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We explore a portal vectorlike lepton (pVLL) extension of the Standard Model (SM) and study its
implications for Higgs and vector-boson associated production (2V, with V = Z-boson or dark photon) at a
future muon collider facility. We show that while the y*u~ — hZ production rate remains close to its SM
prediction in a wide range of parameter space, the rate for u*u~ — hy, can be substantially enhanced
owing to the nondecoupling nature of the interaction involving the heavy lepton, the muon and the dark
photon. We demonstrate that the #y, production rate can exceed the corresponding iZ rate by a factor
of 1-100 within the perturbative unitarity limit, making it a promising channel for probing
Higgs interactions and potential new physics effects. We also examine the role of the pVLL state in
the context of dark matter (DM) phenomenology and identify regions of parameter space consistent with
the observed relic abundance by extending the simplified setup with a viable DM candidate. The hy,
production can also be used to constrain the dark photon mass (m,,) and/or the dark gauge coupling (g,)
consistent with various constraints including the current muon g — 2 measurements within the pVLL
framework. We perform a detailed collider analysis of the hy, process in the bb-+ missing energy final
state. A 20 exclusion limit for m,, up to 80 GeV is obtained assuming g, = 0.05, sinf, = 4 x 1073,
sin@; = 0.05, for a heavy lepton mass ~3 TeV at a 3 TeV muon collider with an integrated luminosity

of 1 ab™!.
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I. INTRODUCTION

The discovery of the Higgs boson [1,2] marks a
remarkable triumph of theoretical and experimental particle
physics. To probe its properties with greater precision,
however, we require an abundant production of Higgs
bosons at high-energy (HE) and high-luminosity (HL)
facilities such as the Large Hadron Collider (LHC) and
future collider experiments. Higgs production in associa-
tion with a gauge boson is a well-studied process at lepton
colliders [3-7], both in past experiments [8,9] and in
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proposed future facilities [10-13]. The presence of new
physics, particularly, scenarios predicting vectorlike lep-
tons (VLLs), can significantly alter the associated Higgs
production cross section at lepton colliders—either through
modified Higgs couplings, the appearance of new dia-
grams, or both. Moreover, such scenarios may open up
additional Higgs production channels with enhanced rates.
In this work, we explore the implications of VLLs acting as
portal matter on the associated Higgs production cross
section at a future muon collider.

VLLs constitute a simple yet well-motivated extension
of the Standard Model (SM) of particle physics. VLL
extension of the SM has been studied extensively in the
literature in the context of various anomalies, including the
muon ¢g—2, the W-boson mass, the Cabibbo angle
anomaly, and dark matter phenomenology [14-27]. They
naturally arise in a variety of theoretical frameworks
[28-33], including grand unified theories, models address-
ing the Higgs mass hierarchy problem, and constructions
inspired by string theory. The search for VLLs at collider
experiments remains an active area of investigation, includ-
ing both prompt and long-lived signatures, primarily in SM
final states [34-36]. VLL is also a potential candidate to
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search for at the future colliders such as future pp,ete™,
muon collider [37-41].

Inrecent years, the idea of VLLs as portal matter [18,42-44]
or portal VLLs (pVLLs) has gained significant interest owing
to their rich phenomenology, their ability to evade existing
collider constraints, and their potential connection to the dark
sector, particularly dark matter phenomenology [45,46].

In this work, we consider an extension of the Standard
Model (SM) with an SU(2)-singlet VLL that transforms
under both the SM hypercharge group U(1), and an
additional Abelian dark gauge group U(1), [18,42-44].
The gauge boson associated with U(1), is referred to as the
dark photon (y,). The model also contains an additional
complex scalar field, singlet under the SM gauge group but
carrying nonzero U(1), charge. The full gauge symmetry,
SU3)exSU(2), xU(1)y xU(1)p, is spontaneously
broken to SU(3). x U(1)gy through the nonvanishing
vacuum expectation values (VEVs) of the SM Higgs
doublet and the dark scalar. The VEV of the dark scalar
not only generates the dark photon mass but also induces
mixing between the pVLL and SM leptons through a
Yukawa-type portal interaction. The U(1), hypercharge
assignment of the pVLL considered here corresponds to an
electric charge of —1, and it is allowed to mix only with one
generation of SM charged leptons in order to evade
stringent bounds from lepton-flavor violation. In this work,
we focus on pVLL mixing with the second-generation
charged lepton.

An important feature of this model is that the right-
handed second generation charged lepton (u%) and the
pVLL (4),) carry identical SU(2); x U(1)y charges.
Consequently, any rotation between uj and ), preserves
the diagonal structure of the Z-boson couplings, ensuring
that no ug — p,,, — Z interaction arises after transforming to
the mass basis. In contrast, since the muon is uncharged
under U(1), such a rotation induces an off-diagonal yp —
Hp, — Ya coupling, suppressed by sin 6y, the sine of the
corresponding mixing angle. One can have a sizable value
of sin@p ~ 0.1 for heavy muon mass ~ a few TeV even
when the mixing angle (sin 6; ) involving the corresponding
left-chiral fermions is kept at a tiny value ~107>. The
nondecoupling nature of the interaction is central to both
the dark matter phenomenology and the collider signatures
of the model.

After examining the various constraints on the model
parameter space arising from Higgs signal strength mea-
surements, heavy Higgs and di-Higgs searches at the LHC,
limits from lepton flavor universality and other electroweak
precision observables, searches for vectorlike leptons at the
LHC, as well as consistency with current experimental
results on the muon g—2, we proceed to explore the
implications for dark matter relic abundance and associated
Higgs production at a proposed future lepton collider,
utilizing the nondecoupling effect within the perturbative
unitarity limit.

We investigate the role of the pVLL in the context of DM
relic density calculations, assuming that the dark sector
contains a Dirac DM particle (y) charged under U(1),, as a
motivation behind the consideration of pVLL extension of
the SM. In the absence of the pVLL state, the annihilation
rate in the y7 — ff channel is typically suppressed due to
the small gauge kinetic mixing (KM), often resulting in an
overabundant relic density. The indirect effect of the pVLL
is to facilitate DM annihilation into a pair of muons by
modifying the pu*u~y, vertex, without introducing any
additional Feynman diagrams. Furthermore, its presence
introduces a nontrivial interplay between the gauge kinetic
mixing and fermion mixing parameters.

The nondecoupling effect also show up in the Higgs
production in association with a vector boson at the
proposed future muon collider (u"u~ — AV  with
V =Z,y,). The muon collider [47-49] is envisioned as
a high-energy circular lepton collider that combines the
clean experimental environment of lepton collisions with
access to multi-TeV center-of-mass energies (y/s), in
contrast to circular e™ e~ machines. It is designed to operate
at energy stages from an initial 3 TeV to 10 TeV (or higher),
corresponding to circumferences of about 4.5 km and
10 km, respectively, with expected peak integrated lumi-
nosities of 1 ab™!' at \/s =3 TeV and 10 ab™! at /5 =
10 TeV [50].

We have shown that while the hZZ production cross
section remains essentially unchanged from the SM pre-
diction, the Ay, production rate can be significant even for
very small sin 8; , owing to the nondecoupling effect. In this
scenario, the dark photon is treated as an invisible particle.'
We analyze this process in the bb plus missing energy final
state at /s = 3 and 10 TeV muon colliders, where the bb
system is highly boosted due to the 2 — 2 kinematics and
large center-of-mass energy. The dominant SM back-
grounds to this channel are processes leading to hbvi final
state, with hvv and Zvv accounting for more than 90% of
the total cross section. We demonstrate that the requirement
of jet substructure, together with additional kinematic
selections such as missing energy and the bb invariant
mass, can efficiently suppress these backgrounds.

The main highlight of this work is that the hy,; process
not only yields a higher Higgs production rate than hZ
production at a muon collider, but also offers a noble way to
explore dark photons in the mass range 10-100 GeV,
independent of the gauge kinetic mixing parameter (¢) [51—
54]. This is because of the fact that the muon-heavy muon-
Higgs vertex is sensitive to the dark photon mass (m,,) and
the dark gauge coupling (g,). Consequently, the absence of
any observable enhancement in Higgs production along
with missing energy at a muon collider would imply a

"This will be the case for light DM with m, < m, /2, where
the dark photon predominantly decays to an 1nv151b1e final state.
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stringent limit on m,, or g4, for fixed values of other relevant
model parameters. We illustrate this using several represen-
tative benchmark points and show that, even for fermion
mixing angle as small as ~107% and heavy muon masses in
the range 1-3 TeV, a wide range of dark photon masses can
be excluded. We illustrate that a substantial region of the
parameter space consistent with current measurement of
muon g — 2 and DM relic abundance can be probed at the
future muon collider using our analysis.

The remainder of the manuscript is organized as follows.
In Sec. II, we present the theoretical framework considered
in this work to illustrate the impact of portal VLLs on
associated Higgs production at muon collider, along with a
discussion of relevant constraints on the model parameters.
Section III contains the parameter space consistent with
observed DM relic abundance. In Sec. IV, we describe the
collider analysis of Higgs production in association with a
vector boson. The results of our analysis are presented in
Sec. V, and finally we conclude in Sec. VI.

II. THEORETICAL FRAMEWORK

We consider a framework in which the Standard Model
is extended by a vectorlike lepton, singlet under SU(3) x
SU(2), with U(1), hypercharge —1. The VLL plays the
role of a portal matter, linking the visible SM sector with a
dark sector. A simplified realization of such a scenario is to
have a VLL transforming nontrivially under an additional
local U(1),, symmetry of the dark sector with correspond-
ing gauge boson referred to as the dark photon (y,). The
dark photon acquires mass through spontaneous breaking
of U(1)p, achieved by introducing a complex scalar field
@, which is a singlet under the SM gauge group but
charged under U(1) . Furthermore, if ®, carries the same
U(1), charge as the pVLL, a Yukawa-type portal inter-
action @, ®,ji,, p is permitted. The Yukawa interaction
reduces to a bilinear term between the pVLL and the SM
lepton once @, gets a nonzero VEV. In this work, we focus
on the case where the pVLL mixes with the second-
generation charged lepton only to avoid constraints coming
from flavor violating observables. The assignment of
charge of the relevant field content is presented in Table I.

