgLμμþgRμμÞ

g2
2

m2
W

M2
ZD

− gLμμðgLμμ−gRμμÞ
g2
2

m2
W

M2
ZD

1þ ð1þ 4s2WÞ2
;

ð53Þ

where sW , mW and g2 are the usual Standard Model
parameters, and gL;Rμμ describe left and right μ̄μZD cou-
plings. In scenario B, they take the forms

gLμμ ¼
eDðM−

L
2 −Mþ

L
2Þ

sin 2θDðM−
L
2 þMþ

L
2ÞÞ ;

gRμμ ¼
eDðM−

E
2 −Mþ

E
2Þ

sin 2θDðM−
E
2 þMþ

E
2Þ ; ð54Þ

8The Z boson can also mix with theWh;l bosons, however due
to approximate Uð1ÞD charge conservation this mixing is highly
suppressed. If we were to relax our assumption that the SM Higgs
sector is not coupled to the dark scalar sector, nontrivial mass
mixing between the Z boson and the scalar sector would emerge
from these mixed terms in the scalar potential. However, because
these couplings are under harsh phenomenological constraints,
the effects of these couplings will be quite similar to those of the
kinetic mixing-induced effect.
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Average results from CHARM-II [75], CCFR [76] and
NuTEV [77] places a bound on this ratio

σSMσNP

σSM
¼ 0.83� 0.18 ð55Þ

We plot this ratio as a function of ZD mass in Fig. 20, for 3
different values of eD. We find that for reasonable ranges of
the choice of eD, for MZD

> 0.8 TeV, this ratio is always
well bounded. For smaller values of eD, the lower bound on
MZD

could be further pushed down to around 0.6 TeV.
Turning now to bounds from flavor violation, we first

note that charged lepton flavor constraints also do not
provide significant constraints on this model. More pre-
cisely, because the dark gauge symmetry breaking pre-
serves a residual Z0

2, as discussed in Sec. II, the muon and τ
lepton flavors are to excellent approximation isolated from
one another, and charged lepton flavor-violating couplings
are so suppressed that constraints, from, e.g., flavor-
violating τ decays are trivially satisfied in both scenario
A and scenario B. Flavor-violating couplings between SM
fermions mediated by the Wh and Wl gauge bosons do
exist, but they are heavily suppressed. Note also that since
the electron is taken to be a singlet with respect to GD and
Z2 (and thus even with respect to Z0

2), charged lepton flavor
violation involving the first generation would necessarily
be absent at tree level in this model.
That said, we note that if the model is taken literally in

the neutrino sector, the preserved Z0
2, which conveniently

insulates the model from large flavor-changing neutral
currents in the charged lepton sector, also prevents mixing
among the ντ and νμ, in conflict with current best-fits for
the parameters of the PMNS matrix (see, e.g., [78] and
references therein). Hence, the Z0

2 must not be an exact
symmetry, which ultimately means that this model needs to
be extended. The Z0

2 breaking might be introduced solely
into the neutrino sector via, for example, sterile neutrinos
with Z0

2-violating Majorana mass terms, or the underlying

global Z2 we originally introduced into the model might be
removed or softly broken in the scalar sector, leading to
additional nontrivial constraints on the model from charged
lepton flavor-violation searches. As a detailed exploration
of the neutrino flavor physics within this general frame-
work is beyond the scope of this paper, we shall defer such
an analysis to future work.

V. CONCLUSIONS AND OUTLOOK

In this work, we have presented an extension to a
minimal framework of leptonic portal matter inspired by
the model presented in [30] to address the muon magnetic
moment anomaly. By augmenting the SM gauge group
with a semisimple symmetry that contains a dark Uð1ÞD, in
our case SUð2Þ2 augmented by a global Z2, we are able to
accommodate both portal and SM matter as constituents of
single multiplets such that any kinetic mixing between
Abelian factors of the new dark gauge group and SM gauge
fields are finite and calculable. Compared to the minimal
construction, this extended dark gauge group presents a far
richer parameter space in which the observed correction to
the muon magnetic moment can be recreated, including a
number of nontrivial physical phase differences (or, in our
simplifying assumption that the parameters are real, signs)
between parameters, contributions to the magnetic moment
involving an extended scalar and gauge sector, and even an
implementation of the model in which the muon does not
directly mix with the portal matter fields, but still experi-
ences a sizable correction to g − 2 arising from loops
involving both the portal matter fields and new Uð1ÞD-
neutral vectorlike leptons.
We have explored other possible experimental signatures

