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Lepton flavor portal matter

George N. Wojcik, Lisa L. Everett,” Shu Tian Eu,” and Ricardo Ximenes

§

Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

® (Received 11 July 2023; accepted 31 August 2023; published 29 September 2023)

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.

DOI: 10.1103/PhysRevD.108.055033

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,' 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 U(1), 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
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dark sector and the SM occurs via small kinetic mixing
between U(1), and U(1),, the SM hypercharge, via a
term in the action

€
—B"X,,, (1)

2¢,,

where B* is the usual SM hypercharge field strength
tensor, X, is the field strength tensor for the dark photon
field, and c,, 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 €. 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 e ~ 10~3-%), 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 U(1),, and U(1)y, and the U(1),
and U(1)y 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 U(1),
have identical SM quantum numbers to some SM field, and
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be vectorlike under the SM gauge group and U(1).
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 U(1), 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],

Aa, = a;’ —aiM = (251 £59) x 1071 (2)
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 Aa, is directly proportional to this coupling,
vre- Somewhat remarkably, the beyond Standard Model
(BSM) contribution to Aa, 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 Aa, can be
accommodated for intriguingly small values of y,g,
roughly on par with the b quark or 7 lepton Yukawa
couplings, and for larger y; o ~ O(1), 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 U(1),
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 y; i values to account for the observed Aa,, in
our minimal construction can be of the same magnitude
as the 7 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 SU(2), x SU(2), 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 U(1)
subgroups of it (including the group U(1), 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 Z, 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
Z, 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 U(1),-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 =
leptons—there are meanwhile U(1),-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 Z’ 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 Gy =SU(3)- ® SU(2), ® U(1), by a dark
gauge group Gp, which we take to be of the form

Gp =SU(2), ® SU(2), (3)

and further augment the theory with a global Z, symmetry.
Turning now to the fermionic matter content of the model,
the SM quarks are taken to be singlets with respect to G,
and Z,, 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 G and/or Z, as well as the electroweak
gauge group, and are chosen to satisfy gauge anomaly
constraints. Because G, is semisimple, any kinetic mixing
featuring the gauge fields associated with Gp will be finite
and calculable. The list of these fields is given in Table L
The breaking of G occurs in two stages: the first to the
usual U(1),, of minimal portal matter constructions, which
occurs at O(TeV) scales, and the second the breaking of
U(1)p, which occurs at sub-GeV scales. The SM Higgs
boson H is taken to be a singlet with respect to G, and thus
new scalar fields must be introduced to achieve the required
symmetry breaking pattern. More precisely, we introduce
the dark scalar @, which is a bidoublet with respect to
SU(2), ® SU(2)g, and two real scalar triplets A, g, which
are triplets with respect to SU(2), g, respectively. In
addition, ® is even and A, p are odd with respect to Z,.
The dark scalar field content is summarized in Table II.
Writing the overall scales of the vacuum expectation
|

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

Dark Scalar Content

Fields GSM SU(2)A SU(Z)B 22
(o} 1 2 2 +1
Ay 1 3 1 -1
Ay 1 1 3 -1

value (vevs) of @ and A, p as ve and vy, ,, schematically,
we have

vp~1TeV UAA,BNI GeV
AYBB

We note the appearance of a residual unbroken Z,, which
arises from a combination of the unbroken part of U(1),
and the global Z, symmetry, as discussed in greater detail
in Appendix A. We will see that while the conserved Z),
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 Z) 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
1s 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 SU(2), ® SU(2)z ® Z, is given by

2 5 ) 5
V(®,Ayp) = —p3Tr(®TD) — % [Tr(®'®) + H.c.] — u3Tr(A%) — p3Tr(A%) + A, Tr(®TdD)? + 72 [Tr(®'®)? + H.c.]

43

+3 [Tr(®'®)Tr(®'®) + H.c.] + A, Tr(A}) + AsTr(®T®)Tr(A2) + %" [Tr(®'®)Tr(A%) + H.c.]

. . y! - .
+ 47| Tr(®T D)2 + AgTr(dTA,PAR) + 59 [Tr(®TA,®AR) + H.c.] + A;0Tr(AY) + 4, Tr(®T®)Tr(A3)

+ % [Tr(®'®)Tr(AZ) + H.c.] + 1,3 Tr(A2)Tr(A3), “

in which (i)ia = —el’jq)*jﬂeﬁa.

TABLE L

The lepton field content and corresponding representations with respect to G, and Ggy,. Here, L and e

denote the Ggy; charge assignments of the usual SM electroweak doublet and singlet leptons.

Lepton Matter Content

LH fields  Ggy  SUQ), SUQ); Z, RHFields Gsy SUQ2), SUQ); 2
L L 1 1 11 er e 1 1 +1
v, L 2 2 41 Wy e 2 2 +1
S, L 1 1 -1 S e 1 1 -1
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As shown in detail in Appendix A, to achieve the
two-stage breaking of Gp through the minimization of
Eq. (4), the vevs of the dark scalar fields ® and A, z take

the form:

cos Oy 0
@) = 1o )
0 sin B¢

0 UAA,B )
UAA.B 0 '

Zp = cosOp W5 +sinfp Wi,

(oaa) = ( (5)

AD = —Sin@DWf‘ + COSHDW%,

Wi = cos Oy W5 + sin Oy Wi,

Wit = —sin Oy Wi + cos Oy Wi,

in which tan20y = sin2604tan20, and cos26;, =
c0s20p/1 + sin? O tan® @,. We note that we can ex-
change the inputs (ep,6p) for (M, ,6,,). The field A, is
the dark photon, which has its mass controlled by r,,
while the remaining gauge boson masses scale with vg. We
note that Zj, and A, are even with respect to Zj, while W,
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 @ and 6 from A, p). 6 of these degrees of
freedom are eaten via the Higgs mechanism in the breaking
of SU(2), ® SU(2), leaving 8 physical scalar fields. We
denote the 8 physical scalars as

{hla h27h37h(ljeg9h(zjeg’h4’h5’h6}’ (7)
in which (hj,, 13,,) form a degenerate subspace. Of these

scalars, all but /5 have their masses controlled by v4,, while
the mass of /3 is governed by r,ve. We will denote the

mass of hé;fg as M= ; this can be understood by considering
|

We define v, =

0<0, <m/2, and take rp = vp/ve. Note that rp ~
103 <« 1, and hence the symmetry breaking analysis
can be performed perturbatively in r,.

We begin by describing the gauge boson masses and
eigenstates. Here we label the gauge fields of SU(2), ®
SU(2)y as W, p, with coupling constants g, g. These gauge
couplings are related to the elementary dark charge ep of
the U(1), gauge group by ep = g4 cosOp = gpsinbp,
which allows us to exchange the inputs (g4, gg) for
(ep,0p). The mass eigenstates are given by

/)2 2 _
v, + Vs, andtanO = vy, /v, Where

MZD = \/E/Uq)eD CSC(20D),

1
—=rA sin 26DMZD,

D \/§
MWI = SingthzD,
MWh = COSQ[hMZD,

nmy

(6)

[

the quantities h* = (hj,, + ih3,,)/v/2, in which the “+”
superscript denotes the charges with respect to the unbro-
ken U(1), that results after the first stage of symmetry
breaking. In the forthcoming phenomenological analysis,
we will use M+ as an input parameter in the scalar sector
and parametrize the remaining scalar masses as

Mhm_4 = r124Mps, = rarsM =,

Mh5 = cos Oy M=,

l/f’lh3

M, = sinOyM,-, (8)

in which the r; and 6,, are O(1) parameters; their detailed
definitions are provided in Appendix A. As the minimum is
CP-conserving and Z)-conserving, the scalars have well-
defined CP and Z, quantum numbers (CP,Z}), as sum-
marized in Table III

Turning now to the fermion sector, the Yukawa inter-
actions among the SU(2), ® SU(2)z ® Z,-charged fer-
mions as listed in Table I to the dark scalars ® and Ay as
well as to the SM Higgs H take the form

—Ly = yu[Te(¥LHYg) + Hee] + yuy[Tr(V HV ) + Hee] + yys[Te(S HSg) + Hec |
+ yp[Tr(P,®Vg) + Hee] + 3p[Tr(¥P, ® Vi) +Hc] + yp [Tr(V,®"¥g) + Hoc.]

+ 7p[Tr(VL® Wg) + Hee] + ysp[Tr(VSgAp) + Hee] + ys [Tr(S.VzAp) + Heel].

©)

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

couplings as

yp =yLcostp, Yp=yLsin0,

¥p = v cos O,

(10)

and ¥, = ygsinfg,
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TABLEIIL  Scalar mass eigenstates listed with their CP and Z),
quantum numbers, and their masses.

Scalars Mass Eigenstates

Eigenstate CP Z Mass (In units of M=)
hy +1 +1 My, =r

h2 +1 +1 Mh2 =1

hs +1 +1 Mj, = T'aT3

Peg +1 +1 1

g -1 +1 1

h4 -1 +1 Mh4 =Ty

hs +1 -1 M, = cosOy

h6 +l -1 Mh(, = Sin@M

and define

M} = vpy, cos(0, —0p), M7 = vey, sin(0, +0o).

—0o).