In Table I, % and L; represent the second-generation
SM right-handed charged lepton and left-handed lepton

TABLE 1. Representation of relevant fields and their U(1)

charge assignments under the extended gauge group.

Fields SU®3)c SU2), Y Y,

Hr 1 1 -1 0
1 2 -1/2 0

L, = (”/;L) /

Hr

(o 1 2 1/2 0

7 1 1 -1 1

D, 1 1 0 1

doublet, respectively, and @ corresponds to the SM com-
plex scalar field doublet. The additional VLL singlet under
SU(2), is represented by u),. @, is the complex scalar field
that does not carry charges under the SM gauge group. All
fields are expressed in their interaction basis. The complete
Lagrangian of the model invariant under SU(3). x
SU(2), xU(1)y x U(1), can be expressed as

L= ‘CGauge + ‘CScalaI =+ ‘CFermions + ‘CYukawa (1)

where  Lgauges Lscalars Lrermions  are  part  of the full
Lagrangian containing gauge invariant kinetic terms
involving the gauge fields, scalar fields including corre-
sponding scalar potential, and fermion fields including the
mass term of the pVLL, respectively. Finally, Lyuxawa
represents the trilinear Yukawa interactions involving scalar
and fermions.

In particular, the gauge sector of the theory is given by

1 a (apv 1 i (N1
‘CGauge = _ZG/M/G ’ _ZWMDW’

1 1 €
- ZBWB’”“ - ZBd,uvBZy - §Bd,;wBW’ (2)

where Gy, denotes the QCD field strength tensor with a =
1, ..., 8 labeling the adjoint of SU(3), W}, (i = 1,2, 3) are
the field strength tensors of SU(2),, B, corresponds to the
U(1)y hypercharge, and B, is the field strength tensor of
the dark U(1),. The noncanonical form of the gauge boson
kinetic terms is due to the presence of kinetic mixing
involving the field strength tensors corresponding to two
Abelian gauge groups, U(1), and U(1), respectively. The
strength of this gauge kinetic mixing is parametrized by the
parameter ¢. In order to bring the gauge kinetic terms into
canonical form, we perform the following nonorthogonal
transformation between the hypercharge gauge boson B,
and corresponding U(1),, gauge boson:

B;/4 =B, +¢eB,,

Bil# =VvI1- szBd‘M (3)

In the primed basis, the gauge kinetic terms have canonical
form. However, after the breaking of SU(2) x
U(l)y xU(1)p = U(1)gy, the mass matrix involving
the neutral gauge boson in the basis (B, Wz,BQLﬂ) has
off-diagonal terms. The physical neutral gauge boson mass
eigenstates (Aﬂ, Zy, and Ad,ﬂ) are related to this by the
following orthogonal transformation that involves two
mixing angles, the weak mixing angle (6y,) and 8, [55].
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A, cos Oy, sin Oy 0
Z, | = | —cosb,;sinfy cosO;cosOy sinb,
Ady sin@;sinfy,  —sinf@,;cos Oy, cosly,
B,
X Wfl . 4)
By,

The angle of rotation 6, is given by

—2eV'1 — & sin Oy M2
tan 260, = 5 5 5 . ;
M3, ~ M7, (1 —&*(1 + sin’Oy))
where, M = vEw (9% + ¢%)/2 and MAdO = v,9, are the Z
boson mass and dark photon mass, respectively, without the
kinetic mixing.
The scalar-sector Lagrangian is

Lscatar = |D;¢q)‘2 + |D;¢q)d|2 - V(CD’ q)d)v (5)
with the scalar potential

V(®, @) = 3| ®F — pij | @[> + 4| @* + 4y, |Py[*
+ Ay || @ (6)

The symmetry breaking condition and boundedness of
the potential require pj,p; >0 and (Audy, = A ) s
Ap, > 0. The field configurations of ® and ®, at the
minima of the scalar potential in unitary gauge is given by

0 1
@ = oin | &, =— (v, +hy). 7
(\/;h) d \/i(d 2) (7)

where h; and h, denote the fluctuation around the mini-
mum field configurations and vgyw and v, represent the
VEV of the respective scalar fields. We denote the fields in
the mass basis by h and h,; which correspond to the
observed Higgs and the hypothetical dark Higgs fields,
respectively. The physical scalar fields (h, ) are related to
the (h;, h,) by the following unitary transformation

< h ) (cost?Y —sine‘v) (hl) (8)
hy ~ \sin 0, cosb, hy
Here, 6, is the scalar mixing angle.

The expression for Lremion and Lyuawa appearing in

Eq. (1) involving second generation leptons and pVLL
|

consistent with gauge symmetry are given by
'CFermions ) l[Z‘LpLL +/_/Rl))u;€ +ﬁ/ppﬂH - mﬂ’p/_‘/pﬂ/p (9)

'CYukawa ) _yml_‘ﬂq).u/R - wfq)dﬂ/pL//R +H.c. (10)

The mixing between ' and y), is generated once the dark
Higgs assumes nonzero VEV. After symmetry breaking,
the mass matrix in the interaction basis x4’ and ), takes the

form
YmVEW 0
M= ( J ) (1)
U4
V2 my,

The mass eigenbasis y and y, in which the mass matrix is
diagonal, represent the physical muon and the correspond-
ing heavy muon partner, respectively. The mass eigenbasis
and the interaction basis are connected by the following

biunitary transformation,
cos 6 —sinf !
()™ Ginorr s V), 02
Hp L.R SlngL,R cos QL.R Hp L.R
where, 0, » is the mixing angle between the left (right)
chiral muon and the corresponding heavy muon counter
part with the same chirality.
The model parameters y,,,y, my, appearing in the

Lagrangian of Eq. (9) and (10) can be expressed in terms
of the physical parameters m,,m, and sin@; as

Hp
2
b= Y2 D (13a)
VEw
(1- 2
my, (1 =5
Wy =———"" sin260 13b
f \/i’l}dD L ( )
m
m”; = 3” (13C)

where D is a dimensionless quantity given by

D= mTﬁcoszeL + sin%0; .
mup
The absolute value of the sine of the mixing angle
between the left chiral second generation charged lepton
and the pVLL is expressed as

2
1| 2m,

2 _ 5242
—2my, — wrvy,

|Sin9L|:§ 5 3

my —m,

(1 _ 1o v, ) (14)
(2my, = 2m; — ajvy)?
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The reality of sin@; requires
m, —m
lwg| < \@M (15)
: by

On the other hand, the perturbative unitarity [56] demands

los| < 4V2x (16)

These two conditions can be integrated as
m, —m
lo;| < v2min (M,AL\/E) (17)
. Py

The corresponding mixing angle (sin ) between the right
chiral muon and heavy muon is given by

sin 9L

sin 9R =
mp 2 )
\/m,%: cos” 0y +sin“ 6y

(18)

It turns out that sin 6 ~ O(0.1) for m,, in the TeV range

even for a tiny sin @, (~107>) and this nondecoupling effect
plays a crucial role both in the context of dark matter and
collider analysis.

This framework naturally gives rise to three portal
interactions connecting the visible and dark sectors: the
gauge kinetic mixing, Yukawa, and scalar portals. In
particular, gauge kinetic mixing between the SM U(1),
and dark U(1), arises at one loop and is strongly con-
strained by low-energy precision measurements [53,57,58],
with allowed values sensitive to the dark photon mass. The
dark photon couples to the SM fermions exclusively via
gauge kinetic mixing, except for muons, which also couple
through the muon—heavy muon mixing. While the kinetic-
mixing portal does not play any crucial role, the scalar and
Yukawa portals significantly affect Higgs-associated pro-
duction at a muon collider in this scenario.

The list of free parameters relevant for the discussions in
the later sections are mass of the heavy muon (m,, ), mixing
angle between the muon and its heavier counter part
(sin@y), mass of the dark photon (m, ), the dark gauge
coupling (g,), and the scalar mixing angle (sin#,) along
with the SM parameters. Mass of the additional scalar (m, )
is an independent parameter of the model, however, its
impact on our analysis is less significant unlike the scalar
mixing angle (sin#,). The kinetic mixing parameter &
which will play a crucial role in the DM phenomenology
along with the fermion mixing does not have significant
impact on the collider analysis as long as its value is small
enough to evade the existing constraints coming from low
energy observations in the relevant dark photon mass range
considered in our work.

A. Constraints

In this subsection we discuss various observational
constraints on the allowed values of the relevant model
parameters discussed above.

1. Collider constraints

Scalar search: The scalar mixing angle which simply
plays a role of overall coupling rescaling factor in the
analysis presented in this paper is constrained by various
observations across the mass of the heavy scalar [59-65].
For scalar mass below 100 GeV there are constraints from
the LEP experiment and invisible decay of the Higgs boson.
For example, if m,, < 5" the corresponding bound on the
scalar mixing angle coming from the measurement of the
Higgs to invisible final state at LHC is of the order of 0.01
for v, ~ 100 GeV [66,67]. The LEP experiment suggests
sin@; in the range (0.9-0.998) is ruled out for m,,, in the
range 10-100 GeV and v, ~ vgy [59-62,64]. For masses
beyond 100 GeV the constraint coming from LHC experi-
ment is more relevant. The constraint on sin € in the range
100 GeV < m;,, < 200 GeV is primarily due to the Higgs
signal strength measurement and | sin 6| > 0.1 is ruled out
in this mass range [64] with v;~0.1 X vgy. For
my,, > 200 GeV, sinf; > 0.2 is disfavored by the LHC
data [62,68].