of the model, noting that the model presents rich collider
phenomenology. In the fermion sector, we found that the
extended dark gauge group gives rise to the possibility of
nontrivial additional decay channels for the portal matter
fields and the Uð1ÞD-neutral vectorlike leptons, which can
lead to atypical experimental signatures for these fields.
We have also seen that a multi-TeV muon collider offers
excellent prospects to discover the model’s new vectorlike
leptons as well as the TeV-scale scalar and vector boson
content arising from the extended dark gauge group.
Additionally, the similarity between the Feynman diagrams
contributing to the production of the model’s new scalars
and gauge bosons at such a machine and those diagrams
which contribute to the anomalous magnetic moment of
the muon make searches for these particles a potentially
useful method of constraining or measuring various
critical parameters governing the magnitude of the g − 2
correction.
There are several immediate directions in which this

work might be extended. As mentioned in Sec. IV C,
implementing a phenomenologically realistic model for
neutrinos within this framework presents challenges,
including relaxing the Z2 symmetry which offers flavor

FIG. 20. The ratio σSMþNP=σSM that emerges in scenario B
from neutrino trident production. The experimental upper bound
is obtained from averaging CHARM-II, CCFR, and NuTEV.
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protection in the charged lepton sector. As a result, a
detailed exploration of the feasibility of preserving this Z2

for the charged leptons and violating it in the neutrino
sector, or the degree to which recreating realistic neutrino
mixing would require explicit Z2 breaking in the charged
sector, would be of interest. Additionally, inspired by the
idea of interrelating the muon g − 2 contribution in this
framework to the τ lepton Yukawa coupling and avoiding
experimental constraints on new physics coupled to elec-
trons, we have limited the discussion of this lepton flavor
symmetry to involve only the second and third generations.
Because both the electron and muon anomalous magnetic
moments have been measured, a study of the kind given in,
e.g., [58,79] of an analogous framework to the model
presented here, featuring a flavor symmetry of the first two
lepton generations instead of the last two could be an
enlightening additional regime of the model to consider.
More broadly, the model we have presented here represents
a reasonable “proof of concept” in incorporating the muon
g − 2 paradigm of [30] into a more UV complete portal
matter construction, and in the process has demonstrated
a rich nontrivial phenomenology descending from the
extended dark gauge group. In principle a broad number
of similar frameworks, perhaps associated with an extended
dark gauge group containing other phenomenologically
significant BSM symmetries, can be developed.
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APPENDIX A: DARK SCALAR MASSES
AND EIGENSTATES

In this Appendix, we provide the detailed symmetry
breaking analysis for the potential, Eq. (4). We see that to
completely specify this potential, we need 17 inputs, the 4μ
parameters and the 13λ parameters. We will express the
dark scalar bidoublet Φ and the two real dark scalar triplets
ΔA;B as

Φ ¼ 1

2
ðReΦ0 þ iImΦ0Þ þ

X
a¼x;y;z

τaðReΦa þ iImΦaÞ;

ΔA;B ¼
X

a¼x;y;z

τaΔa
A;B; ðA1Þ

in which τa ≡ σa=2, where σa are the usual Pauli matrices.
We will organize the 14 independent variables in Φ and

ΔA;B as XS ¼ ðXB1
S ; XB2

S ; XB3
S ; XB4

S Þ, with

XB1
S ¼ ðReΦ0;ReΦz;Δx

B;Δx
AÞ; XB2

S ¼ ðImΦ0; ImΦz;Δ
y
B;Δ

y
AÞ;