M = veygcos(Og M7 = veyg|sin(

(11)

where as before, both in the above and in what follows,
the “+£” superscripts denote charges of £1 with respect
to U(1),. Reflected above is the fact that by applying a
series of chiral rotations to the fermions, we are capable
of ensuring that y;, Yg, Ysi» Yses Yus» c08(0L — Oa),
cos(0r — 0g), and sin(0; + Og) are all positive without
loss of generality, while yz, ygy, and sin(0g + 0g) can be
either positive or negative—so we must take the absolute
value of sin(0g + 6) to get the physical mass My. The
signs of yy, yuv, and sin(@g + 04) 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

¥ pr
Yir= ( LRy “LK > and
lIIL,R lIJL,RZZ
V%R/\/i VL,R
VL,R — _ 0 ) (12)
VL.R _VL,R/\/E
, 1 M 1 Mj
Ly _\/’MO \/’MO Ly
1 MF 1 M7
L) =——"Ly, Ly, |
LT A T A
1 M+
EY = V9, E)y=-——Lfw,
L L R \/EM%

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,(L.R) — (X(l) X(z)

F.(L.R)’ F,(L,RQ, in which

m
X = (P Yer Vig):
)
(

F.(LR) — (S(L R) \erL R)’ V?L,R)’qj(_L,R)’V(_L,R))‘ (13)

The electric-charged fermion mass matrix M is composed

of two blocks, M}P and Ml(f), that do not mix with each
other. These two blocks take the form

| Yuv 0 M
1 _
My = NG 0  ygv -Mj (14)
My FMg yuyv
% 0 ¥ rave 0 Y5 rave
0w M 0 0
Mg;z) = y?ErAUCD M%L _Vii/viv 0 0 s
0 0 0 we My
Yierave O 0 +My y\”/‘%”
(15)

in which v is the usual SM electroweak Higgs vev, and
we have introduced the shorthanded notation y%; ¢ =
(vsz.se/2) cos@,. Upon diagonalizing these matrices, to
leading order in ry = v/vg ~ 107> < 1 and r,, the left
and right-handed mass eigenstates for the Z) positively
charged fermions are

. I Mg 1 M}
€r = \/’MO \/’MO Ry
LYy =VY,
1 Mg
NI (19
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with masses

my = MiM| + MzM; Vv
V(ME2+ M) (M2 + M%) V2
o — ML M J(ME) + (M)

2 ’

respectively, while for the Z), negatively charged fermions,
the left and right-handed mass eigenstates to leading order
are

LI[i:SLv E%ISR, L[i‘:‘y[i‘,
Ly =Vy, Er=Vi, Ex=Y. (18)
with masses
=20 Mp M3 (19)

my ,
V2

respectively. The charged lepton mass eigenstates and their
Z), charges are summarized in Table IV.

For the electrically charge-neutral fermions, in analogy
with Eq. (13), we can define

XY = (P W, S W ),
Xip= (V% VR". VD). (20)

In this basis, the mass matrix for the electric charge-neutral
fermions M¥ thus takes the form

M} /2 0 0
-M7/V2 0 0

MY = 0 YSLTAVe VS Tale |- (21)
0 Mf 0
0 0 M3

TABLE IV. List of charged fermion mass eigenstates and their
corresponding quantum numbers with respect to Ggy and Z,.

Lepton Mass Eigenstates
LH fields Gsm Z) RH Fields Gsm Z

Lt L +1 eh e +1
Lo L +1 LY L +1
EY e +1 EY e +1
LY L -1 e e -1
L L -1 L L -1
Ef e -1 Ef e -1

which again shows the separation into blocks according to
the Z), charges. The electrically neutral mass eigenstates are
given by

1 Mgy 1 M}
UpL = 7§M_2 Ly %M—% Ly’
1 M 1 M7y

N =———LyN 4 —_LgV = NO=VRO, (22

L \/ng Ly, \/ng Ly R R ( )
and

Vo =SV, NE=WNE NE=VNE (23)

with masses
m, =m, =0, Myo = MY, My =MY. (24)

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
v, and v,; 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 Z)
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 Ap and the U(1), gauge field B is
finite, calculable, and consistent with the O(10~G~>)) range
we would require for a sub-GeV dark matter model. We
arrive at

M+M+ 1‘4+1‘4Jr
62%10g< L f)z(5.3X10‘3)eD10g< L ’f)-
(Y3 MMz M My

(25)

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 e,
and e,, with masses m, and m,, respectively. e, is
negatively charged with respect to Z5, while e, is positively
charged with respect to Z/,. The third light SM lepton is a
gauge singlet with respect to Gp, 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 e, or e, with the muon. To be more precise, we
have the following two scenarios:

(i) Scenario A: the Z)-negative e, is the muon, while ¢,

is the 7 lepton.

055033-6
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(i) Scenario B: the Z)-positive e, is the muon, while e,
is the 7.

We note that in scenario B, the muon mass is controlled by
the Yukawa coupling y; and the mass eigenstate is
dominated by the Gp-bidoublet fermions ¥; z. In contrast,
in scenario A, the muon mass is governed by yyg and the
muon eigenstate is dominantly given by the SU(2), ®
SU(2), singlet S; g.

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

(eps A, Mz, My, M=, 0y,0p,05,0y),  (26)

Since we are principally concerned with the phenomenol-
ogy of the theory at O(TeV) energy scales, there will be no
need for us to uniquely specify the masses of the dark
photon Aj, or the dark Higgs /5, which are both of sub-GeV
scales. Furthermore, of the couplings in the potential of
Eq. (4), we need only retain the quartic coupling 4;, 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

Yuv s |YHI [YSL]»

(M7, M,

YSE | ) (27)

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

sign(ygv, yu. sin(0g + 0p), sin(205)). (28)

We note that although the sign of sin(205) 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 Egs. (26)—(28) to specify points in parameter
space of this model.

I1I. 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 Aa, 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.” 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 Aa, 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 Aa,, 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 M f) of the fermion mass
matrix in Eq. (14), while the 7 is identified with the light
mass eigenstate appearing in block M 1(;1 ). In turn, this allows
us to use Eqgs. (17) and (19) fix the Yukawa couplings yy

and yyg to

il = Vam, (M2 + M?)(ME + Mg?)
(MM} + M M5)?

V2m,

= s 29
YHS 1) ( )

where we note that in our sign conventions, yyg is always
positive, but yy may be either positive or negative.
Recalling Eq. (11) and the discussion surrounding it in
Sec. II, we recall that the +(—) sign in our expression
is applied when sin(0g + 0g) 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 Aa,
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

*We 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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v

F* F*
Ap

I

FIG. 1. Feynman diagrams contributing to Aa,

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

y

“

in scenario A, with FO = {19, E*}, F* = {L* E*}.

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

hidden gauge bosons and scalars, in addition to the A N ., MY MY,
contributions of the dark photon and dark Higgs that are TPrF Gr)’SL)’SE 1 6 5 c0s”(0) MIM-MM-"
associated with the U(1),, gauge group. Keeping only the YoLy LLTETE
chirally enhanced contribution hshs ry % J(meo.a®" + myyai®),
T
a'u _ Auhu + ay hshg + all;br h—’ (30) aZJrh— Nyi?g.:;;Em (m o, Cl + My a;ﬁ,h )’
where a) represents the contribution to a, from one- o, = sign[yy(M;my £ M;Mg)], (31)
loop diagrams featuring gauge or scalar bosons X. For
convenience, we have also depicted the relevant diagrams ~ where myy = ygyyv/v/2, and
|
2 2 2 02 02
1546 EM%M%/I dod “Mi.ci (1= x)P (M., M} * + Mp*) — O,
o O B M) P (MG, M) P (MG M) P (M, M)
s _ / dx(l = )2 M M, (1= x)P (M5, M9* + M§?) + M. 530,
= o P (M, . MP?)P (M . M?)P (M}, . M3?)P (M, . M)’
—2sa MM ! MM
hth— — AM I ME " _
“ =y s fy (P e b o e £ Mie M”))’
LME LM™MEJO (hi7L)(ht’E>
1 M2
h+h— _ 2 2 + _
a =y dx(1 —x)x +(M;. > M ),
HV AA ( ) <P (Mii’Mz2)P (Miingz) ( L.E L,E)
P.(A,B) = (1 —x)A+ xB, 0, = MP*My*x* — Mj Mj (1 - x)?, (sa.ca) = (sinfy,co86,).  (32)

Notably, because these expressions are invariant under
M}y < My and M} < M3, for the purposes of our
numerical explorations here we can assume that the lightest
portal matter field is the isodoublet with +1 charge under
U(1)p, with mass M} . Numerically, we shall also find that
although the various physical signs in our model, namely
those of yyy, vy, and sin(6 + 64 ) have physical effects,
certain choices are overwhelmingly favored in order to
reproduce the observed g — 2 anomaly. First, because the
signs of ygy and yy are arbitrary, we may always select
them so that the yyy and yy contributions to Aa,, 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
Aa, and be compensated by a larger contribution of the

|
other. In practice, this choice only has notable qualitative
effects in the case that ygy > yg, where we shall explore
it, and otherwise we shall assume that ygy and yg’s signs
are such that both terms contribute to Aa,, in the direction
consistent with the anomaly. The second physical sign
selection we make, the sign of sin(6y + 0g) has a slightly
more subtle effect on our results. The sign of sin(6z + 04)
leaves the yyy terms of Aa, invariant, but if sin(0g +
0p) < 0 various contributions to the yy terms will
interfere destructively, severely reducing the magnitude
of this contribution relative to the sin(6z + 04) > 0 case.
When applicable, we will discuss the significance of our
sin(0g + 04) sign choice.

In total, then, the chirally enhanced contributions to Aa,
will be dependent on fixed SM parameters, plus a com-
paratively small subset of the model parameters that we
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have outlined in Egs. (26)—(28): The masses of the portal
matter fermions (where we always take M; to be the
lightest) and the two heavy scalars hs and hg [or equiv-
alently, the mass of the heavy scalar 4, and the angle 8,,,
defined in Eq. (8)], the angle 8, [defined below Eq. (5)], the
Yukawa coupling ygy, and the product of Yukawa cou-
plings yg; yse, plus the sign choices of sin(6; + 6g), yu,
and ypyy. 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
Egs. (30)—(32), when the masses of the heavy scalars are
non-negligible both the Yukawa couplings yy ~ m,/v and
ygy can play a role in the predicted value of g — 2. This is
particularly significant because while yy is determined
entirely by the value of the 7 mass and the relative masses of
the various portal matter fermions, yyy 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 yyy < yy 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 ygy can
take on up to O(1) values.