The search for resonant and nonresonant di-Higgs
production at the LHC can give indirect constraint on
the scalar sector parameter as well. The new physics effect
can alter the di-Higgs cross section at the LHC either via
modification of the trilinear Higgs coupling or via new
resonances or both. The CMS observation of nonresonant
di-Higgs process at 13 TeV LHC center of mass energy at
an integrated luminosity of 138 fb~! sets 95% confidence
level (CL) limit on modified trilinear Higgs coupling (4;,,,1,)-
The modification to this coupling with respect to its SM
value is parametrized by k,; and defined as

A
K; = % (19)
o

where 4, has the following form

3 2
Ay = i <cos3 0, — BV gind es). (20)
VEw Va

The current 95% CL limit on «; is —1.39 < k; < 7.02 [69],
where k; =1 corresponds to the SM prediction. This
constraint on k; implies a restriction on the choice of
sin 0, as indicated by Eq. (20). In Fig. 1 we plot k; vs sin 6,
which suggests For v, > 100 GeV, —1 < sinf; < 0.85 is
consistent with the current LHC limit on «;. The search for
resonant di-Higgs production at the LHC at /s = 13 TeV
by ATLAS collaboration [70] sets upper limit on the
resonant di-Higgs cross section as a function of the mass
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FIG. 1. Deviation of the triple Higgs coupling compared to its
SM value as a function of sind in the present framework. The
color bar represents the range of the dark Higgs VEV considered
above.

of the heavy resonance in the range 250 GeV-600 GeV at
95% CL limit. In Fig. 2 we plot both the observed 95% CL
limit on the resonant di-Higgs cross section obtained by
ATLAS collaboration [70] and that predicted by the
present model as a function of the mass of the dark
Higgs (m,,) for different choices of dark Higgs VEV. For
vy = 100 GeV and sinfd; = 0.2, the allowed upper limit
on the dark Higgs mass is around 325 GeV. This constraint
will be relaxed further for higher v, values and/or
smaller sin 6.

Additionally, the scalar mixing angle is also sensitive to
studies at the future collider experiments such as HL-LHC,
ILC, CLIC, CEPC etc. The stringent bound on sin €, comes
from FCC-ee which suggests sin 6, < 0.032 can be ruled
out. The projected sensitivity on the scalar mixing angle in
the context of rest of the future collider experiments listed
above are all consistent with sin 8; < 0.045 [71]. However,
these projections assume lo deviations from SM
predictions.

VLL search: Various extensions of the SM containing
the VLLs have been probed at the LHC as well as at the
LEP experiment. Due to the limited center-of-mass energy
available at the LEP collider, VLLs with mass above
102.6 GeV [72] are not excluded by the LEP experiment.
VLL decaying in the SM mode i.e, vW, £Z has been probed
at the LHC in the multilepton [34,73] and hadronically
decaying tau lepton with additional jets and/or missing
transverse energy channels [74,75]. The ATLAS experi-
ment has searched for VLL mixing with first two gen-
erations of charged leptons and has obtained an exclusion
limit up to 320 GeV (1220 GeV) on the allowed values of
the singlet (doublet) like electron leptons [34]. The corre-
sponding bound for VLL mixing with muons is 400 GeV
(1270 GeV) obtained by same experiment if it is an SU(2),
singlet (doublet). The CMS experiment at the LHC sets a
lower limit on the allowed value of the doublet (singlet)

4 8inf, = 0.2, K =2.3 /s =13 TeV
10:\HH\““\““\““\““\““\““\:
I — vy;=150 GeV — vy =400 GeV
_ vg =100 GeV  —— ATLAS 95% CL,
=3 — g =200 GeV 99 & X — hh
— (combined)
< 103 i
= [ ]
=
<
T 102}
Q‘ o
g :
b

| ST S S NS S S (ST SR SRS SN SR SR NS SR ST (S SN S S NS S S
250 300 350 400 450 500 550 600
mp, [GeV]

FIG. 2. Resonant di-Higgs cross section (in fb) as a function of
the mass of the dark Higgs for various choices of its vacuum
expectation value at /s = 13 TeV and sin@,; = 0.2. The esti-
mated cross section also assumes a K-factor of 2.3. The solid
black line represents observed 95% CL limit on the resonant di-
Higgs cross section by ATLAS experiment [76].

vectorlike tau lepton mass to be 21045 GeV(150 GeV)
with 95% CL [73] using 138 fb~! data collected during
2016-2018. The corresponding lower limit obtained by
ATLAS experiment on the allowed value of mass of the tau
VLL transforming as SU(2), doublet is 900 GeV [74].
Moreover, these limits can be relaxed further if the VLLs
are allowed to decay in the nonstandard modes such as
pVLL decaying to a lepton and a dark photon as considered
in the present model.

2. Lepton flavor universality constraint

In the SM, the universality of the gauge coupling ensures
that the Z boson decays in the leptonic final states, in
particular, in the final state with electron or muon with
equal rate and the ratio of these two rates is predicted to be
close to unity in the SM [19]. This has been verified in the
LEP experiment at CERN and the observed value of the
ratio of these two decay rates (R) is found to be [77]

R=T(Z—utyu~)/T(Z—ete™)=1.0009+£0.0028 (21)

The model considered in this work introduces a mixing
between the second-generation charged lepton and the pVLL.
As a consequence, the Z — u — u vertex, in particular, the
Z — uy — pf, interaction vertex is modified to % (2 sin® Oy, —
cos? 8, ) (See Eq. (A7) in Appendix) compared to that in the
SM” while corresponding right-handed vertex factor remains
the same due to the choice of our charge assignment.

*The corresponding factor for the SM Z — MU — py vertex is
% (2sin’ Oy — 1).
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Therefore, for large mixing one expects deviation in the
predicted value of R inconsistent with the above observation.
It turns out that, the lepton flavor universality constraint
strongly disfavor [sin@; > 0.030(0.047)] at lo (20)
level [27].

3. Electroweak precision constraints

The presence of VLL has various observable conse-
quences and can potentially modify the predictions of the
SM. It can contribute to the modification of muon lifetime,
the branching ratio of Z — u*u~, total width of the Z and

|

m

=N

AT

38}

T TemeinZ 2
16msiny, my,

sin’6, [—(1 + cos?0;) + 2cos?0;,

W bosons and correction to the oblique parameters etc.
Since the VLL carries electromagnetic charge it can modify
the Higgs to diphoton decay rate as well. In our model, the
pVLL can couple to the Higgs via muon-heavy muon
mixing and/or Higgs-dark Higgs mixing. Therefore, the
corresponding interaction vertices will be proportional to
~(y c0s Og cos O cos O + w cos Og sin @, sin 6,). Hence,
for small sin@; and sin @, the deviation from the SM h —
u — p vertex factor is less significant. The correction to the
oblique parameters, in particular, S and T due to the singlet
VLL is expressed as [78]

Ty

I log(r,) + rﬂsinZGL} (22)
n"

S(r,% +1) —-22r, 3(r” + l)(rﬁ —dr, + 1)

1
AS = 5n sin®6);, [log(rﬂ) + cos?0; (

where, r, =m, /m,.

The updated global fit to the electroweak precision
observables tells that these corrections are constrained as
follows [79]:

S =-0.05+0.07 (24)
T =0.00 £ 0.06 (25)
4. Muon g -2

The presence of muon—heavy muon—dark photon vertex
can give leading contribution to the anomalous muon g — 2
at one-loop in this pVLL framework. In the limit my, ~m

Hp
and m, ~m, = \%Ym vpw, this contribution is given
by [21,27]

gflmﬂr m,
M .
T, sin 20 sin 26, , my > m,,
Aa,~ < (26)
gsm, m,
e sin 26 sin 20 m, <Kmy Km
471:2mfd R L> H Hp Ya*
exp _ SM

The current world average value of Aa, = ay a,”,
combining Fermilab Run 1-6 data [80] with the results of
Brookhaven experiment [81] is

Aa, = 38(63) x 107! (27)

which corresponds to 0.6 deviation compared to the SM
prediction (a3™ = 0.00116592033(62) [82]).

In Fig. 3, we show the muon g — 2 allowed region of
parameter space both in the m,, — g, and my, —my, planes

(1-r,

R I S

I
consistent with Aa, mentioned in Eq. (26) at lo level.
Figure 3(a) corresponds to sin@; =4 x 10~ and four
different heavy muon masses (1 TeV, 1.5 TeV, 2 TeV
and 3 TeV), whereas Fig. 3(b) corresponds to two distinct
sets of (ggsin@;) with values (0.05,4 x 107)
and (0.5,1.66 x 107°).

In the remainder of this paper, we work with benchmark
points consistent with all the constraints mentioned above.

III. DM RELIC DENSITY

In this section, we present the estimation of DM relic
density assuming a viable DM candidate to demonstrate
that the simplified pVLL scenario can naturally accom-
modate the observed DM relic density even when the
kinetic mixing parameter (€) assumes tiny values or
essentially absent due to strong constraints coming from
low-energy observations and DM direct-detection
experiments.

The observed dark matter relic density reported by the
Planck 2018 collaboration suggests [83]

Qh? =0.120 £ 0.001

We augment the simplified model introduced earlier with
a Dirac fermion (y) charged under the local U(1), and
neutral under SM gauge interaction as a potential DM
candidate to account for the observed DM relic abundance.
The Lagrangian presented in Eq. (1) is extended by a DM
sector (Lpy), and is expressed as
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sin @, = 4.0 X 10~°

Muon g-2 allowed
region (1o)
/|3 my, =1.0 TeV
B m,, =1.5 TeV
B m,, = 2.0 TeV
B m,, =3.0 TeV

mo, [GeV]

10
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

9
(a)

FIG. 3.