XB3
S ¼ ðΔz

B;Δ
z
A;ReΦx; ImΦyÞ; XB4

S ¼ ðReΦy; ImΦxÞ: ðA2Þ

The system of equations generated upon extremizing the potential can be simplified by noticing that we can use the 6
rotations in SUð2ÞA ⊗ SUð2ÞB to eliminate 6 out of the 14 degrees of freedom. In particular, using this gauge freedom, we
can eliminate 2 complex off-diagonal terms and the imaginary parts of the diagonal of the bi-doublet Φ. This allows us to
write the vevs as

hXB1
S i ¼ ðhReΦ0i; hReΦzi; hΔx

Bi; hΔx
AÞi; hXB2

S i ¼ ð0; 0; hΔy
Bi; hΔy

AiÞ;
hXB3

S i ¼ ðhΔz
Bi; hΔz

Ai; 0; 0Þ; hXB4
S i ¼ ð0; 0Þ: ðA3Þ

We will write the nonzero components of the bidoublet’s vev as

hReΦ0i ¼ vΦðcos θΦ þ sin θΦÞ and hReΦzi ¼ vΦðcos θΦ − sin θΦÞ; ðA4Þ

and the components of the triplets as

hΔx
Ai ¼ rΔvΦsθΔcϕA

sθA ; hΔy
Ai ¼ rΔvΦsθΔsϕA

sθA ; hΔz
Ai ¼ rΔvΦsθΔcθA ;

hΔx
Bi ¼ rΔvΦcθΔcϕB

sθB ; hΔy
Bi ¼ rΔvΦcθΔsϕB

sθB ; hΔz
Bi ¼ rΔvΦcθΔcθB ; ðA5Þ

in which 0 ≤ θΔ ≤ π=2, vΦ; rΔ ≥ 0, 0 ≤ θΦ;A;B ≤ π, and 0 ≤ ϕA;B ≤ 2π. Extremizing the potential yields three inequivalent
families of vacua, all of which are CP preserving:

(i) Family (a): rΔ ¼ 0 (preserved dark subgroup Uð1ÞD ⊗ Z2).
(ii) Family (b): rΔ ≠ 0, 0 < θΔ < π=2, θA;B ¼ 0 (preserved dark subgroup Uð1ÞD).
(iii) Family (c): rΔ ≠ 0, 0 < θΔ < π=2, θA;B ¼ π=2 (preserved dark subgroup Z0

2). This case is true for an arbitrary
ϕA ¼ ϕB. We can then, for simplicity, take ϕA ¼ ϕB ¼ 0.
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In the above, we note that Uð1ÞD is the group formed by
z-rotations in the gauge spaceGD, i.e., the group formed by
the transformations

DAðẑ;ϕÞ ⊗ DBðẑ;ϕÞ; ðA6Þ

and Z0
2 is the group generated by the transformation

DAðẑ; πÞ ⊗ DBðẑ; πÞ ⊗ Z2: ðA7Þ

To break the dark group GD completely, we now see
the need for the two triplets ΔA;B: if either one is zero,
vacuum (a) is the only option and there will always be a
preserved Uð1ÞD subgroup.
As described earlier in this work, the symmetry breaking

pattern of interest is composed of two steps: The bi-doublet
Φ acquires a vev, breaking GD to Uð1ÞD, which is
subsequently broken by the (smaller) vevs of the triplets

ΔA;B. To achieve this symmetry-breaking pattern, we need
(i) VðaÞ > VðbÞ and (ii) VðbÞ > VðcÞ. Condition (i) can be
satisfied by imposing

ðμ23ðbÞ þ μ24ðbÞÞ < ðμ23ðbÞ − μ24ðbÞÞc2θΔ : ðA8Þ

Furthermore, for the vacua families (b) and (c) we can also
exchange the μ3, μ4 for θΔ; rΔ. In that case, we see that

VðbÞ − VðaÞ ¼ v2Φ
8
r2Δðλ8 − λ9Þs2θΔðs2θΦ − 1Þ; ðA9Þ

and hence condition (ii) can be easily satisfied by requiring
θΦ ≠ π=4 and λ8 > λ9.
Once the desired symmetry-breaking pattern, which

corresponds to vacuum family (c), has been obtained,
we can analyze issues of vacuum stability. The extremum
condition yields the following relations:

μ21v
2
Φ ¼ 2λ1 þ λ3 sinð2θΦÞ þ

r2Δ
4

	
ðλ5 þ λ11Þ þ ðλ5 − λ11Þc2θΔ þ

λ9
2
sinð2θΔÞ



;

μ22v
2
Φ ¼ λ3 þ 2ðλ2 þ λ7Þ sinð2θΦÞ þ

r2Δ
4

	
ðλ6 þ λ12Þ þ ðλ6 − λ12Þ cosð2θΔÞ þ

λ8
2
sinð2θΔÞ



;

μ23v
2
Φ ¼ λ11 þ λ12 sinð2θΦÞ þ

cotðθΔÞ
4

ðsinð2θΦÞλ8 þ λ9Þ þ
r2Δ
4
½ðλ10 þ λ13Þ þ ðλ13 − λ13Þ cosð2θΔÞ�;

μ24v
2
Φ ¼ λ5 þ λ6 sinð2θΦÞ þ

1

4
tanðθΔÞ½sinð2θΦÞλ8 þ λ9� þ

r2Δ
2
½λ4cos2ðθΔÞ þ λ13 sinðθΔÞ�: ðA10Þ

The partition of the scalar sector into the four blocks
XB1
S ; XB2

S ; XB3
S ; XB4

S is now justified, as each block has a
well-defined and unique charge under CP and Z0

2. Thus, in
this basis, the scalar mass-squared matrix M2

S is composed
of four separate blocks: ðM2

SÞðaÞ, with a ¼ 1;…; 4. The
block a ¼ 4 is already diagonal, as it is a null matrix.
Before diagonalizing the remaining blocks (a ¼ 1, 2, 3),
we will define some new variables for simplicity. First, we

will exchange the inputs ðλ8; λ9Þ for ðMh� ;ϕλÞ via

λ8 � λ9 ¼ ∓2

�
Mh�
vΦ

�
2 sin 2ðθΔ � ϕλÞ
cos 2ϕλð1� sin 2θΦÞ

: ðA11Þ

The input variables ðλ1; λ3; λ2; λ7Þ can also be exchanged in
favor of ðr1; r2; r4; θλÞ via

λ1 ¼
1

8 cos2 2θϕ

�
Mh�

vΦ

�
2

½Δr21þ2 þ Δr21−2 sin 2ðθλ − θΦÞ�;

λ2 þ λ7 ¼
1

8 cos2 2θϕ

�
Mh�

vΦ

�
2

½Δr21þ2 − Δr21−2 sin 2ðθλ þ θΦÞ�;

λ3 ¼
1

4 cos2 2θϕ

�
Mh�

vΦ

�
2

½Δr21−2 cos 2θλ − Δr21þ2 sin 2θΦ�;

λ2 − λ7 ¼ −
�
Mh�

vΦ

�
2 r24
4
; ðA12Þ

in whichΔr21�2 ¼ r21 � r22. Finally, we can exchange the inputs ðλ5; λ6Þ for ðλα; θαÞ, ðλ11; λ12Þ for ðλβ; θβÞ, and λ4 for M̃3. We
then have for the first block, ðM2

SÞð1Þ,
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ðM2
SÞð1ÞDiag ¼ M2

h�

0
BBB@

r21 0 0 0

0 r22 0 0

0 0 r2Δr
2
3 0

0 0 0 1

1
CCCA; ðA13Þ

corresponding to mass eigenstates h1, h2, h3, and h1deg, with

CP and Z0
2 charges of ðþ1;þ1Þ. The second block ðM2

SÞð2Þ,
takes the form

ðM2
SÞð2ÞDiag ¼ M2

h�

0
BBB@

1 0 0 0

0 r24 0 0

0 0 0 0

0 0 0 0

1
CCCA; ðA14Þ

consisting of the eigenstates h2deg and h4, with CP and

Z0
2 charges ð−1;þ1Þ. The third block ðM2

SÞð3Þ is

ðM2
SÞð3ÞDiag ¼ M2

h�

0
BBB@

cos2 θM 0 0 0

0 sin2 θM 0 0

0 0 0 0

0 0 0 0

1
CCCA; ðA15Þ

corresponding to the eigenstates h5 and h6, which have CP
and Z0

2 charges of ðþ1;−1Þ. In the above, the angle θM is
given by c2θM ¼ c2θΔ=c2ϕλ

, and so we will exchange ϕλ in
favor of it. However, in order for the angle θM to be real, we
must have jc2θM j > jc2θΔ j (so for example, if we require
θM ¼ π=4, then the only allowable value is θΔ ¼ π=4).
More explicitly, the scalar mass eigenstates consist of the