Second, we can intuitively see that the new physics con-
tribution to Aa, 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 Aa, 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 O(1) proportional mass
splittings between portal matter fermions in most
cases=M7/M} =13, Mi/M} =15, and Mz/M;} =
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 Aa, 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~(*-) likely
merits at least an O(1) 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 Aa, that
might be achieved in the model.

Finally, we note that while the new particle masses and
the 6, 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 SU(2) rather than
simply in the fundamental representation), we find that
partial wave unitarity requires that

V3. Vip < 67,

33+ 5%, ) By + 5%~ 28y3ppd, <32, (33)

such that
16z
ysvse <= (VIS-2v2) ~ 75, (34)
and
8
Viv S5 (35)

While these couplings might be further constrained in
future experiments, in particular from muon collider mono-
photon searches in the case of yg; ¢z (see Sec. IV B) and
branching fractions of heavier vectorlike fermions (in the
event of their discovery) for yyy, 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

yuv < Yy, and hence the terms a};f",hﬁ and a},ﬁ,h_ do not

contribute appreciably to Aa,. This scenario has the
appealing consequence that the g — 2 correction is specifi-
cally related to another observable quantity, namely the 7
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 yg; ygr in
order to fully account for the observed g — 2 anomaly in
the yyy < yy scenario as a function of M}, assuming that
yg is of the appropriate sign to make the resultant Aa,
consistent with experiment, and taking sin(6g + 04) > 0
(when sin(0; + 04) <0, the destructive interference
among various Aa, 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
O(1) 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 Aa,. In both cases, we find that for

M; Z 1 TeV, roughly on par with existing LHC con-
straints on leptonic portal matter (we shall discuss this
and other collider constraints in Sec. IV A), a modest O(1)
enhancement of the new physics g — 2 contribution from

the product yg;ysp is necessary. This product quickly
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M+ = 0.3M;

Unitarity

M+ = My

Unitarity

1.0 1.5 2.0 25 3.0
M (TeV)

My = 3Mj

Unitarity

1.0 1.5

2.0 2.5 3.0

M (TeV)

FIG. 2. The necessary coupling ./ys; ysz in order to recreate the observed g — 2 anomaly as a function of M in scenario A, assuming
M7 =13M}, M =1.5M}, and Mz = 1.8M, where different line colors denote 8,5 = 37/8, 0y, = /8 (blue), O, = 0y = /4
(magenta), 0, = 6, = n/8 (red). We have taken M. to have values relative to M[ as shown. The unitarity bound shown is

Yseyse & 7.5

approaches the perturbative unitarity bound on the product
vs1. ysp—we see for the points in parameter space considered
in Fig. 2 that M 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 /s =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 Aa, in the yyy < yy scenario by plotting the
results as functions of several different variables. In Fig. 4,
we depict contour plots of Aa, along several different
variables. We can see several important behaviors from
these plots. For example, we see that achieving the observed
Aa, in this regime for 21 TeV portal matter will require
modest yg; ysr 2 O(afew) enhancements of the yy con-
tribution, and will generally be limited to scenarios in which
the other portal matter fields and the scalars /5 and kg 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 vg, this requirement of only modest O(1)

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
ygy 18 comparable to or greater than yg. As noted before,
because ygy’s magnitude is not dictated by any other model
parameter, it is feasible for it to be as large as O(1), in
which case yyyv/v/2~200 GeV. In Fig. 5, we depict

contour plots of Aa, as a function of myy = yyyv/ V2 and

M+ = /Mj_+ M;_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 M, and M, both
approach 0, the required ygy value to reproduce the
observed Aa, diverges, since in the limit that these masses
both vanish the yyy term of the Aa, contribution vanishes.
However, past a low-mass regime in which the observa-
tionally consistent ygy value depends strongly on the
particular value of M+, which generally ends by M+ 2
2 TeV for all sign conventions we consider here, Aaﬂ
becomes only weakly dependent on the specific value of
the scalar mass. Notably, we see that for yg; ygg = 1, the
observed value of Aa, can be recreated for mpy ~
20-50 GeV as long as the hs and hg scalar bosons have
masses 20.5-1 TeV), depending on the signs of various
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M+ = 0.3M;

Unitarity
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M+ = Mz'

Unitarity

M (TeV)

Unitarity

2.0 25 3.0
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FIG. 3.
g — 2 in scenario A.

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 yyyv <
Vg 18, like our other perturbative expansions, numerically
justified here.

As will be discussed later in Sec. IVA, a constraint on
ygy 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 U(1),-uncharged and U(1),-
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 yyy currently (and for
the foreseeable future) can come only from perturbative
unitarity, even as the Yukawa couplings yg; and ygg 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 Aa, with perturbative yyy, namely before
ygy 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 (O(1) separation in the case

As in Fig. 2, but with all portal masses assumed to be degenerate in order to near-maximize the new physics contribution to

of Fig. 6 and complete mass degeneracy in the case of
Fig. 7) and plot the necessary yyy in order to match
observation as a function of the lightest portal matter mass,
for various choices of the parameters 8, and yg; ygg, along
with the perturbative unitarity bound on yzy,. 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
210 TeV—this range can be considerably narrowed by
finding constraints on the Yukawa couplings yg; and ygg
beyond those imposed by perturbative unitarity, however.
The more maximal Aa, 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 O(1) portal matter mass splittings
and a lightest portal matter mass much above ~10 TeV, itis
unlikely for any point in parameter space to be able to
match the observed Aa, without significant fine-tuning—
and hence a muon collider with a maximum center-of-mass
energy of 220 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 ys; and ygr 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. 4. Contour plots of Aa,

3.0

in scenario A, with yyy << yy, M =1 TeV and yg; ysg = 3. Top left: contour plot as a function of M

and M7, assuming M= =1 TeV and 0y, = /4, M; = 1.3 TeV, and 6, = x/4. Top right: Contour plot as a function of M+ and 6,,,
for M; =13 TeV, M} = 1.5 TeV, Mz = 1.8 TeV, and 6, = n/4. Bottom: contour plot as a function of yg; ysz and 6,, for
M. =1 TeV, 0y = z/4, and My = 1.3 TeV, M} = 1.5 TeV, Mz = 1.8 TeV. Note that points with 0, # z/4 are unphysical (see
Appendix A), but due to a lack of sensitivity of Aa, to 0, the plot remains illustrative of the 6, behavior of Aa, at physical points in

parameter space.

assuming that Aa, 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
230 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 Ap.

B. g-2 in scenario B
In scenario B, we identify the muon with the light
fermion appearing in the block MS) of the fermion mass

matrix in Eq. (14), while the 7 is identified with the light

fermion appearing in the block M%z). The Yukawa cou-
plings yy and yyg then can be expressed as

] = Y2 (M2 4+ MM + M)
(MM} + My Mz)?

\/Em‘r

YHS = s
v

(36)

where we adopt the same sign conventions as in scenario A,
namely that yy¢ is always positive, and yy could be either
positive or negative.
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FIG. 5. Contour plots of Aa, in scenario A, for yg ysp =1, M} =1TeV, M; =13 TeV, M} =15 TeV, Mz = 1.8 TeV,
Op =n/4, and M), =M, = M,/ V2. Top left: Assuming the yyy and yy terms interfere constructively, and sin(6g + 64) > 0. Top

right: the yy and y, terms interfere destructively, and sin(0y + 64) > 0. Bottom left: the y,y and yj terms interfere constructively, and
sin(0g + 0p) < 0. Bottom right: the yy and yy terms interfere destructively, and sin(0z + 0g) < 0.

In this scenario, the muon’s interactions with the new heavy gauge bosons are much stronger, appearing at leading order
in rp/ve. 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 Aa,,. In scenario B, it is yyy thatis
the most relevant coupling, unlike scenario A in which yg; ygr does the heavy lifting. Keeping only the chirally enhanced
contribution that is numerically significant, and neglecting the term proportional to |yy|, which is now far too small to
contribute meaningfully to the magnetic moment anomaly, we have

A~ 5¢50,05-myym,MpMEMT M /1 J xHx—1)
: 87253, MY MY, o PuMZ MY*)P (M%  MY?)
5e26,m,m
wyW, 260y HV( (W w g+ W Wz)
a — MMy (ah 4+ a’) + M M; (a’ " +a ,
7 16”2M0LM0E Op-Mpg L( ) E L( + +)
2
hihohy €DOuMuMEY 2 h 2 +2\(1g=2 12\ (g2 2 h
a7t R 16752M2M%M%DS%1;, (2Mh4a s+ (Mg? = M) (Mp* — My )(Mhla ! +Mhza 2)>, (37)
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FIG. 6. Plots of the y, coupling necessary to reproduce Aa,, as a function of M} in scenario A, for M7 /M| = 1.3, M /M = 1.5,
M7z/M; = 1.3. The perturbative unitarity bound y%,, = 87/3 is depicted as a gray dashed line, while we have taken yg; ygz = 0.3
(blue), 1 (magenta), 3 (red), and the partial wave unitarity bound ~7.5 (green). We have also taken 6, = 7/8 (top left), z/4 (top right),

and 37/8 (bottom). Because when yy ~ O(1), the yy term dominates the y, term, this result is insensitive to choices of the sign of y
and sin(0g + Og).

where

w, _ AKT (M My M o5 M) [ Px=1)
a-* = 2 de 202 MAOPA(RME M2
S2p 0 (< Zp 5 )P(c, Zp> 70)
! (x—1)
Wi=K- (6p_M7 M, M7, M} / d ,
4! = Korlop M M, ML ML) [y (Gt M) P (5,3, ML)
W, 4KT<Mz,MZ,aE_Mg,ME>/1d x(x—1)
alh = ,
i S%D 0 Px(clthzDaMEZ)Px(CIQthg’MZFZ)
! ‘(x—1)
Wi = k- (M M‘M*M‘/d *
ay —1( E:Op-Mp, My, L) A xPx(szthzp’MEZ)Px(Szth%DvMZZ)’
n 02 tag- 02 Ty : x(x—1)
a =4(M7? — MM 550)(My* — 6p-MjMgs)yq) A dx

P.(2M} . 2M}?)P,(2M;, ,2Mp?)’
1 ¥ (x-1)

ahlz(l—Sh)/ dx ,

0o P.2M} . 2M)?)P.(2M} . 2M}?)

h2 (1 + S )/1 d xz(x - 1)
a - = X B
" P.(2M3, . 2M9?)P,(2M;, . 2MY?)