100

Muon g-2 allowed
region (1o)
B g,=0.5, sinf; = 1.66 x 10~
[ g,=0.05, sinf; = 4.0 x 10~°

90
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50
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40

30

— 1 1 1 1
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m,, [GeV]
P

(b)

500

Region (colored) of parameter space allowed by muon g — 2 measurement at 1o level [82] in the (a) m,, — g, plane for

sind, =4 x 107 and four different m, values (1 TeV, 1.5 TeV, 2 TeV and 3 TeV) and (b) m, —ny, plane for two sets of (g4, siné;).

Lom = ixy*Dyy —myjox (28)
In absence of the pVLL state, the DM annihilation
mainly proceeds via the following annihilation
channels:
= ff xx—=VV. xx-VS
where f represent the SM fermions, V =Z,y, and
S =h,h;. The corresponding Feynman diagrams are
depicted in Fig. 4. For light DM in the mass regime
my < m, <m,,, the dominant annihilation channel is
xx — ff while for m, > m, or 2m, > m, + mg either
or both of the remaining two channels dominate. The
annihilation rate for yy — ff via s-channel Z/y, mediation
scales as gZe?m?2/m}, away from resonance, and are
typically suppressed due to the small gauge kinetic mixing,
resulting in an overabundance of DM. The presence of a

X

(a)

(b)

strong first order phase transition (SFOPT) in the dark
sector may overcome this issue, as suggested in recent
studies [84,85].

In the present model, the issue of an overabundant DM
relic density for light DM scenario, can be addressed
through the portal vectorlike lepton state without invoking
the requirement of a SFOPT. Moreover, this framework can
evade the direct detection bound, as long as the gauge
kinetic mixing is small. The role of pVLL state exclusively
mixing with the second generation SM charged lepton is to
enhance the annihilation rate yy — p™u~ for light DM
away from resonance, through the modification of the ™ —
u- —y, vertex without introducing additional Feynman
diagrams. The other two channels (yy — y 74, v4h4) Which
are  dominant in the mass region m,>m, or
2m, > m,, + m; , on the other hand are controlled by
the dark gauge coupling and remain unaffected due to the
presence of the pVLL.

Vv

FIG. 4. Feynman diagrams for DM-DM annihilation processes. Here, V = Z,y,; and S = h, hy.
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In presence of the portal matter state, the dark photon coupling to the muon receives an additional contribution
proportional to g, sin® O /1 beyond the usual vertex factor arising from the KM alone, while the couplings to all other SM
fermions remain unaltered. The modified y™ — u~ — y, vertex has the following structure:

L icos@, [ ee  eecos’d
Hr —Hp —7a™ -
V1 —¢2 [cosB, 2cosb,
I Nicosed e€ . L
Hp —Hr —7a —m cos0, + g45in“Og | —iesinf,

As a result, in this scenario yy — u"u~ can be a dominant
annihilation channel for light DM (m,m, < m, ) even for a
small KM (e < 107%) away from resonance. Importantly,
this channel does not suffer from strong suppression
factors, since sinf; can be sizable (~0.1 to 0.3) even
when sin @; is small as already pointed out—thanks to the
same nondecoupling effect.

sinfp = 0, sinf, = 0.05, gq = 0.45, my, = 250 GeV
T —TT T T T

L tg, sinzeL] +iesin ed[

cos?6,
2sin@,, cosf, cosb,

sind,,

sinf,,
0s 6,

We have implemented the full Lagrangian (£ + Lpy) in
the FeynRules2.0 [86] incorporating gauge kinetic, scalar and
fermion mixings and interfaced the resulting model files
with the MICRomegas [87] to estimate the DM relic density. In
Fig. 5, we plot the relic density as a function of the DM mass
(m,) in the range 10-130 GeV for two different choices of
dark photon masses (m,, = 50 GeV and 90 GeV) and three

sinf, =4 x 1075, & =0, sin6, = 0.05, gq = 0.45, my,, = 250 GeV

T T T T T T T T T T
] SR ] . Planck 2018
NN N N, . —-~_ (Qh®=0.120 +0.001) ]
A N - 4
0\ H AN /N N AN o \
oW N \ 7 S
102 \ “\\ 1 AN - \ !/
1 \! 10-3F (W
a ! Planck 2018 ~ - 3
= 10°F \ Y ) -4 = E \ |
Qh? = 0.120 = 0.001 F i
c b - ¢ L S o) il 4
1072 - N m === ==FE=ES= F \I My, = 90 GeV
-3 1077 m,, =50 GeV 3
10—4F — e=10"%m,, =90 GeV |
-3 10~ % E
e =10"" m,, = 50 GeV
10-8} -= €=10"% m,, =90 GeV 10-7L N
== =10"" m,, =50 GeV
10-8 Ly L L L1 o8l v v 1 1
20 40 60 80 100 120 20 40 60 80 100 120
my [GeV] m, [GeV]
(a) (b)
ga = 0.45, my,, = 250 GeV
e e
10% Planck 2018 3
k (2h? = 0.120 £ 0.001)
1071ES =
el S N
~ 1073 .
< E
G 10 E E
2 €=10"3, m,, = 90 GeV
107°F 3 E
3 e=10"% m,, =50 GeV 3
10— €=10"% m,, =90 GeV
F e=10"% m,, =50 GeV ]
107 E =
1078:‘ [T R H R R SR
20 40 60 80 100 120
m, [GeV]
()

FIG. 5.

Dark matter relic abundance as a function of dark matter mass for (a) e = 1073, 107>, sind; = 0, (b) e = 0,sind, =4 x 107,

and (c) e = 107,107, sin6, =4 x 107 for two different dark photon masses (50 GeV and 90 GeV) assuming g, = 0.45,sin 6, =

0.05 and my, = 1 TeV.
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sin 6 = 0.05, my, = 250 GeV
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10% ’

1071

sin 6 = 0.05, my, = 250 GeV
T T T
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m,, = 90 GeV
T

10°

10!

S 1072 > 10-2L |
Relic Density Allowed Relic density allowed
(Qh? = 0.120 & 0.001) (Qh* = 0.120 £ 0.001)
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FIG. 6. Dark matter relic abundance allowed parameter space in the g; vs m,, plane for various combinations of sin §; and & assuming
sinfd,; = 0.05 and my, = 1 TeV. The figure on the left panel corresponds to m,, = 50 GeV and that on the right panel considers m,, =

90 GeV.

different sets of e and sin 0, : (a) e = 1073, 107>;sin6, = 0,
(b) e=0; sinf, =4x107, and (c) e=1073,107;
sin@, =4 x 1073,

In absence of the pVLL state, for light dark
matter (m, <m,, or 2m, <m, +m,; ), the relative
annihilation rate to individual SM fermion modes
(f =e,p,t,v,d,u,s,c,b) are predicted by their respective
SM gauge charge and color factor. One needs & ~ 1072 or
higher for g; ~0.45 to achieve underabundant DM relic
density away from resonance. The value of the KM
parameter in this range is not only strongly constrained
by the various low energy experiments in the context of
dark photon searches depending on the mass of the dark
photon but is also extremely sensitive to the DM direct
detection experiments, as we will discuss later. For
m, > m, the predicted DM relic abundance is largely
independent of the KM and a dark gauge coupling of the
order of 0.45 typically results in an underabundant DM
relic density [Fig. 5(a)]. In presence of the pVLL, assuming
no [Fig. 5(b)] or small [Fig. 5(c)] KM, the relic abundance
in the light DM regime away from resonance are primarily
controlled by the fermion mixing and dark gauge coupling.
At the resonance point the relic abundance depends on the
interplay among KM, fermion mixing and dark gauge
coupling. In the mass regime where yy — v,74, Or y4hy is
dominant DM relic abundance remains essentially
unaltered in the presence of pVLL.

To identify the DM relic abundance compatible param-
eter space in the DM mass range 10-130 GeV, we perform
a parameter space scan in the g, vs m, plane for various
combinations of fermion and gauge kinetic mixings. This is
depicted in Fig. 6 for two representative values of dark
photon mass (m,, = 50 GeV and 90 GeV), kinetic mixing

parameter (¢ =0,107%) and fermion mixing angle

(sin@;, = 0,4 x 107). We keep the scalar mixing angle
(sin@,), masses of the heavy scalar (m,,) and the heavy
muon (mﬂp) fixed at 0.05, 250 GeV and 1 TeV, respectively,

throughout the DM analysis.

Direct detection: The value of the KM parameter is
strongly constrained by several low-energy observations
related to dark-photon searches [53,57]. These observations
typically set an upper bound, £ <1073, on the allowed
values of the KM parameter for dark-photon masses in the
range 10-100 GeV. However, if the dark photon couples to
a DM particle, the most stringent constraints on the KM
parameter arise from direct-detection experiments. In
Fig. 7, we display the observed upper limits on the
DM-nucleon scattering cross section as a function of the
DM mass in the range 10 GeV-10 TeV, obtained from
several direct-detection experiments, such as XENONIT
(2018) [88], XENONNT (2025) [89], and LZ (2025) [90].
We also plot the theoretical prediction for the DM-nucleon
scattering cross section in the same mass range for different
choices of the KM parameter and the dark-photon mass, in
the absence of any pVLF state.

The strongest bound on the KM parameter comes from
the LZ (2025) experiment which suggests for g, = 0.45
and dark photon mass, m, > 90 GeV, &< 1075 can
remain allowed over a wide range of DM masses. This
provides a strong motivation to consider DM models with
portal vectorlike leptons. Their effect in the context of DM
relic abundance can enter at tree-level if mixing with one or
more SM fermion is assumed, whereas in the context of
direct detection their contribution arises via vacuum polari-
zation diagrams at one loop. Consequently, the direct-
detection cross section becomes highly model dependent
and sensitive to the presence of pVLF states, especially
their charge assignments and the number of such portal
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FIG. 7. Observed or —1o power constrained upper limits (solid
lines), as applicable, on the spin-independent direct detection
cross sections as a function of the dark matter mass from
XENONIT 2018 (black) [88], XENONnT 2025 (gray) [89]
and LZ 2025 (purple) [90] experiments. The dotted and dot-
dashed lines represent the theoretical prediction of spin-indepen-
dent DM-nucleon scattering cross sections as a function of the
dark matter mass in presence of the kinetic mixing alone
(e =1073,10"*,1075 and 107%) for two different choices of
the dark photon masses m,, = 50 GeV and 90 GeV assuming

gy = 0.45.