six real scalar fields

h1 ¼ cos θλðReΦ0 − hReΦ0iÞ þ sin θλðReΦz − hReΦziÞ þOðrΔÞ;
h2 ¼ − sin θλðReΦ0 − hReΦ0iÞ þ cos θλðReΦz − hReΦziÞ þOðrΔÞ;
h3 ¼ cos θΔðΔx

B − hΔx
BiÞ þ sin θΔðΔx

A − hΔx
AiÞ þOðrΔÞ;

h4 ¼ − sin ðθΦ þ π=4ÞΔy
B þ cos ðθΦ þ π=4ÞΔy

A þOðrΔÞ;
h5 ¼ − sinϕλΔz

B þ cosϕλΔz
A þOðrΔÞ;

h6 ¼ cosϕλΔz
B þ sinϕλΔz

A þOðrΔÞ; ðA16Þ

with masses Mh1;2;4 ¼ r1;2;4Mh� , mh3 ¼ rΔr3Mh� ,
Mh5 ¼ cos θMMh� , and Mh6 ¼ sin θMMh� , and one com-
plex scalar field

h� ¼ −
1ffiffiffi
2

p cos θΔðΔx
A − Δy

A − hΔx
AiÞ

þ 1ffiffiffi
2

p sin θΔðΔx
B − Δy

B − hΔx
BiÞ þOðrΔÞ; ðA17Þ

with mass Mh� . We see that, in this notation, the require-
ment for vacuum family (c) to be a relative minimum is
equivalent to imposing positive scalar masses, as expected.

APPENDIX B: DIBOSON CROSS SECTIONS
IN SCENARIO B

Here, we reproduce the full set of squared amplitudes for
the diboson production processes considered in Sec. IV B 2.
In keeping with the notation of Sec. IV B 1, we shall denote
each cross section by as jMXY j, where X, Y shall denote the
two bosons being produced. We shall group these cross
sections into three categories: Those which feature only the
scalar bosons h1, h2, and h4, those which feature the dark
gauge boson ZD, and finally those which feature the dark
gauge bosons W�

h;l. In the first category, we have

jMh1h1 j2 ¼
e4Dð1 − ShÞ2

256M4
ZD
s42Dc

4
2ϕ

�ðM−
L
2 −Mþ

L
2Þ4ðt − uÞ2ðtu −M4

h1
Þ

M0
L
4ðM0

L
2 − tÞ2ðM0

L
2 − 2uÞ2 þ ðL → EÞ

�
;

jMh2h2 j2 ¼
e4Dð1þ ShÞ2

256M4
ZD
s42Dc

4
2ϕ

�ðM−
L
2 −Mþ

L
2Þ4ðt − uÞ2ðtu −M4

h2
Þ

M0
L
4ðM0

L
2 − tÞ2ðM0

L
2 − 2uÞ2 þ ðL → EÞ

�
;

jMh4h4 j2 ¼
e4D

4M4
ZD
s42Dc

4
2ϕ

�
M0

L
4ðt − uÞ2ðtu −M4

h4
Þ

ðM0
L
2 − tÞ2ðM0

L
2 − uÞ2 þ ðL → EÞ

�
;

jMh1h2 j2 ¼
e4Dð1 − S2hÞ

256M4
ZD
s42Dc

4
2ϕ

�ðM−
L
2 −Mþ

L
2Þ4ðt − uÞ2ðtu −M2

h1
M2

h2
Þ

M0
L
4ðM0

L
2 − tÞ2ðM0

L
2 − uÞ2 þ ðL → EÞ

�
; ðB1Þ
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where we follow the notation outlined in Eq. (39). Squared amplitudes for processes featuring final-state ZD are given by