(38)
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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 Aa,,.

and

1
MY 2=
L.E 2

(M} 22+ M7 %),  P.(AB)=(1-x)A+xB,
1 2
K7(A.B.C.D) = 1 <2ACS%“ +2BDc¥ + (2ACs% — 2BDc) + (AD + BC)s$,chtapsrp) CzD)
2lh
A[6B = 8(B + Ass) = 4(M3, = M3, )52 | + B(2B520 — (M3, = M3,) ) (2 - 32)

S2in
9

Sh

M2 + (M2 — M2)(24 = Bsyp 22
(M h]+ )7+ (M), ) S0

AE\/ jZD (Mz -2 ep Szth2 )(M2 —2Mep s2th%D)
2lh

B=M; +M; —4er's5,M7 ,
op_ = sign[sin (0 + 04)], o, = sign[yy (M} M{ = M7 M), 6o = sign[sin 20,),

2
(Spxs Cpxs Iny) = (sinnd,, cos né,, tan nb,), Sop = Oy /1 — B2 (39)

El

S2p

[
Unlike the case of scenario A, these expressions are not  exploration of the vectorlike leptons’ mass asymmetry to
invariant under M} , <> M7  and M7 i <> M7. Nonethe-  the later part of this section. Among the choices of physical
less, following the treatment in Sec. IIIA we will now signs of various terms in our model, we find two are
explore the parameter space in which we select M} to be  particularly dominant. First, the sign of the product y;yyy
the mass of the lightest portal matter field, and leave the  scales all the chirally enhanced contributions to Aa,, and
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FIG. 8. Feynman diagrams contributing to Aa, in scenario B, with FO={LY E%}, F* = {L* E*}.

therefore in order for the observed anomaly to be generated,
the sign of this product must be selected to give a positive
contribution to Aa,. Second, the sign of the term sin(fz +
0g) alters whether certain terms will interfere destructively
or constructively with one another: If we select sin(0y +
0p) < 0 various contributions to the ygy terms will
interfere destructively, severely reducing the magnitude
of this contribution relative to the sin(6; + 6g) > 0 case.

Therefore, in scenario B, the chirally enhanced contri-
butions to Aa, 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 My, =cos0;,My , My, = sin0;,M , masses of the
three heavy scalars My, , ,, the Yukawa coupling yy, the
parameter A, and ep, and the angle 8. We find that this
wealth of parameters is highly constrained by certain not
immediately apparent physical consistency requirements—
specifically that the mixing angle 6;, which parameterizes
the definition of the /; and £, 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:

Mhz < 4/ 2)«1651 sin 291hMZD < Mh] (40)

where we note that M), > M,,, from the definition of the &,
and h, 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 Zp,, for different 4y,
and fixed 4; and ep,. This figure is illustrative for the choice
of M, and M), for our numerical analysis. Here we
consider an O(1) 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 vg.

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 e. However, unlike every other parameter here,
ep 1s an important parameter not just of the higher-scale,
portal matter theory, but also enters into the behavior of the

INg
i

— Oy, =7w/6
— O, =7/5
— O =7/4

sin 20thZD (T(-‘V)
- N N
© o

-1
-
)

D

V2 e
=

1.0 12 14 16 18 2.0
My, (TeV)

FIG. 9. The bound +/24;ep' sin20,M, of Eq. (40) as a
function of My, for A; = 0.4 and ej, = 0.7. This bound applies
in both scenarios A and B, but is relevant for g —2 only in
scenario B.

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 O(1) mass splittings between portal matter
fermions M7 /M} = 1.3, M;/M} = 1.5, and Mp/M] =
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 (6 + 0g). In the top panels of
Fig. 10, we depict the necessary strength of the Yukawa
coupling yyy in order to achieve the observed Aa, as a
function of the lightest portal matter fermion mass M,
using the benchmark values for masses of portal matter
fermions. Two different physical signs of sin (0 + 04) can
give us Aa, with the right magnitude and sign at different
regions of parameter space. For sin (6 + 65) > 0 in which
various contributions mostly interfere constructively, we
justneed ygy to be between 0.02 to 0.06 to get the observed

055033-16



LEPTON FLAVOR PORTAL MATTER

PHYS. REV. D 108, 055033 (2023)

0.5 1.0
—6p =27/9
0.4} —0p=m/4 0.8
—0p =27/7 —6p =27/9
—6p=m/4
0.6 —0p=27/7
> B>
T I
= =
0.4
0.2
10 5 4 6 8 70
M (TeV)
0.5 1.0
—0p =27/9 —60p =27/9
04f —Op=7/4 0.8 —60p=m/4
—0p =2w/7 —0p =2m/7
0.3f 0.6
> B>
I I
= B
0.2p 0.4
0.1r 0.2
2 4 6 8 10 2 4 6 8 10
M (Tev) M (Tev)

FIG. 10. Top: the necessary strength of yy to reproduce Aa, in scenario B as a function of M, for M7 /M| = 1.3, M /M = 1.5,
Mg /M} =18, Mz, =0.74 TeV, 0, = arccot(1.7), ep, = 0.8, 1, = 0.4, M), = 1.2 TeV, M, = 1.5 TeV, M,;, = 1 TeV. Top left:
sin (0 + 0g) > 0, (top right): sin (05 + 0) < 0. Bottom: the same as the top panels, but for degenerate portal fermion masses.

anomaly. However, for sin (0 + 6¢) < 0 in which various
contributions mostly interfere destructively, we need larger
yrv, which is around O(0.1) 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 Aa,. For most of the 6,
values, this indeed lowers the value of ygy required to
generate the desired Aa,. Unlike scenario A, the value of
yuv required to generate the observed Aa, is well below
the unitarity bound and thus it does not provide a mean-
ingful constraint. However, we might be able to constrain
ygy from observations of the branching fractions of some
vectorlike leptons, as will be discussed in Sec. IV A.

We now explore the asymmetry of our portal matter
fermion masses with respect to M} ; <> M ; and M7 <>
MjEE. Although the expressions in Egs. (37) and (38) are not
manifestly symmetric under M7 <> M3, for the parameter
space of interest that is explored, Aa,, is numerically nearly
symmetric under M7 <> M, regardless of sign selection
of sin (6 + 6y ). In Fig. 11, we depict contour plots of Aa,
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 (g + 0) > 0, we observe a slight

asymmetry in Aa, value under M ; <> M ;. In the case
sin (0 + 6g) < 0, the asymmetry in Aa, with respect to
MY p <> My g is further amplified. In both cases, all other
parameters are held constants, except yyy is adjusted to
access to the relevant parameter space that gives the desired
Aa,, in each case. However, this difference in yjy 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 6, and ep. As mentioned earlier, these two
parameters significantly constrain the parameter space,
given that they appear in the definition of the Ay, h,
mixing angle @, and the bidoublet vev angle 64 in a square
root form. Therefore, for the physical consistency of
and h, mixing, fp and ep can only take on certain values,
after we have chosen to fix 6,, Mz, and M), ,. For 0p, a
different sign selection of sin (6 + 6¢) does affect the
magnitude of Aa,. However, it does not change the viable
region of @, as this sign does not enter the definitions of 6,
and 04. The viable 0, range is then around 0.20-0.327 or
0.68-0.827, under the assumption that M, = 0.74 TeV,
49,,, = arccot(1.7), ep = 08, /11 = 04, Mhz = 1.2 TeV and
M;, = 1.5 TeV. With the same choice of 6, and model
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FIG. 11. Contour plots of Aa, in scenario B, for M, = 0.74 TeV, 0, = arccot(1.7), ep = 0.8, 1, =04, M, =12 TeV,

My, = 1.5 TeV, M, =1 TeV,0p = /4, M},

parameters as above, we need a larger yyy in the case that
sin (0 + 0¢) < 0. Turning now to constraints on ep, if
we assume 6, = 0.7, M, = 0.74 TeV, 6, = arccot(1.7),
Ay =04, M, =1.1 TeV and M), = 1.9 TeV, the viable
range for ep is then ep = 0.6-1.0. Again for the case
sin (0 + 0¢) < 0, with the same set of fixed parameter
values as in the sin (0 + 6g) > 0 case, Aa, always falls
short by nearly an order of magnitude, and thus the relevant
parameter space in cases with different sign options of
sin (0g + 0¢) is different. These two examples on the
selection of ep and Op 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 O(1)ep 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 Z,, and W, ;,
regardless of the choice of signs or of the other parameters.
In the case that sin(0g +60¢p) >0, W;,; and Z, both
contribute constructively to Aa,, whereas h, , 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 (6 + 04) < 0, the contribution of W, and
W, is opposite in sign, causing the overall contribution
from W, to be small but constructive, comparable to the
size of the constructive contributions from h;,4. The
contribution of Zj, 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.

=1 TeV,and M
for yuy = 0.03, sin (0 + 0p) > 0. Right: contour plot as a function of MZ“(

E(L)

= 1.3 TeV. Left: contour plot as a function of M z( ) and M L(E)

gy and My ), for yyy = 0.1, sin (0 + 6) < 0.