VLF states [44], and therefore on the detailed structure of
the dark-sector (DS) physics.

However, in this work we restrict ourselves to a
simplified framework, focusing primarily on the implica-
tions of a single pVLF state mixing with the SM muon for
associated Higgs production at a muon collider. As long as
only one of the pVLF states is allowed to mix with the SM
second generation charged lepton, the collider conse-
quences presented in the latter section remain unaltered.
In the remaining part of this work we also ignore the KM as
its effect in the collider analysis is essentially insignificant.

IV. COLLIDER ANALYSIS

In this section, we demonstrate the effect of the portal
vectorlike lepton on the Higgs production in association
with a vector boson (V = Z, y,) at future muon collider. We
first estimate the effect of pVLL on the production rate of
utu~ — hV and compare this with respect to the SM
prediction of p*u~ — hZ. The Feynman diagrams for
utu~ — hV process are depicted in Fig. 8. In order to
generate the events and estimate the cross section, we use
the universal FeynRules output [91], obtained from the
implementation mentioned earlier in Sec. III, and interface
it with the event generator MadGraph5_aMC@NLO (version
3.5.5) [92]. We then compute the leading order (LO) cross

TABLE II. Representative benchmark points for collider analysis.
m”ﬁ My,
BPs [TeV] sin 6y Ga sin 6, [GeV]
BP1 1 4.0x 107 0.45 0.05 90
BP2 2 2.0x 107 0.36 0.05 90
BP3 3 1.7 x107° 0.50 0.05 90
BP4 1 4.0 x 107 0.36 0.05 50
BPS 2 2.0 x 1073 0.30 0.05 50
BP6 3 1.7 x 107° 0.45 0.05 50

section in the context of future muon collider assuming
center-of-mass energies 3 TeV and 10 TeV.

We have chosen six benchmark points (BPs) with
parameter values® consistent with the constraints men-
tioned in Sec. IT A, as shown in Table II.

A. hZ vs hy, at muon collider

Here we present a comparison between u*u~ — hy, and
utu~ — hZ production rates in the context of the model
described in Sec. II with respect to the SM hZ production
rate at future muon collider. In Fig. 9, we depict various
ratios of cross sections defined in Eq. (29) for three
different benchmark points.

_ogsm(pu” = hZ)

R, = 29a
: osm(uu™ = hZ) (292)
? osm(ptu™ = hZ)
R3 — GBSM(/'{;//[Z - hyd) (29C)
osm(ptp™ = hZ)
R4 — 6BSM</’L2_M1_? - hyd) (29d)
osm(uu~ — hZ)
where,
(Wt — h2) { 1.36 tb, for /s =3 TeV (30)
c - =
SMUE A 0.12 fb, for /5 = 10 TeV

One can see that while the cross section for y™u~ — hZ
production in this scenario remains the same as that in the
SM, a higher Higgs production rate is predicted in the
utu~ — hy, channel. This is true even for a sin 6, as small*

3For the collider analysis, the kinetic mixing parameter (¢) is
set to zero without loss of generality, as it does not affect the
estimated cross sections within its allowed range of values for the
range of dark photon masses considered in this work.

Small sin@, (~10™* or less) is favored by perturbative
unitarity requirements for heavy muon mass beyond TeV scale
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(a)

FIG. 8. Feynman diagrams for associated production of Higgs and a vector boson (V = Z,y,) at muon collider (u™u~ — hV).
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FIG. 9. Ratios of cross sections [R;’s defined in Eq. (29)] for different benchmark points (BP1-BP3) corresponding to dark photon
mass 90 GeV at (a) \/s =3 TeV and (b) /s = 10 TeV.
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FIG. 10. Variation of ratio of cross sections (R,) for the process u*u~ — hy, with respect to the SM hZ production rate in m, My,
plane assuming /s = 3 TeV for two different set of (g, sinf;) and a fixed value of sinf,. (a) The left plot corresponds to
gs = 0.05,sin0, = 0.05, and sin@, = 4 x 107> and (b) the right plot corresponds to g, = 0.5,sin 8, = 0.05, and sin 8, = 1.66 x 107°.
The region above the dashed (black) line is allowed by the constraint on @, described in Eq. (17).
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gq = 0.05,sin 6, = 0.05, and sin g,

Variation of ratio of cross sections (R,) for the process u*u~ — hy, with respect to the SM hZ production rate in m, —m
10 TeV for two different set of (g, sinf;) and a fixed value of sind,. (a) The left plot corresponds to
= 4 x 1073 and (b) the right plot corresponds to g, = 0.5,sin 8, = 0.05, and sin§; = 1.66 x 1075.
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The region above the dashed (black) line is allowed by the constraint on w; described in Eq. (17).
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FIG. 12. LO cross sections (in fb) for u™p~ — hy, as a function of the muon collider center-of-mass energy for various choices of the

m, and sin@; assuming (a) sind, = 0.05, g; = 0.36,m,,

Hp

as ~107> with reasonable choices of other relevant param-
eters (see Table II for specification of benchmark points).
The underlying reasons behind this is that x}, and y), share
identical SU(2), x U(1)y charges. Hence, after transform-
ing them into mass eigenbasis using Eq. (12) no off-
diagonal p — by, — Z interaction arises.” However, the
absence of U(1), charge for the muon induces an off-
diagonal up —u;, —y, interaction in the mass basis.
It turns out that the corresponding interaction vertex
Hi — My, —Ya (Or px—p;. —ys) is proportional to
~gysin g cos O [See Eq. (A2)] which therefore controls

>This is actually true in the limit of zero kinetic mixing.

=50 GeV and (b) sind, = 0.05, g; = 0.50,m,,

=90 GeV.

the hy, production rate due to sizable values of sin 8y as
mentioned earlier. This can also be independently
understood by the result that the polarized cross section
Ui uz = hy, constitutes the dominant part of the average
unpolarized cross section for u*p~ — hy, Note that
Ui pg — hy, gets contributions from #- and u- channel
heavy muon mediated diagrams as well as that from
s-channel dark photon mediation. The latter contribution
is suppressed due to the fact that u; — up —y, vertex is
~g,sin? g in addition to the usual s-channel suppression
at high center-of-mass energy.

In Figs. 10 and 11, we plot R, [defined in Eq. (29)]
which represents the ratio of average unpolarized Cross
section for utu~ — hy, to that of the SM u*u~ — hZ in
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TABLE III.  LO cross sections (in fb) for utu= — hy, at /s =
3 TeV and 10 TeV for various choices of our benchmark points.

o(uu~ — hy,) [fb]
Vs [TeV] BPI BP2 BP3 BP4 BP5S BP6

3 11.1 22.8 0.064 472 114 0.436
10 2.66 10.9  0.056 114 550 0.388

the m, —m, plane at /s =3 TeV and /s =10 TeV,
respectively, to illustrate the effect of these two parameters
on R, and hence the Ay, cross section for two different g, and
sin@; and fixed sinf;. The perturbative unitarity limit
obtained using Eq. (17) is also displayed on the same
plot. Since the requirement of perturbative unitarity disfavors
low values of v, one cannot achieve an arbitrary high values
of R, by going to lower values of dark photon mass or higher
values of g, and a trade off is maintained in the choice of the
two independent parameters m, and g,.

Therefore, depending on the parameter space, Higgs
production in association with a dark photon at muon
collider can provide us a Higgs production rate higher than
hZ production by a factor ranging from 1 to 100.

B. Analysis of hy; process

In the remaining part of this article, we focus on the hy,
production at the future muon collider. As discussed above,
the rate of this process can be significantly large compared
to the 7Z production in a wide range of dark photon mass.
Hence, it can contribute as an additional channel to the
Higgs production at muon collider.

In Fig. 12, we present the LO cross sections for
uu~ — hy, as a function of the center-of-mass energy.
The LO cross sections for the process u*u~ — hy, at the
muon collider center-of-mass energies /s = 3 TeV and
10 TeV for various benchmark points mentioned in Table II
are presented in Table III.

(=l

(a)

FIG. 13.
in absence of gauge kinetic mixing.

The cross section for sy, production strongly depends on
dark photon mass and dark gauge coupling as well as on
other model parameters (see Figs. 10 and 11, as well as the
corresponding vertex factors in the Appendix A and the
squared matrix elements in the Appendix B).

The dark photon in this scenario is assumed to be
coupled to a light dark matter particle and therefore gives
rise to invisible signature in terms of missing energy at the
collider detector. The Higgs on the other hand predomi-
nantly decays to a pair of bottom quarks. Therefore, the
final state consists of bb along with missing energy at muon
collider (see Fig. 13).

The dominant SM backgrounds that contribute to the bb
plus missing energy final state, namely, u"u~ — bbui
process comes from all those subprocesses that lead to
bbup final state at muon collider. The various Feynman
diagrams representing these subprocesses can be subdi-
vided into 2 — 2, 2 - 3 and 2 — 4 categories. Some
representative Feynman diagrams corresponding to these
categories are shown in Fig. 14.

We separately generate and analyze Zh, ZZ, hvv, and
Zvy processes along with the total bbvy process for
comparative study of the SM background contribution.
In Table IV, we tabulate the cross sections for individual
SM backgrounds. The total cross section for the bbui
background is obtained summing over all contributing
Feynman diagrams leading to this final state. We would
like to emphasize that the cross section quoted for bbvp
(total) is not equal to the algebraic sum of the cross sections
of the individual processes listed in the same table.