jMZDZD
j2 ¼ e4DM

−
L
4Mþ

L
4

4M4
ZD
s42DM

0
L
8

�
4CZDZD;1

ðM0
L
2 − tÞ2 þ

4CZDZD;2

ðM0
L
2 − uÞ2 þ

CZDZD;3

ðM0
L
2 − uÞ2ðM0

L
2 − tÞ2

�
þ ðL → EÞ;

jMZDh1 j2 ¼
e4DC

2
λϕ−M

−
L
2Mþ

L
2ðM−

L
2 −Mþ

L
2Þ2ð2M0

L
2 − t − uÞ2CZDh1;1

32M4
ZD
s42Dc

4
2ϕM

0
L
8ðM0

L
2 − tÞ2ðM0

L
2 − uÞ2 þ ðL → EÞ;

jMZDh2 j2 ¼
e4DC

2
λϕþM

−
L
2Mþ

L
2ðM−

L
2 −Mþ

L
2Þ2ð2M0

L
2 − t − uÞ2CZDh2;1

32M4
ZD
s42Dc

4
2ϕM

0
L
8ðM0

L
2 − tÞ2ðM0

L
2 − uÞ2 þ ðL → EÞ; ðB2Þ

where

CZDZD;1 ¼ −
1

4
ð4M8

ZD
− t3uþ 4t2ðtþ uÞM2

ZD
− tð7tþ 4uÞM4

ZD
Þ;

CZDZD;2 ¼ −
1

4
ð4M8

ZD
− tu3 þ 4u2ðtþ uÞM2

ZD
− uð7uþ 4tÞM4

ZD
Þ

CZDZD;3 ¼
1

2
ð16M8

ZD
− 8ðtþ uÞM6

ZD
− 7tuM4

ZD
þ 4tuðtþ uÞM2

ZD
− t2u2Þ

CZDh1;1 ¼ 2M4
ZD

þM2
h1
M2

ZD
− 2ðtþ uÞM2

ZD
þ tu;

CZDh2;1 ¼ 2M4
ZD

þM2
h2
M2

ZD
− 2ðtþ uÞM2

ZD
þ tu: ðB3Þ

Finally, the squared amplitudes for final states featuring W�
h;l are given by

jMWþ
l W

−
l
j2 ¼ −

e4D
128M4

ZD
s4lhM

0
L
4

�
2CWþ

l W
−
l ;1

ðMþ
L
2 − tÞ2 þ

2CWþ
l W

−
l ;2

ðM−
L
2 − uÞ2 þ

CWþ
l W

−
l ;3

ðMþ
L
2 − tÞðMþ

L
2 − uÞ

�
þ ðL → EÞ

jMWþ
h W

−
h
j2 ¼ −

e4D
128M4

ZD
c4lhM

0
L
4

�
2CWþ

h W
−
h ;1

ðMþ
L
2 − tÞ2 þ

2CWþ
h W

−
h ;2

ðM−
L
2 − uÞ2 þ

CWþ
h W

−
h ;3

ðMþ
L
2 − tÞðMþ

L
2 − uÞ

�
þ ðL → EÞ

jMWþ
h W

−
l
j2 ¼ −

e4D
64M4

ZD
c2lhs

2
lhM

0
L
4

� CWþ
h W

−
l ;1

ðMþ
L
2 − uÞ2 þ

2CWþ
h W

−
l ;2

ðM−
L
2 − tÞðMþ

L
2 − uÞ þ

CWþ
h W

−
l ;3

ðM−
L
2 − tÞ2

�
þ ðL → EÞ

jMWþ
l W

−
h
j2 ¼ jMWþ

h W
−
l
j2jt↔u; ðB4Þ

where

CWþ
l W

−
l ;1

¼ ð4s8lhM8
ZD

− tð7tþ 4uÞs4lhM4
ZD

þ 4t2ðtþ uÞs2lhM2
ZD

− t3uÞðH−
−1;−1ðMþ

L ;M
−
LÞÞ4;