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) U(1),-neutral portal matter field is equal
to the average of the squared masses of the U(1),-charged
isospin doublet (singlet) portal fields, we will have

Mip <M)p <Mjp, (41)
that is, the weak doublet (singlet) portal matter field content
consists of two U(1),-charged weak doublet (singlet) states
and a U(1) -neutral weak doublet (singlet) case with a mass
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between them. Since a U(1),-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 7’s in all expressions.

The U(1),-charged portal matter fields will exhibit
similar phenomenology to that of minimal portal matter
discussed in [21]—due to their nontrivial U(1),, 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 T or 7 neutrino
(scenario B) associated with the emission of Ap or hp;
these widths are given by

M . M%.E)’%L.SE cos*(0)
Ly Es—~puhp — 1287

Féi,Ei—m‘AD = (42)
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 7, 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, M7 = 895 GeV, while if
the lightest state is an electroweak doublet, the constraint
becomes Mf 2> 1050 GeV (the electroweak doublet con-
straints are marginally stronger due to larger production
|

2 gt
A epM7 ¢

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 2420 GeV [3)3].3

We can now consider the corresponding case in scenario
B, in which the lightest portal matter field will decay
dominantly into 7’s instead of muons. Unfortunately, a
detailed study of such exotically decaying z 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 =
reconstruction. We can most saliently see this by compar-
ing the results of slepton searches for muon and = 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 7 sleptons of M; 2 240 GeV from
138 fb~! of data, while the ATLAS study in [66] finds a
constraint of M 2 450 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 U(1),-charged portal matter
states may now decay into SM fields via the emission of a
scalar A, boson, as well as a W, and W, bosons. For
emission of a W, boson in scenario A, the partial width is
given by

LEs—»tWE —

647 cos(20;,)cos*0y,

f(xA’vaelh’ eDvJCD)

Glx)=1+4x72—2x74,

sin’6,,
1= 2
< c0529D>xA *

M+ M* . MT
g( ”)f( LE L'E,elh,eD,%),

Mgz, MZD’MZD

s .2 202
sin“6y, sin“26y;,
- 2 4 2xpxpy |1 — :
( sin20D>xB T\~ 2,00

o = sign[sin 20|,

(43)

’In 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 gg — W+ — LENE > u- +MET
will produce monolepton events, has not been performed, but might be conjectured to yield marginally stronger constraints than the
21050 GeV limit quoted for pair production of charged electroweak doublet portal matter.
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FIG. 12. Top: The branching fraction BR(L. — u~ + Wi)),

assuming that the only significant kinematically accessible decay

channels are L* — u~ 4+ Wj, and the familiar portal matter channels L* — u~ + h3, Ap. We have taken My, = 1.5My,,
M7 =13M}, ys; =1, ep = \/4za,,, and cos 20, = (cos20;,;)/2 and 8, = 7/8 (blue), z/4 (magenta), and 37/8 (red). The sign
of sin 20 is taken to be positive (left) and negative (right). Bottom: The branching fraction BR(L* — p~ + h¥), assuming that the only
significant kinematically accessible decay channels are L, — u~ + h* and the familiar portal matter channels L= — u~ + h3, Ap.
Selections for @, the only free parameter in this quantity other than the mass M, /M7, 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 z leptons.

where 6, and 0, are defined in Eq. (6). The corresponding
width for the emission of a W; boson is given by making
the substitutions, 6, p, = 0y, p + /2. The partial widths
for the corresponding neutrinolike portal matter decays into
neutrinos and W, bosons are identical to those appearing
in Eq. (43). Meanwhile, for emission of the /. scalar, the
partial widths are

(1=

+ 2
ML,E

M li:,Ey %L.SE
64

2
> sin?@,.  (44)

A _
FL.Ei—m’hi =

When either h* or W,,; are too heavy to be produced on-
shell via portal matter decays, channels with virtual th
and s are unlikely to have significant branching fractions.
In such a scenario, the lightest portal matter field will
overwhelmingly decay through the emission of Ay, or hjp,
as in the minimal portal matter construction of [21]. If,
however, any of the particles W, ; or hy are lighter than a
given portal matter particle, the partial widths of Egs. (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 /4, and
Wi, 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,
BR(E. — u~ + Ap, hp) ~0.45, for example, then [33]
finds that current LHC constraints require only that M7 >
600 GeV, rather than the constraint Mf > 895 GeV if
BR(E. — u~ +Ap,hp) = 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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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 W,,; or h.. In many regions
of parameter space visible W), ; decays will be dominated
by two-body decays featuring an SM 7 (in scenario A) or y
(in scenario B) and a U(1) ,-charged portal matter field, for
example Wf =T+ EJF, if such a channel is kinemati-
cally accessible, or if no portal matter fields are lighter
than W, ,, through a three-body decay such as W}f[ -
7= + utAp, hp with a virtual internal portal matter field.*
Meanwhile, 4, will dominantly decay into a two-body
muon plus portal matter state or via bosonic interactions
into a Zp plus an hp, if any such final states are kine-
matically accessible. If no two-body decays are kinemat-
ically accessible to the /., possible dominant three-body
decays include muon-antimuon pairs from virtual portal
matter hyutu~ + Ap, hp, or somewhat more exotic chan-
nels such as hy — 3hp and hye — hp + Z5, > 777 + hp.
In any case, these final states are considerably more
complicated than the canonical y + hp, Ap 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 W, ; and A, 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 U(1),-charged portal matter states,
one of which must constitute the lightest vectorlike fermion
in the model, we can also consider how the collider

“In the event that W, decays through on-shell portal matter
emissions are kinematically inaccessible, it is also possible for the
W), to decay via a two-body flavor violating decay such as
Wi, — 'z, however this partial width will be suppressed by
O(v%/v3) ~ 107°, and so is unlikely to exceed the partial width
of the three-body channel from a virtual portal matter field, which
only suffers (2z) =3 ~ O(10)73 relative suppression to a two-body
decay from the three-body phase space.

signatures for the U(1),-neutral vectorlike leptons which
appear in the model. The absence of a U(1),, charge for
these fields permits these fermions to decay via the
emission of electroweak bosons into SM fermions, in this
case the SM 7 (for scenario A) or muon (for scenario B), in
a manner completely analogous to that of a conventional =
or pu-philic vectorlike lepton. For the isodoublet, the decay
widths for these processes are given by

1
Féo_y;—h - F?,O—H'_Z = EFZKO—WTW_
MY (MM —op M;Mgp\?m?
C 32n \MIM; + o M Mz) v’
op_ = sign[sin(0g + 0g)], (45)

with corresponding results for the electroweak singlet
portal matter, albeit without channels featuring the SM W=
boson. Depending on the mass of the W, ; gauge bosons, an
additional two-body decay channel may be open to the
U(1)p-neutral vectorlike leptons of the type Ly — W L.
Because the electroweak decay partial widths suffer sub-
stantial m?/v? ~ 107> suppression due to the small Yukawa
coupling of the z, the decays from WZEJ emission will be
overwhelmingly favored if they are kinematically acces-
sible, however because W, ; itself tends to have a sup-
pressed decay width (as discussed above), these channels
quickly become negligible once W, ; becomes massive
enough to kinematically forbid their on-shell emission.
Therefore, there are two conceivable qualitative scenarios
for the collider signature of the lightest U(1),-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 U(1),-
charged portal matter and W, ; bosons.

In the former case, searches for these vectorlike leptons
will directly correspond to searches for any predominantly
7-mixed (in scenario A) or y-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-
strains M? > 790 GeV, considerably worse than the M}
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 U(1),-neutral
fermions more important. Quantitatively, assuming that the
model’s heavy gauge boson and scalar content are massive
enough that the U(1) ,-neutral fermions decay dominantly
via electroweak boson emission, the analysis of [33] finds
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an expected limit of >420(720) GeV on the isospin singlet
(doublet) U(1)p-neutral fermion.

The collider signature for the case in which the U(1),-
neutral vectorlike fermions decay dominantly via W), ; has
been less studied. However, we can comment briefly that
the preferred decay channels for the W, ; bosons and the
U(1)p-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 W, emission
channels in the case of U(1),-charged portal matter, as
mentioned earlier.

The analysis thus far has restricted our attention to the
least massive portal matter fermions of that are U(1),-
charged and U(1)p-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 U(1),-charged and U(1) -
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 U(1), charge via the
emission of SM electroweak bosons. The partial widths of
these decay channels will scale with the Yukawa couplings
YH Nm‘[./l/v and ypy, as O(m%,y/vz9yHVmT,y/v’yIZLIV>_
because m,,/v <1, this suppression will render these
channels largely irrelevant for the U(1),-charged fermions
unless yyy ~ 1, but in the case of the U(1),-neutral
vectorlike fermions these channels can compete with the
O(m?,/v*)-suppressed decay width to SM fermions, or
even dominate them when ygy > m,,/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 ygy from the branching fractions of
the vectorlike fermions—given the central role this cou-
pling constant can play in the generation of Aa, 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 #-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¢g—2 anomaly. Because of the
preserved Z) 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 r, /vg are the dark photon A, the dark
Higgs hs, and the heavier scalars hs, hg, and h.. Perhaps
the most intriguing signatures here will be those from the
production of solely Ap and /5 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 yg; and ygg, such a
measurement can be used to constrain or observe these
couplings, which from Egs. (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 uu~ — yApAp, uTu~ — yAphs,
and ptu~ — yhzhs;, and estimating their significance

The 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 u*u~ — yuo.° Analy-
tically, we find that in the limit that the muon, &p, and Ap
masses are negligible, all three LO cross sections for the
signal processes here can be written as’

Oxy = (y§L6§Y + y‘s‘Ea)b;Y) cos*,, (46)

where X and Y can denote & or Ap, depending on the final
state for the given signal process, and ag‘(f 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 £ as

Lcos*d
Nep = % (vhyot + vieo®),
Osm
oLE = U)L(‘;,E, XY = hphp,Aphp, ApAp,  (47)
XY

where o) is the production cross section for the dominant
SM background process uu~ — yvo. 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 yg; ysg, which scales
the chirally enhanced contribution of the portal matter to
Aa,, rather than the two Yukawa couplings’ individual
values. Given a spectrum of portal matter states, any given
value of the product yg; vgp, Will in turn have a corre-
sponding minimum possible value for >y, (v§ ol +
ytgof), and hence Ngp. Using this minimum, we can
estimate that for a given product yg; ysg, we shall achieve a
significance of at least

oot

Ngp > 22, yi; cos* 0,V L : (48)
Osm

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

®This 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 u*u~ — yN*N*.
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 yg; sp = 1,
but do not scale with these couplings. As such, generally for
vse.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 yg; g >
1 due to the quartic scaling of the other BSM monophoton
processes with these couplings.