Events generated wusing the event generator

MadGraph5_aMC@NLO for both the signal and the SM back-
ground processes are then interfaced with Pythia8 (version
8.3) [93] for showering, hadronization, decay and further
collider analysis. The detector response in the context of
future muon collider is parametrized using a Gaussian
smearing function as given in Eq. (31) following the
Refs. [94,95].

Feynman diagrams for various subprocesses representing u*u~ — h(bb) + y, leading to bb plus missing energy final state,

035029-14
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Sl

()

FIG. 14. Some representative Feynman diagrams leading to bbvo final state in utu~ collisions within the SM.

(R CA R

where E is the energy associated with the final state object
and o is the standard deviation in the measurement of E.
The parameters N, S and C represents respectively the

TABLEIV. LO cross section (in fb) at /s = 3 TeV and 10 TeV
muon collider for various SM background processes, Zh, ZZ,
hup, Zuvp leading to bbuo final state. The cross sections quoted in
the last row (boldface) represent the total cross sections for the
utu~ — bbub process obtained by summing over all contributing
Feynman diagrams (see Fig. 14) that leads to this final state and
not equal to the algebraic sum of the cross sections of individual
Zh, ZZ, hvv, Zvp processes mentioned above.

Background o [fb] at /s = o [fb] at /s =
processes” 3 TeV 10 TeV
bbb (Zh) 0.18 0.02
bbup (Z27) 1.45 0.18
bbvo (hvp) 318 540
bbuvb (Zvb) 305 526
bbvi(total) 641 1101

In Table IV, the cross section quoted for hvt includes
contributions from both utu~ — Zh — bbup(2 — 2) and
utu™ — hvo — bbup(2 — 3) subprocesses with an on-shell
Higgs and on-shell/off-shell Z boson. Similarly, for Zvv
contributions from all relevant Feynman diagrams with one
on-shell Z are considered.

noise, stochastic and the constant terms. Depending on the
detector these parameters have different values for specific
final state objects. In the context of future muon collider for
jets in the central region (|| < 2.5), we have used the
following set of values for these parameters [96]
N =0, §=03, C =0.05
We have used anti-kt jet clustering algorithm [97] with
clustering radius R = 0.4 using FastJet (version 3.5.0) [98].
We also work with jets in the central region (central jet),
defined as
pr>20GeV and |y <25

In Fig. 15, we plot the central-jet multiplicity distributions
for various signal benchmark points. This has been done
keeping in mind the fact that at the muon collider center-of-
mass energies (/s = 3 TeV and 10 TeV), both the Higgs
and the dark photon are always highly boosted, each
sharing almost half of the available center-of-mass ener-
gies. Therefore, most of the signal events are expected to
have one collimated bb pair originating from the Higgs
decays resulting into a single narrow jet. Only a fraction of
signal events due to final state radiation, showering and
hadronization effect result into events with more than one
central jet.

It turns out at 3 TeV center-of-mass energy a large fraction
(~87%-90%) of the signal events consists of exactly one
central jet and remaining 10%—13% corresponds to exactly
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FIG. 16. Central-jet multiplicity distribution at \/s = 3 TeV and 10 TeV for various SM backgrounds and the total bbv& background.

two central-jet events. This pattern changes at 10 TeV center-
of-mass energy. In this case, almost all the signal events
(296%) correspond to one central jet, as expected. The
central-jet multiplicity distribution corresponding to the total
SM background in the bbvo final state is also displayed on the
same figure. One can see that the SM background events are
distributed among 0, 1, 2 or 3 central-jet events categories.6
At /s = 3 TeV the central-jet multiplicity distribution has a
peak around two containing almost 54% of the total back-
ground events. At 10 TeV center-of-mass energy, there is a

®Here, the zero central-jet event category represents all
events with no jets in the central region (i.e., || < 2.5) having
pr > 20 GeV and is not considered for any further analysis.

significant decrease (increase) in number of events in exactly
two (zero) central-jet event categories.

The behavior of the central-jet multiplicity distribution
for the total background shown in Fig. 16 can be under-
stood as follows: The Higgs or Z boson produced in
association with a nonresonant neutrino pair in a 2 — 3
process is generally not boosted, often resulting in multijet
final states. Similar arguments apply to the continuum bbv
background. In contrast, the SM Zh background, with both
Z and h on-shell, being an s-channel 2 — 2 process,
displays a different central-jet number distribution, mostly
peaking around one. The SM ZZ background with both Z
on-shell, despite being a 2 — 2 process, is expected to give
more zero central-jet events than Zh as it is produced via
t/u-channel muon mediation. These features are also
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FIG. 17. Transverse momentum (py) distributions of the (a) jet and (b) the dijet in the LQ1CJ and LQ2C]J final states, respectively, at
3 TeV muon collider center-of-mass energy for both signal and the SM background events.

reflected in Fig. 16. Since the cross sections for SM Zh and
ZZ processes are very small compared to the total back-
ground cross section, the normalized central-jet multiplicity
distribution mostly follows that of the hvv (and Zvp).

This motivates us to focus on two different final states,
namely, leptonically quiet exactly one central jet (LQ1CJ)
and exactly two central jets (LQ2CJ), both in conjunction
with missing energy at two different putu~ collision
energies (y/s =3 TeV and 10 TeV).

As already mentioned, Higgs boson produced at the
future muon collider center-of-mass energies in a 2 — 2
process are typically highly boosted. The Higgs sub-
sequently decays into a pair of bottom quarks which due
to their small angular separation, manifest as a single
collimated jet in the detector. In Figs. 17 and 18, we plot the
transverse momentum distributions of a jet or dijet system,
as applicable, for two different muon collider center-of-
mass energies. The purpose of these distributions are two-
fold. They provide an explanation of Figs. 15 and 16 and
also give a motivation for the following discussion.

To identify and analyze the boosted Higgs jets, we
employ jet substructure analysis and dedicated Higgs
tagging techniques. For this purpose we have used
MassDropTagger [99] to identify a boosted Higgs structure
inside jets. These jets are obtained after reclustering all the
hadrons in a particular final state with Cambridge-Aachen
(CA) jet clustering algorithm [100] and energy-scheme
recombination assuming jet-clustering radius’ R = 1.2.
The CA algorithm is chosen because it clusters particles

"We call these jets as CAy , jets. Also the above analysis is not
too sensitive to the choice of the jet clustering radius values. The
algorithm works fine in the range 0.8 < R < 1.4.

based solely on angular distance, making it well-suited for
subsequent substructure analyses.
Below we briefly summarize the algorithm behind the jet
substructure analysis implemented in MassDropTagger:
(1) The leading-py jet (with transverse momentum
pr > 200 GeV) is first passed through the Mass-
DropTagger procedure. The algorithm iteratively
declusters the jet to find an imprint of a heavy
particle by applying the following two conditions
characterized by the dimensionless parameters u
and Yeut: s
(a) Mass-drop condition: - < u
]min(p

2 2
(b) Symmetry condition: y:;;%j;_'p”)ARjzl > Yeut

where j; and j, (with m; > m; ) denote the two
subjets obtained by undoing the final stage of
clustering of a parent jet j. Here, AR;; (with
AR = \/An? + A¢?) is the angular separation be-
tween the two subjets in the 7 — ¢ plane. The values
of the dimensionless parameters y and the y., are
0.67 and 0.09, respectively [99].

(2) If both the above criteria are satisfied, the jet is
tagged as a boosted heavy-particle candidate con-
sisting of two subjets j; and j,. Otherwise, the
lighter subjet is discarded, and the procedure is
repeated by treating j; as the parent jet until a valid
substructure is identified. We select an event for
further analysis if it contains at least one CA;, jet
with a substructure.

The application of jet-substructure techniques or the use
of the transverse momentum of the bb system, in combi-
nation with missing energy, prove highly effective in
suppressing a large fraction of the total SM background
and only the 2 — 2 processes with on-shell Zh and ZZ
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10 TeV muon collider center-of-mass energy for both signal and the SM background events.

backgrounds surpass the substructure requirement.
However, the cross sections for these processes are sig-
nificantly small compared to the total SM background cross
section (see Table IV).

C. Kinematic variables

In this subsection we discuss few useful kinematic
variables and choice of selection cuts. The next stage of
our cut based analysis utilizes both the missing energy and
invariant mass of a jet (or dijet system) to reduce/eliminate
the SM backgrounds.

(1) Missing energy (F): In collider experiments, missing
energy corresponds to the total energy carried by the
invisible particles which remain unobserved at the
detector level. In a particular final state consisting of

|

povi-

i €iso leps

In Fig. 19, we plot the missing energy distributions for the
signal events for various benchmark scenarios correspond-
ing to two different final states at center-of-mass energy
/s =3 TeV. The corresponding distributions at 10 TeV
center-of-mass energy are shown in Fig. 20. The contri-
bution to the missing energy for the signal events is due to
the invisible dark photon and the distribution is expected to
peak ~+/s/2 (neglecting the finite mass effect) ina 2 — 2
process. However, due to the presence of additional
neutrinos coming from B meson decays the missing energy
distribution extends beyond /s/2. Since the SM Zh and
ZZ form a very small fraction of the total background cross
section, the normalized missing energy distribution for the

both visible and invisible particles, using the energy
conservation we can find the missing energy of the
system as

E = \/E - Es (32)

where, /s is center-of-mass energy of the collisions
and E; is the total energy of all the visible final state
particles.