CWþ
l W

−
l ;2

¼ ð4s8lhM8
ZD

− uð7uþ 4tÞs4lhM4
ZD

þ 4u2ðtþ uÞs2lhM2
ZD

− tu3ÞðH−
−1;−1ðM−

L;M
þ
L ÞÞ4;

CWþ
l W

−
l ;3

¼ ð16s8lhM8
ZD

− 8ðtþ uÞs6lhM6
ZD

− 7tus4lhM
4
ZD

þ 4tuðtþ uÞs2lhM2
ZD

− t2u2ÞC0
Wþ

l W
−
l ;3
;

C0
Wþ

l W
−
l ;3

¼
�
Mþ

LM
−
Lðc2� þ 4Þ
s22D

−
1

cD

�
2M0

L
2s2�

sD
þMþ

LM
−
L

�
c2�
cD

−
s2�
cD

���
2

;

CWþ
h W

−
h ;1

¼ ð4c8lhM8
ZD

− tð7tþ 4uÞc4lhM4
ZD

þ 4t2ðtþ uÞc2lhM2
ZD

− t3uÞðJþ−1;−1ðM−
L;M

þ
L ÞÞ4;

CWþ
h W

−
h ;2

¼ ð4c8lhM8
ZD

− uð7uþ 4tÞc4lhM4
ZD

þ 4u2ðtþ uÞc2lhM2
ZD

− tu3ÞðJþ−1;−1ðMþ
L ;M

−
LÞÞ4

CWþ
h W

−
h ;3

¼ ð16c8lhM8
ZD

− 8ðtþ uÞc6lhM6
ZD

− 7tuc4lhM
4
ZD

þ 4tuðtþ uÞc2lhM2
ZD

− t2u2ÞC0
Wþ

h W
−
h ;3

C0
Wþ

h W
−
h ;3

¼
�
Mþ

LM
−
Lð−c2� þ 4Þ
s22D

þ 1

cD

�
2M0

L
2s2�

sD
þMþ

LM
−
L

�
c2�
cD

−
s2�
cD

���
2

;

CWþ
h W

−
l ;1

¼ ð1 − c8lhÞM8
ZD

þ 8uðc4lh − 1ÞM6
ZD

þ ð4t2ðc4lh − 1Þ þ 16tuð3 − c4lhÞÞM4
ZD

− 64t2uM2
ZD

þ 32t3u

32C0−1
Wþ

h W
−
l ;1

;
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C0
Wþ

h W
−
l ;1

¼ ðJþ−1;−1ðM−
L;M

þ
L ÞÞ2ðH−

−1;−1ðMþ
L ;M

−
LÞÞ2

CWþ
h W

−
l ;2

¼ ð1 − c4lhÞM8
ZD

þ ðtþ uÞðc4lh − 1ÞM6
ZD

þ tuð9 − c4lhÞM4
ZD

− 8tuðtþ uÞM2
ZD

− 8t2u2

8C0−1
Wþ

h W
−
l ;2

;

C0
Wþ

h W
−
l ;2

¼ H−
−1;−1ðMþ

L ;M
−
LÞH−

−1;−1ðM−
L;M

þ
L ÞJþ−1;−1ðM−

L;M
þ
L ÞJþ−1;−1ðMþ

L ;M
−
LÞ

CWþ
h W

−
l ;3

¼ ð1 − c8lhÞM8
ZD

þ 8tðc4lh − 1ÞM6
ZD

þ ð4u2ðc4lh − 1Þ þ 16tuð3 − c4lhÞÞM4
ZD

− 64u2tM2
ZD

þ 32u3t

32C0−1
Wþ

h W
−
l ;3

;

C0
Wþ

h W
−
l ;3

¼ ðJþ−1;−1ðMþ
L ;M

−
LÞÞ2ðH−

−1;−1ðM−
L;M

þ
L ÞÞ2 ðB5Þ

and

H�
a;bðA; BÞ≡ Ac�saD � Bs�cbD;

J�a;bðA; BÞ≡ Ac�caD � Bs�sbD; ðB6Þ
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