As a 2 — 3 process, the monophoton cross sections are
lengthy and not especially enlightening, so we do not present
them in full here.

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

Vs (TeV) L (ab™h)
3 1
6 4
10 10
14 20
30 90
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

E, > 50 GeV,
m2. = (P/ﬁ + Py — p},)2 > (200 GeV)z,

miss

In,| <2.5,
(49)

where E, is the energy of the final-state photon, m2, is the
invariant mass of the combined four-momentum of the
invisible final-state particles, and 7, 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 20 exclusion and 5o 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; = 1.3M;, M} = 1.5M;, and Mz = 1.8M], at
various values of the angle 6, in order to get a sense for the
robustness of these constraints. Because the cross sections
scale quartically with the couplings yg; and ygg, we see
that even though the signal-to-background ratio in these
searches is quite low (generally between 1072 and 1073),
the monophoton search can still present a powerful probe of
the couplings, often significantly outperforming the bound
on the product yg; ysg from partial wave unitarity given in
Eq. (33). Given that we have found in Sec. III A that
VYstyse 2 O(1) is generally necessary in order to achieve
the desired value of Aa,, especially in the case where
yuy <K yy, 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
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FIG. 13.

The estimated 5o discovery (solid) and the 2¢ exclusion (dashed) reach in scenario A for ,/yg; ysz at a potential future muon

collider with center-of-mass energies /s = 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; = 1.3M}, M} = 1.5M}, Mz = 1.8M, and taken
the 6, values displayed on each chart. The y-axis at each chart terminates at the upper bound on the product ,/yg; ygg from partial wave

unitarity, given in Eq. (33), /ysryse S 2.74.

monophoton search’s constraints on the product \/ys; ysg
are potentially exceptionally powerful.

A similarly quantitative evaluation of the discriminating
power of searches for other diboson processes, namely
Wp~ = hsg hsg, pu — hh™, ptu~ — hhs, and
utu~ — hthy, 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 U(1),-charged scalar 4. will invariably have
open decay channels into an SM muon plus U(1) ,-charged
portal matter fields, leading to a final state featuring a
muon-antimuon pair and a dark photon or dark Higgs.
Similarly, 5 and hg will have open channels into an SM
muon plus a virtual or on-shell U(1),-neutral vectorlike
lepton, L or E,, 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 /5 or kg, 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 p*u~ — XY, where X
and Y are some final-state scalars (or the dark photon), we
will have a cross section given by

do
dcosO) i, xy

11 m: +m3\2  mim?
- 1_ X Y _4 X YM
327zs\/< s > 52 My

where s is the usual Mandelstam variable, the final-state
particles X and Y have masses my and my, respectively, and
| My |? is the squared amplitude (with symmetry factors

2. (50)
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accounted for and averaged over initial spins), which for the processes involving the production of heavy scalars
will be

cos(2¢9A)>2< . (1= u)*(tu — M7 .cos*0y) )
( T Vi Vi

)
5 cos(20,) 2 A (t - u)z(tu — M‘;lisin“GM)
|Mh6h(,| - 8 (1 + ( ) Yst (2[—M2L2 _ M22)2(2u _ MzZ _MZZ)Z + (L - E) ’

cos(260y
1 0052(29A)> ( (t — u)?(tu — M*_sin?@,,c0s0,,)
M 2=—<1— v$ ’ +(L—E)),
Mo |* =7 cos2(20,,) )\t (20 = M2 = M72)2(2u — M2 — M72)? ( )
2

sin*6) (M72 =M%+t —u)?(tu— M)
M 2 _ A <y4 L L h + (L - E >’
| hih | SL (I—MIT2)2(M _MZZ)Z ( )
sin(20,) [, (Mp>=M}*+1—u)’tu
L—-EFE)|,
3 (ySL (t—M}22(u - M72)? +(L - ))

|MhDh+|2 = |MADh+|2 =

sin?(20,) (M7? = Mj}?+u—1)tu
Mugs P = 1M = =280 (g, Gt (1 ) ). 51)

Notice that the requirement that | cos(26,)| < | cos(26,,)| (see Appendix A) is manifested in the squared amplitude for
up~ — hshe, where if it is not satisfied the cross section will become negative.

In Figs. 1416, we depict the heavy scalar production cross sections at a /s = 3 TeV muon collider as functions of
the portal matter mass M, again assuming our benchmark values M; = 1.3M}, M} = 1.5M;, and Mz = 1.8M],
for different values of the scalar mass scale M- and different choices of the angles 6, and 6,,. For convenience,

Vs =3TeV
M = 600 GeV

Vs =3 TeV
M+ = 1000 GeV

0.1 0.1

o, (fb)
T, (fb)

Vs =3 TeV
M+ = 1400 GeV

Th, (fh)
(=1

M (TeV)

FIG. 14. The combined total production cross Section 6y, 6+~ —nshs + Outy-—hshy T Cuty-—hehy 10 SCENArio A as a function of the
portal matter mass M, at a /s =3 TeV muon collider for 8, = ), = /8 (blue), 5 = 03y = n/4 (magenta), and 0, = 7/8, Oy, =
37/8 (red). We have taken ys; = ygz = 1, and assumed a benchmark portal matter mass spectrum M; = 1.3M}, M} = 1.5M}, and
Mz = 1.8M].
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FIG. 15. The total production cross section o

T

n.n in scenario A as a function of the portal matter mass M} at a /s =3 TeV

muon collider for 8, = /8 (blue), 0, = n/4 (magenta), and 6, = 37/8 (red).We have taken yg; = ysr = 1, and assumed a
benchmark portal matter mass spectrum M; = 1.3M;, My = 1.5M;, and Mz = 1.8M}.

In Figs. 14 and 16, we have combined several final states
that will likely have similar or identical final-state signals,
such as hs and hg, hp and Ap, and A" and A~. Assuming a
luminosity of O(ab~!) 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 M} 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 yg; and ygg, 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}TJ, Zp, hy, hy,
and hy—as noted earlier, precisely those fields which may

not be appreciably produced at a muon collider in scenario
A-final states with Z, are likely to be of particular
phenomenological interest, since it is feasible that they
have an appreciable branching fraction to y* — u~ 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 e, /M,
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,
A1, Op, 0y, the masses of the heavy scalars %y, h,, and hy,
and that of the gauge boson Zj. As discussed in Sec. 111 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 6, = 6,+,~_p 5, +
Oyt - —hyhy T Outy-—iyhy, + Opty-—n,n, 1N scenario B at a
/s = 3 TeV muon collider as functions of the portal matter
mass M j with our canonical selection of benchmark values
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FIG. 16. The combined total production cross section 6y, 4, 4, = Oyt y=—h.hy + Outy-—i_hy T Outy-—h, Ay + Outy-—i_a, N SCENArio A
as a function of the portal matter mass M; ata /s = 3 TeV muon collider for 8, = x/8 (blue) and , = x/4 (red) (note that these cross
sections are invariant under 8, — 7/2 — 0,). We have taken ys; = ygz = 1, and assumed a benchmark portal matter mass spectrum
M7 = 13M}, M} = 1.5M}, and Mz = 1.8M].
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FIG. 17.  Left: the combined total production cross section oy, = 6ty i n, + Cuty=—iyhy T Cuty-—iyhy T Ot~ —n,n, @S @ function of

the portal matter mass M; at a \/s =3 TeV muon collider for scenario B, for M7 /M} =13, Mj;/M] = 1.5, Mz/M} = 1.8,

M, =15TeV and M, = 1.2 TeV. Right: The combined total and individual production cross sections oy = 6,+,-_w+w- +
1 3 W= WIW

Oty —wiw; T Ourymswiwr Ot swirws in scenario B, for the same portal masses, but with s;,M;, = 0.75 TeV, ¢;,Mz, =

1.3 TeV, and 6, = z/4.

M7 =13M;, ML =15M;, Mz =18M;. Here we  available parameter range for e, will then also be governed
select M;, = 1.2 TeV and M, = 1.5 TeV following the by the same bound. The main channel for this process is
selection rule in Eq. (40) to ensure that the selection in  Ou+u-—n,n,- We thus plot the combined heavy scalar pro-
parameter space is physical, and select 8, = z/4, which,  duction cross section oy, as a function of M} with different

combined with the above-mentioned bound, also ensures
that the ® vev angle 4, appearing in Eq. (5) is real. The

choice of M), . There is a decrease in o), when we scale
up M), but overall these heavy scalars can be copiously
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The combined total and individual production cross sections of 6, = 6+ -7, 7, + Oyt y-—z,n, + Outy-—2z,n, as a function

of M} at a \/s =3 TeV muon collider for scenario B, assuming that Left: M;/M; =13, Mji/M; =15, Mz/M} =138,

suMz, /M} =0.75cyMz /M =13.M,,/M] =08 M, /M =1.5,0p =r/4,

Right:  Mp/M; =13, Mj/M] =15,

Mz/Mf = 1.8, s,Mz, = 0.5 TeV, c;,Mz, = 1.3 TeV, M, = 1.2 TeV, M, = 1.5 TeV, and ), = 7/4.