In collider investigations, the visible particles in
general consist of the hadrons clustered as jets,
isolated photons and leptons, and soft unclustered
components. Thus, the expression of missing energy
at the detector level can be written as

oOEG)+ Y EG)+ D EG)+ ZE(z’)) (33)

i €iso phos

i €jets i € soft

[

total SM background follows that of the hwo/Zuvp
process. The pair of neutrinos in the hvy or Zuw
processes carries maximum share of the available
center-of-mass energy leading to a peak around /s in the
missing energy distribution. This is reflected in the missing
energy distributions for individual SM backgrounds
and the total SM background as depicted in the same
figures. Therefore, missing energy variable is an extremely
useful discriminator between the signal and the back-
ground.
(i1) bb invariant mass (M z): In our analysis the invariant
mass associated with the bb system is extracted in
two different ways using the following formula
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FIG. 20. Missing energy (E) distributions at /s = 10 TeV in the (a) LQICJ and (b) LQ2CJ final states for both signal and SM
background events.

M3, = (p1+p2)?* = (Ei + E)* = |pr + P2 |
(34)

where py = (E,.|py'|) and p; = (E,, | py|) are the
four momentum associated with the two subjets
(jets) in the final state comprising one (two) central
jet. In events with exactly one central jet we combine
the four momentum of the two subjets inside a
boosted CA;, jet to get the invariant mass distri-
bution. Whereas in the case of exactly two central-jet
events, we combine the four momentum of two AK4
jets in order to get the invariant mass associated with

035029-19

the dijet system. The corresponding distributions in
these two final states are plotted in Figs. 21 and 22.
One can see that for signal events this distribution
has a peak near the Higgs mass. However, the same
for the SM backgrounds peak at varying locations,
namely, at the mass of the Higgs and Z boson as
expected. One also sees a peak at a very low
invariant mass which has origin in the final state
radiation and hadronization effects from one of the
bottom quarks only, and may give rise to jet
substructure. The bb invariant mass distribution in
the LQ2CJ final state has two clear peaks at the
values of Z and Higgs mass. This is due to the
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presence of an on-shell Z and an on-shell Higgs,
decaying to a bottom quark pair, in the total SM
background. The tail in all these invariant mass
distributions at values lower than the peak values is
due to the missing momentum component associ-
ated with the invisible neutrinos produced in B
decays.

One can see that the normalized signal distributions are
mostly insensitive to the intermediate heavy muon mass.
While presenting the kinematic distributions for the signal
benchmark points (BPs) we have chosen (BP1, BP2, and
BP3) as our representative BPs corresponding to three
different heavy muon masses (1, 2, and 3 TeV). Similar
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Invariant mass (M) distribution at /s = 10 TeV in the (a) LQ1CJ and (b) LQ2CJ final state for both signal and background

distributions exist for other signal benchmark points { BP4—
BP6} corresponding to m,, = 50 GeV as well. However,
the effect of the dark photon mass on the normalized
distributions are not significant enough. Hence, we choose
not to display them here as they closely resemble the
distributions already presented.

The study of SM hwo/Zuvp is useful to understand the
behavior of the total background and its rates at various
stages of our kinematic selections. However, to get an idea
about the behavior of the resonant v component of the total
background, we separately analyze the SM Zh/ZZ proc-
esses. For significance estimate, we only use the total bbvo
background which is obtained by summing over all possible
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TABLE V. The effect of cut flow on the signal cross section for various representative benchmark points in two different final states

(LQICJ and LQ2CJ) at /s = 3 TeV assuming BR(h — bb) = 1.

Cross sections (fb): LQ1CJ final state

Cross sections (fb): LQ2C]J final state

Production cross Basic  E cut Jet substructure M,; cut  Basic E cut Jet substructure M, cut
BPs section (fb) cuts (£ < Eyp) requirement (Mp; > My) cuts (E < Ep) requirement M5, > M)
BP1 11.1 9.70 9.51 9.39 7.36 1.42 1.38 1.30 1.24
BP2 22.8 20.7 20.3 20.1 15.7 2.03 1.97 1.84 1.76
BP3 0.064 0.059  0.058 0.057 0.044 0.005  0.005 0.005 0.005
BP4 472 41.1 40.3 39.8 313 597 5.79 5.49 5.24
BPS 114 104 102 101 78.8 9.95 9.63 8.97 8.65
BP6 0.436 0.401  0.393 0.388 0.303 0.035 0.034 0.031 0.030
TABLE VI. The effect of cut flow on the cross sections for various SM background processes and the total bbvo background in two

different final states (LQ1CJ and LQ2CJ) at /s = 3 TeV. Here the total background cross sections (in boldface) quoted after each selection
cut are not equal to the algebraic sums of the corresponding cross sections of the individual background processes mentioned above.

Cross sections (fb): LQ1CJ final state

Cross sections (fb): LQ2CJ final state

Background  Production cross Basic E cut  Jet substructure =~ M,; cut Basic E cut Jet substructure = M,; cut
processes section (fb) cuts (£ < £y) requirement (M,; > M,) cuts (E < ZE,) requirement (M,; > M)
bbui(Zh) 0.178 0.164 0.161 0.160 0.124 0.014 0.013 0.012 0.012
bbui(ZZ) 1.45 0.495 0473 0.368 0.014 0.127 0.124 0.120 0.007
bbvp(hvp) 318 96.2 4.44 0.745 0.420 187 1.38 1.03 0914
bbup(Zu) 305 121 5.81 3.07 0.113 152 273 2.47 0.168
bbvi(tot) 641 222 109 4.00 0.538 351 475 3.97 1.44
Feynman diagrams leading to bbup final state and is not V. RESULTS

equal to the algebraic sum of individual SM background
processes used to illustrate various kinematic distributions
and rates.

D. Cuts

To separate the signal from the corresponding SM back-
ground, we have used the following selection cuts on the
observables associated with the individual final states.

(i) F < Eo, where Ey=2(7) TeV for /s = 3(10) TeV.

(ii) Jet substructure requirement

(iii) M, > M, where My =95 GeV.

TABLE VIL

In this section, we present the results of our analysis of
the process Higgs production in association with a dark
photon at the future muon collider. In the previous section,
we have discussed the production rate of u™u~ — hy, and
its comparison with the SM Zh production in presence of
the portal vectorlike lepton. It also includes the choice of
various kinematic variables and selection criteria. In
Table V and VII, we tabulate the production cross sections
for the signal process as well as the effects of our selection
criteria on it for various choices of our benchmark points
(BP1-BP6) in the leptonically quiet exactly one and two

The effect of cut flow on the signal cross section for various representative benchmark points in two different final states

(LQICJ and LQ2CJ) at /s = 10 TeV assuming BR(h — bb) = 1.

Cross sections (fb): LQI1CJ final state

Cross sections (fb): LQ2CJ final state

Production cross Basic E cut Jet substructure M, cut E cut Jet substructure M, cut
BPs section (fb) cuts (£ < Ep) requirement (M}, > M) Basic cuts (E < E) requirement M5 > M)
BP1 2.66 2.55 2.53 2.49 1.84 0.027 0.026 0.024 0.023
BP2 10.9 10.8 10.7 10.5 7.72 0.040 0.039 0.036 0.035
BP3 0.056 0.056  0.056 0.055 0.040 ~107%  ~107* ~107* ~1074
BP4 114 10.9 10.8 10.6 7.85 0.114 0.112 0.102 0.099
BPS 55.0 54.5 54.0 53.1 389 0.207 0.203 0.184 0.180
BP6 0.388 0.386  0.383 0.376 0.276 ~6x 1074 ~6 x 107 ~6 x 1074 ~6 x 1074
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TABLE VIIL

The effect of cut flow on the cross sections for various SM background processes and the total bbv background in two

different final states (LQ1CJ and LQ2CJ) at /s = 10 TeV. Here the total background cross sections (in boldface) quoted after each
selection cut are not equal to the algebraic sums of the corresponding cross sections of the individual background processes mentioned

above.

Cross sections (fb): LQ1CJ final state

Cross sections (fb): LQ2C]J final state

Background Production cross Basic £ cut Jet substructure M, cut E cut  Jet substructure M, cut
processes section (fb) cuts (£ < E,) requirement (M,; > M) Basic cuts (£ < E;) requirement (M,; > M)
bbui(Zh) 0.016 0.016 0.016 0.015 0.011 <107 <107 <1073 <107
bbb (ZZ) 0.183 0.045 0.044 0.043 0.002 ~2x107#~2x107* ~2x107* <107*
bbup(hup) 540 167  0.718 0.583 0.470 245 0.086 0.086 0.081
bbvb(Zup) 526 197 2.80 2.74 0.158 204 0.111 0.100 0.016
bbvv (tot) 1101 373 4.03 3.53 0.673 466 0.488 0.427 0.310

central-jet(s) final states at /s =3 TeV and 10 TeV,
respectively. The signal cross sections mentioned in these
tables assume h — bb decay branching ratio (BR) to be
100%. The effect of cut-flow on the individual SM back-
ground processes (Zh,ZZ,hvyv, Zvv) and the total SM
background in the bbvp final state are presented in
Table VI and Table VIII at muon collider center-of-mass
energies 3 and 10 TeV, respectively. A significant fraction
of the utu~ — huvo background can be effectively reduced
by rejecting events beyond a certain missing energy value
(Fo) as can be seen from Figs. 19 and 20. These cross
sections for the SM backgrounds are quoted taking into
account appropriate decay BRs, as applicable.

It is clear from the Tables V and VII that at muon collider
center-of-mass energies the signal events dominantly con-
tribute in the LQ1CJ final state than the other one because
of the fact that it is a 2 — 2 process. Moreover, the
contribution of signal events in this final state increases
with increasing mass of the heavy muon partner in the ¢/u
channel. This is evident if we compare the event rate after
basic selection criteria for various benchmark points
({BP1-BP3} or {BP4-BP6}) which corresponds to heavy
muon mass in the range {1-3} TeV. This feature is also
visible in Fig. 15.