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 oy, = Oty =W W + Oy —Wiw; + Oy =W Wy +
Oty =W W with the benchmark values for heavy vector-
like leptons and constant heavy gauge bosons and scalars
masses. The main contribution comes from O = Wi W
due to the choice of 0, = n/4. Figure 19 shows that the
main contributing channel for oy actually changes with
respect to 6. For 8, = 0.7, oW w; dominates the total oy
whereas for 8, = 0.8, Oy w- dominates the total oy,. The
contributions of ¢+ o WEWs and 6+ - Wi Wy are identical,
emerging in the figure as two overlapping curves, since their
squared amplitudes differ by only ¢ <> u.

In Fig. 18, we show the combined total and individual
production cross sections of Zp, with 6, = 6,+,-.7,7, +
Oyt u—zph + Outu-—z,n,» as a function of M}, 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 6,,+,~ 7,5, and 6,+,~_z , as a function of M.
This is because the masses of all heavy particles (scalars,
vectorlike leptons and gauge bosons) scale with vg, the
O(TeV) vev of the bidoublet ®. When we define our input
parameters, vq i8 replaced with M and other proportional
constants and angles. Therefore, without assuming masses
of heavy scalars scale with M}, we are actually assuming
that the Yukawa couplings y; and yg, which govern the
strength of the couplings of the muon to /; and A,, increase
when M increases, following the relations in Eq. (11).
This running of Yukawa couplings, though resulting in
unexpected increase of 6,+,-_7, 5 and o,+,-_7 5, as M;
increases, still respects the perturbative bound for this mass
range of M . On the left panel of Fig. 18, we fix the ratio of
various heavy gauge bosons and scalars masses to M; .
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5)
- 10.
gl -=-0zpzpy Op = 0.7
— 02,2,y 00 = 0.8
=== 02zphys Op = 0.7
T s, 0p =0.8
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FIG. 19. The effect of ), on the individual cross sections for heavy gauge bosons in scenario B, assuming M7 /M; = 1.3,
Mf/M| =15, Mg/M} =18, s;;M; =0.75TeV,c;,M,, =13 TeV,M,;, = 1.2 TeV, M, = 1.5 TeV, e, = 0.8. Left: different
channels for Z,, production are shown for 8, = 0.7 and 6 = 0.8. Right: Oy w; are plotted in dashed curves and Oy w, are shown for
60p = 0.7 and 6 = 0.8. Note that for different values of 6, the main contributing channels are different.
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Now, as expected, all channels of 6, decrease with respect
to the increase of M; . However, we can not show 6, over

a larger range of M, as the masses of heavy gauge bosons
and scalars become too heavy very easily, and will quickly
violate the bound of Eq. (40). 6, also depends nontrivially
on the choice of 6p. In Fig. 19, we plot individual cross
sections with different choice of 8y, assuming benchmark
values for vectorlike leptons masses, and constant heavy
gauge bosons and scalars masses. Numerically, we find that
larger 0, results in larger 6, 7 and 67, ;,, and vice versa
for 64, 5, —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
O(ab™!) 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 e, /M ,
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 M,  can be directly measured, possibly in
its dimuon decay channel, constraints on the coupling ep
from physical consistency requirements with other model
parameters can be determined. Because e, 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, A and Z D.8 Oblique corrections
stemming from kinetic mixing scale quadratically with the

8The Z boson can also mix with the W), bosons, however due
to approximate U(1),, 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.

kinetic mixing coefficient, however, and as such generally
only constrain kinetic mixing of O(1072) [19,72]. We can
readily compute the kinetic mixing coefficients of both
the Ap and the Z, 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

epes MM}
€z-Ap = @—WIO ( )

Cy MMz
gy =0 [MP2ME (5 )
2 T 12a%sin(20p) ¢, | MFE+ M72\6 my

+ (1 =2cos(20p)) logf/[—? + (L — E)], (52)

to leading order in m% /M7 ;* and m?,,/m%. Following the
analysis of [73], because Z, interacts at leading order with
SM fields (the 7 or u, 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 Zp, with the U(1), and SU(2), gauge fields. Given that
the coefficient es,,/(127%c,,) ~ 1.4 x 1073, it is trivial to
see that both kinetic mixing coefficients trivially satisfy
precision electroweak constraints from, e.g., [19], as long
asMy —myz 2 10 GeV. Since it is unlikely that Z;, 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 Z, couples to muons, rather
than 7’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
v,N = v,u*u~N. Following the results of [74] for chiral
Zp couplings, we have

2\ 9 Gtas) My 9a(gu—gm) my
(1+4SW) i );4% Hu M—%V;_ u /;% i M%V;

3

OSM+NP
——=1+38
Osm 1+ (1 —|—4s%‘,)2

(53)

where sy, my and g, are the usual Standard Model
parameters, and gﬁ,’,R describe left and right puZ, cou-

plings. In scenario B, they take the forms

gL _ eD<M22_M2—2>
M sin 20, (M7 + MJ?))’
ep(Mg? — M}?)

9/15/4 = (54)

sin20p(Mg* + M§?)’
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FIG. 20. The ratio ogy,np/0sym that emerges in scenario B
from neutrino trident production. The experimental upper bound
is obtained from averaging CHARM-II, CCFR, and NuTEV.

Average results from CHARM-II [75], CCFR [76] and
NuTEV [77] places a bound on this ratio

ISMONP _ .83 +0.18 (55)
OsM

We plot this ratio as a function of Z; mass in Fig. 20, for 3
different values of ej,. We find that for reasonable ranges of
the choice of ey, for M, > 0.8 TeV, this ratio is always
well bounded. For smaller values of e, the lower bound on
My, 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 Z’z, as discussed in Sec. I, the muon and =
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 = decays are trivially satisfied in both scenario
A and scenario B. Flavor-violating couplings between SM
fermions mediated by the W, and W, gauge bosons do
exist, but they are heavily suppressed. Note also that since
the electron is taken to be a singlet with respect to G and
Z, (and thus even with respect to Z5), 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 Z5, which conveniently
insulates the model from large flavor-changing neutral
currents in the charged lepton sector, also prevents mixing
among the v, and v, in conflict with current best-fits for
the parameters of the PMNS matrix (see, e.g., [78] and
references therein). Hence, the Z’2 must not be an exact
symmetry, which ultimately means that this model needs to
be extended. The Z), breaking might be introduced solely
into the neutrino sector via, for example, sterile neutrinos
with Z)-violating Majorana mass terms, or the underlying

global Z, 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 U(1)p, in
our case SU(2)? augmented by a global Z,, 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 U(1),-
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 U(1)-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 Z, symmetry which offers flavor
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protection in the charged lepton sector. As a result, a
detailed exploration of the feasibility of preserving this Z,
for the charged leptons and violating it in the neutrino
sector, or the degree to which recreating realistic neutrino
mixing would require explicit Z, 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 7 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 4u
parameters and the 131 parameters. We will express the
dark scalar bidoublet @ and the two real dark scalar triplets
AA,B as

1
® = - (Re®y + iIm®) + D 7,(Re®@, + ilm®,),

a=x,y.z

Ay = Y 7,4 (A1)

a=x,y.z

in which 7, = 6,/2, where o, are the usual Pauli matrices.
We will organize the 14 independent variables in ® and
Ayp as Xg = (XB X5 xB3 XB%), with

X8 = (Re®), Re®,, Af, AY),
X8 = (A}, A{.Re®,, Im®,),

X5 = (Im®y, Im®_, Ay, AY),

X5 = (Re®,,Im®,). (A2)
The system of equations generated upon extremizing the potential can be simplified by noticing that we can use the 6
rotations in SU(2), ® SU(2)p 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 ®. This allows us to
write the vevs as

(X5') = ((Re®y). (Re®,). (A}). (A7) (X§?) = (0.0.(AR). (A%)).
(X§) = ((AF). (43).0.0).  (X§%) =(0.0). (A3)
We will write the nonzero components of the bidoublet’s vev as
(Re®y) = vg(cosbg +sinfg) and (Red,) = vg(cos Oy — sinby), (A4)
and the components of the triplets as
(A}) = FAV®S0,Cp 50, (a}) = FAV®S0,5¢,50,> (A%) = FaVeSe,Co,>
(Ap) = FAV®Co,CoppSoy- (Af) = FAV®Co, SpyS0,> (A) = FaVeCy,Coy- (AS)

inwhich0 <0y <7/2,vp.77A 20,0 <Opp <7 and 0 < ¢, p < 27. Extremizing the potential yields three inequivalent
families of vacua, all of which are CP preserving:
(i) Family (a): rp = 0 (preserved dark subgroup U(1), ® Z,).
(i) Family (b): rp #0, 0 < 6, < 7/2, 043 =0 (preserved dark subgroup U(1)).
(iii) Family (c): rp #0, 0 <0y < /2, 043 = n/2 (preserved dark subgroup Z}). This case is true for an arbitrary
¢4 = ¢pp. We can then, for simplicity, take ¢, = ¢pp = 0.
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In the above, we note that U(1),, is the group formed by
z-rotations in the gauge space Gp, i.e., the group formed by
the transformations

Da(2.¢) ® Dg(2. ), (A6)

and Z) is the group generated by the transformation

Dy(2.7) @ Dg(2.7) @ Z,. (A7)
To break the dark group Gp completely, we now see
the need for the two triplets A, p: if either one is zero,
vacuum (a) is the only option and there will always be a
preserved U(1),, subgroup.

As described earlier in this work, the symmetry breaking
pattern of interest is composed of two steps: The bi-doublet
® acquires a vev, breaking Gp to U(1)p, which is
subsequently broken by the (smaller) vevs of the triplets
|

A, p. To achieve this symmetry-breaking pattern, we need
(i) V(a) > V(b) and (ii) V(b) > V(c). Condition (i) can be
satisfied by imposing

W3 (b) +pz(b)) < (U3(D) — pz(b))cag,.  (A8)
Furthermore, for the vacua families (b) and (c) we can also
exchange the ps, py for 85, rp. In that case, we see that

2

V(b) = V(@) = 213 (ks = do)san, (s20, = 1) (A9)
and hence condition (ii) can be easily satisfied by requiring
9(1) ?é 7[/4 and ﬂg > 19.

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:

. X Ao .
Hivg = 241 + A3 5in(20g) + ZA [(/15 +211) + (As — 4i1)coe, + 3951[1(2%)} ;

2

. s .
1305 = A3+ 2(2y + A7) 5in(205) + & |:(’16 + A12) + (A6 — A12) c0s(26,) + 385111(29@} ;

4

cot(0,)
4

ﬂ%vé = /1]1 + 112 Sin(29¢.) +

1
UIvE = As + Ag sin(20g) + Ztan(GA)[sin(Mq,)ﬂg + o] + %A [A4c082(6,) + 43 sin(6,)).

The partition of the scalar sector into the four blocks
XBU xB2 XB3 XB4 is now justified, as each block has a
well-defined and unique charge under CP and Z). Thus, in
this basis, the scalar mass-squared matrix M% is composed
of four separate blocks: (Mg)(“), with a =1, ...,4. The
block a =4 is already diagonal, as it is a null matrix.
Before diagonalizing the remaining blocks (a = 1, 2, 3),
we will define some new variables for simplicity. First, we
|

'™ §cos? 20, \ v

12 +ﬂ7 =

8cos? 20, \ vo

2

. r
(sm(29¢,)/18 + /19) + ZA [()410 + /1]3) + (ﬂ]3 - 113) COS(29A)],

2

(A10)
|
will exchange the inputs (4g,49) for (M), .¢;) via
M, \?2 in2(0, +
dedkdo = o (Mu)?_sin20a ) gy
ve ) c082¢;(1 +sin264)

The input variables (4, 43, 45, 47) can also be exchanged in
favor of (ry, rs,14,0,) via

1 M= i
(—hi> [Arip + Ari_ysin2(6; — 6)].

1 M=\? i

1 M=\
23 4< hi) [Ari_, c0s20; — Ari,, sin 20,

~ 4cos? 20, \ v

M. 27'2
non=() %

(A12)

in which Ar},, = r} & r3. Finally, we can exchange the inputs (s, A¢) for (44, 6,), (411, 412) for (44.65), and A4 for M>. We

then have for the first block, (M%),
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P 0 0 0
0 2 0 0
MW a2 2 , Al3
( S)Dlag h 0 0 ri rg 0 ( )
0 0 0 1

corresponding to mass eigenstates Ay, h,, h3, and héeg, with

CP and Z} charges of (+1, +1). The second block (M%),
takes the form

consisting of the eigenstates hgeg and hy, with CP and

7, charges (—1,+1). The third block (M2)®) is

cos? 0y, 0 0 0
0 sin@,, 0 O
M2 = M2, M . (Al5
( S)Dlag h 0 0 0 0 ( )
0 0 0 0

corresponding to the eigenstates s5 and hg, which have CP
and Z), charges of (+1,—1). In the above, the angle 0, is
given by ¢y, = €29, /¢4, and so we will exchange ¢, in
favor of it. However, in order for the angle 8, to be real, we
must have |cyg, | > |c29,| (so for example, if we require
0y = m/4, then the only allowable value is 0, = 7/4).

More explicitly, the scalar mass eigenstates consist of the
six real scalar fields

hy = cos 0;(Re®, — (Re®y)) + sinf,;(Re®, — (RedD.)) + O(ra),
h, = —sin0,;(Re®; — (Re®,)) + cos 0;(Re®, — (ReD,)) + O(r,),

(A16)

1 0 0 O
0 2 0 0
M) = M2, N . (Al4
( S)Dlag h 0 0 0 0 ( )
0 0 0
hy = cos 05 (A} — (Af)) + sinOx (A% — (AY)) + O(ra).
hy = —sin (0 + m/4) A% + cos (Op + n/4) A + O(ra),
hs = —Sinq&AA% + COS¢}LA3 + O(I"A>,
hg = cos A} + sing, A5 + O(ra),
|
with  masses M, ,, = rigaMy=,  my, = rarsM:,

M, = cosOyM,:, and M;, = sin@yM,:, and one com-
plex scalar field

1
h* = —%COSHA(AX - Af« - (Aa3)
L.
o0 (8] - &4 = (83) + O(ra). (A1)

with mass M ,-. 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.
J

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 | Myy|, 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 Ay, h,, and hy, those which feature the dark
gauge boson Zp, and finally those which feature the dark
gauge bosons W,f ;- In the first category, we have

My, = e4D(14— fh)z4 ((M2204_ ng)4(t2_ u)ozz(tu —A{,‘”) Lo E)>’
256M7, s5pC5, MO (M}* —1)*(M}* — 2u)
My = e4D(14+ 45,1)?1 ((MZZ‘M_ ng)4(tz_ u)ozz(zu - A/?Z) Lo E)>’
256M7, s5pC3, MY (M}* — 1)*(M}* — 2u)
04 2 4
|Mh4h4|2 = aMe 6%4 1 <ML0(2t — uz ([L(;;Mh42> + (L — E)),
M7 s3pCap \ (M7 — 1)*(Mp? — u)

2 _
Mo, | =
e 256M§DS§DC§¢

eh(1-82) ((M22 = M{?)(t = u)*(tu — Mj, M},
MY (MP? = 1) (M}? — u)?

+(L—>E)>,
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where we follow the notation outlined in Eq. (39). Squared amplitudes for processes featuring final-state Zj, are given by

—4pg+4

Mo = gt e (2 O = ) L B

My, 2= EDC%{/,_ML?/IZE(A;IZZ ESMZQQ(ZMEZ _021_ ”)jCZnhl,l (LB,
32M7, s3pcoyM (M7 — )2 (M} * — u)

Mg = O ek (1 ), (82
32M7, s5p¢5,M)° (M}, —1)*(My* —u)

where
1
Czpz,0 = -2 (4M§D —Bu+42(t + u)M%D —t(7t+ 4u)M%D),
1
Cz,2p0 = -7 (4M§D -t + 4P (t + u)My — u(Tu+ 41)M3 )

1

Cryzpa =5 (16MY, = 8(t + )My = Tru} + dtu(t + u)M3, - i)

Cyppi = 2M%D + MﬁlM%D -2(t+ u)M%D + tu,

Crpn = 2M7 + MG M7 —2(t +u)M3; + tu. (B3)

Finally, the squared amplitudes for final states featuring W,f , are given by

e b ( R + 2Cuiwi2 + Cvivis ) +(L—E)

Vi 128M% st MO \(M;2 =12 " (M{2—u)? " (M[*—1)(M}*—u)
Moy |2 = = eb ( ZCW;W;'I 4 2CW;W/7'2 Cwy w3 ) +(L—>E)

Wi 128M35 ch MO \(M[? — 1) (M2 —u)* (M2 —1)(M}? —u)

et Cwrw-a 2Cw -2 Cwiw-3
|M+—|2:— D < ne + - Wi + _h I >+(L—>E)
Wh Wl 64M% C[hs[hMO4 (MLF2 _ u)2 (ML2 _ t)(MZ'Z —_ u) (ML2 — [)2
My P = [Migew: Plio (B4)
where
Cwiw-1 = 4S§I1M§D - t(7f+4”)s?hM4 + 4 (r + “)Szthz —Pu)(HZ, _ (M}, M7))*,

= (
Cwiw-o = <4s§hM§D —u(Tu + 4t>S1hM%D + 4P (1 + ”)Sth%D nd)(HZ, (M7, M}))*,
= (

Cw:w- 1655, M5 —8(t + u)s§,MS —Ttusj,M7 + 4tu(t + u)sj,M5 — r*u 2>C/W+w e

C w_i %—FMJ’M_ é_ﬁ ’
Wiwps = S3p ¢p Sp FoEep op ’

Cyrw-1 = (4eh,My, — 1(Tt + 4u)cj, M3 + 42 (1 + u)cj, M7, — Pu)(J%, _ (M7, MT))",
Cyrw-o = (4chMy, — u(Tu +40)cy, M3 + 4 (t + u)ej, M3, — 1)(JL, (ML, M)
Cwrw-3 = (16¢j,M5 —8(1 + u)cyMy = Truch, My + 4wt + u)cj, M7 — *u®)C,

W+W 3
MiMi(=coe +4) 1 (2M92 AN
Clw*w = < L L(2C2:t+ )+< L52i+MZMZ<Ci_Si>>> ’

S5p Cp SD ¢p ©Cp
(1 —_ C81h)M§D + 8M(C4lh - I)M%D + (4t2<c4lh —_ 1) + 16“/!(3 —_ C41h))M%D - 64t2MM%D + 32t3u
Cwiw-1= = ’
e 32(jWJrW ,1
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C;V;W,‘,l = (Jfl,—l(MZ7MZ))z(H:l,—l(Mzr’MZ))Z
c (= ca)MG ) + (1 + u)(cam — MG+ tu(9 = cqn )My, — Btu(t + u)M7 — 8w’
W;:W]‘.Z - Sc/—] s
Wiw; 2
Wiwsa = HT (M MOHZ, (M. ME)TS (M7 ME)TY (M M)
C ) . (1 - Cg[h)MgD + 81(04111 - I)M%D + (41/[2(C41h - 1) + 16”{(3 - C4lh))M%D - 641421M%U + 32M3l
Wiw:3 — _1 s
v 26T,
C;V;W,‘j = (JE L (Mf M) (HZ, (M7, M) (B5)
and
H%,(A,B) = Ac_s$ £ Bs.ch,
JE,(A.B) = Acyc}, £ Bs.sh, (B6)
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