The effect of our selection criteria on the signal events is
less severe in both the final states as can be seen from the
cut-flow tables. Whereas one has a factor of ~ ;55 and <L
suppression in the SM background rate in the exactly one
central-jet final state after applying the combination of cuts
mentioned in Sec. IVD at \/E =3 TeV and 10 TeV,
respectively. This factor for the exactly two central-jet
final state is ~ﬁ for /s =3 TeV and even larger at
10 TeV center-of-mass energy. The significant effect on the
background comes from the missing energy cut as already
explained in Sec. I'V.

The cut-flow tables corresponding to the signal events
also suggest that the effect of the dark photon mass on the
kinematics, in particular, on the cut efficiencies is very
small as long as m, < +/s. However, it plays a significant
role in the estimation of the cross section as it depends on

values the of dark photon mass as well as the dark gauge
coupling.

In Table IX, we quote the signal significances for 3 TeV
and 10 TeV muon collider center-of-mass energies for
various choices of our benchmark points for two different
final states assuming an integrated luminosity of 100 fb~!.
To estimate the signal significance (o) and set a 2o
exclusion limit we have used the following formula

[101-103]
o= \/2<S—Bln (1 —i—%))

where S and B refer to the number of signal and back-
ground events obtained after applying the selection criteria
mentioned earlier at a given integrated luminosity.

While estimating the significance we have also taken into
account the appropriate branching ratio (57%) for h — bb
decay to get the actual number of signal events. The
number of background events B is estimated using the
total bbvb event sample, and not adding the contributions
of the individual background processes.

(35)

TABLE IX. Estimated signal significance in the context of
utu~ — hy, process in two different final states (LQI1CJ and
LQ2CJ) under consideration at two different muon collider
center-of-mass energies (/s =3 and 10 TeV) assuming an
integrated luminosity of 100 fb~.

Signal significance (o)

Vs =3 TeV Vs =10 TeV
BPs LQICI LQ2CJ LQICT LQ2CJ
BPI 24.6 5.15 9.12 0.23
BP2 385 6.97 24.6 0.35
BP3 0.34 0.02 0.27 .
BP4 56.4 16.6 24.9 0.96
BPS 92.2 23.6 62.9 1.67
BP6 2.14 0.14 1.78
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g4= 0.5, sinf = 1.66 x 10-°, sin6, = 0.05
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20 exclusion limit in the m,, —m, plane for two different final states at 3 TeV muon collider center-of-mass energy for

(@) g; = 0.05,sin6;, =4 x 1073, sin@, = 0.05 and (b) g, = 0.5,sinf, = 1.66 x 107, sin §;, = 0.05 assuming an integrated luminos-
ity of 1 ab™!. The exclusion limits in LQ1CJ (pink) and LQ2CJ (blue) final states are represented by the region below the dash-dot lines.
The region above the dashed (black) line is allowed by the constraint represented in Eq. (17) while the muon g — 2 allowed region is

represented by the one above solid (black) line.

g4 = 0.05, sinf = 4.0 X 105, sin§, = 0.05 /5 =10 TeV (10 ab™")
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FIG. 24. 20 exclusion limit in the m

g4= 0.5, sinfy = 1.66 x 10-°, sin6, = 0.05 V/5 =10 TeV (10 ab~!

100
4.0 x 10

2.6 x 10*

1.7 x 10!

1.1 10°

6.8 x 102

my, [GeV]

4.4 x 1072

o (pt ™ — vah)[fb]

2.8 x 104

1.8 x 107°
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(b)

1.2 x10°°

A .
1000 1500 2000 7.4 %10

7o — My, plane in LQICJ final state at 10 TeV muon collider center-of-mass energy for

(@) g; = 0.05,sin@; = 4 x 107, sin@, = 0.05 and (b) g, = 0.5,sin8, = 1.66 x 107°, sin&; = 0.05 assuming an integrated luminos-
ity of 10 ab~!. The 20 exclusion limit is represented by dash-dot line (pink). The region above the dashed (black) line is allowed by the
constraint represented in Eq. (17) while the muon g — 2 allowed region is represented by the one above solid (black) line.

The increase in significance for BP2 compared to BP1 is
due to higher signal cross section at this benchmark point
even though the mass of the pVLL in the ¢/u-channel
propagator is higher. Also one has a better estimate of the
signal significance for the set of BPs corresponding to dark
photon mass 50 GeV compared to that for dark photon
mass 90 GeV as the cross section for hy, production is
expected to increase with decreasing dark photon mass.

In Fig. 23, we present the 26 exclusion limit in the
m,, —my plane at /s =3 TeV assuming an integrated

luminosity of 1 ab™! in two different final states for two
sets of g, and sin @; keeping sin 6, fixed at 0.05. The same
at \/s = 10 TeV and an integrated luminosity of 10 ab~! is
presented in Fig. 24. The Fig. 25 represents the 2o
exclusion limit in the g, —m,, plane corresponding to
V/s =3 TeV and an integrated luminosity of 1 ab=!. The
regions allowed by the constraint presented in Eq. (17) and
the current muon g —2 measurements at lo level are
represented by the one above the dashed (black) and the
solid (black) lines, respectively, in all these figures.
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FIG.25. 20 exclusion limit (represented by dashed-dot line) in the g; — m,, plane using the data corresponding to /s =3 TeV and an
integrated luminosity of 1 ab~! in the LQICJ (pink) and LQ2CJ (blue) final states for two different sets of sin@; and my,

(a)sinf, =4 x 107, m,

, =1 TeV and (b) sin, = 1.66 x 1076, m,

, = 3 TeV. The region above the dashed (black) line is allowed

by the constraint represented in Eq. (17) while the muon g — 2 allowed region is represented by the one above solid (black) line.

VI. CONCLUSION

Motivated by the prospects of Higgs physics at proposed
future lepton colliders and precise measurements of the
Higgs properties, we have investigated the implications of a
portal vectorlike lepton on the Higgs production in associ-
ation with a neutral gauge boson (Z/y,) at the proposed
future muon collider experiment and its consequence on
dark photon. In particular, we focus on the Higgs and dark
photon associated production via ¢ and u channel pVLL
exchange in addition to the dark photon mediated s-channel
contribution. To avoid constraints coming from the low
energy flavor changing observables we consider pVLL
mixing only with one generation of lepton family, in
particular, the second generation charged lepton.

We have investigated the role of the pVLL in the context
of the muon g — 2 anomaly. Compatibility with the current
value of muon g — 2 suggests that one can have a sizable
value of sinf@ (~107'), while sinf; can remain small
(~1073). We have shown that there exists a wide region of
parameter space in the g, — m,, plane that is consistent with
the observed value of muon g — 2 as well as other existing
constraints coming from searches for additional scalar and
fermions. The presence of the pVLL also plays a crucial role
in the context of DM relic abundance calculation. In the
absence of the pVLL state, one requires large kinetic mixing
(e ~ 1072) away from resonance to obtain an underabundant
DM relic density for low mass dark photon (m, < m, ).
Such a large kinetic mixing is disfavored by direct detection
experiments. However, the presence of the pVLL state not
only enhances dark matter annihilation into a pair of muons
—if the pVLL mixes with the Standard Model second-
generation charged lepton—even for small kinetic mixing,
but also helps in evading direct detection bounds.

Next we investigate the implication of the pVLL on the
associated Higgs production at muon collider and present a
detailed comparison of the &y, production rate with that of
the hZ production at muon collider. The later process is
considered both in the context of SM and in presence of the
portal VLL extension of the SM. The u*u~ — hy, process
is highly sensitive to the following independent model
parameters: the dark photon mass (m,, ), dark gauge
coupling (g,), and both fermion (sin€;) and scalar
(sinf,) mixing angles. We explore the nondecoupling
effect owing to the presence of the muon-heavy muon-
dark photon vertex and show that a significant region of
parameter space consistent with the perturbative unitarity,
electroweak precision measurements, lepton flavor univer-
sality, allowed ranges of scalar mixing angle and other
relevant constraints can be found where the hy, cross
section is ~ few fb to 10% fb. Consequently, one can
achieve up to 10% better precision in the measurement of
Higgs properties with respect to that achievable in the 7Z
channel.

A crucial outcome of our study is that this process not
only provides an enhanced Higgs production rate at the
muon collider but also helps to set a strong limit on the dark
photon mass even for a fermion mixing angle as low as
1079, independent of the gauge kinetic mixing parameter.

We have proposed two final states, i.e., leptonically quiet
exactly one and exactly two central jet(s) along with
missing energy. These final states originate from the Ay,
process when the Higgs boson decays to a pair of bottom
quarks and the dark photon is treated as an invisible particle
at the detector. In order to set a 26 exclusion limit in the
my,, —my, plane using the hy, process in the aforemen-

tioned final states, we have also considered an exhaustive
study of the SM background processes which contribute to
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these final states. With the help of certain kinematic
variables such as missing energy, requirement of the
presence of substructure in the leading central CA/, jet,
and the invariant mass associated with the bb system to lie
around the Higgs mass it is possible to substantially reduce
the SM background contributions and efficiently isolate the
signal of hy,; production at the future muon collider.

A 20 exclusion limit upto m, = 80(76) GeV can be
obtained using our analysis in the exactly one central-jet
plus missing energy final state at 3 TeV muon collider
center-of-mass  energy for g, = 0.05(0.5),sinf; =
4x1073(1.66 x 107°),sinf; = 0.05 for a heavy muon
mass m, ~ 3 TeV. The corresponding bounds in the

exactly two central jets plus missing energy final state
are m, =43 GeV and 46 GeV for a heavy muon mass

my, ~ 3.3 TeV using the same set of choices of the other

parameters as mentioned above. We also present the 2¢
exclusion limit for the exactly one central-jet plus missing
energy final state in the m, —m,, plane for a higher-energy

muon collider scenario with /s = 10 TeV and correspond-
ing integrated luminosity of 10 ab™'. Assuming m, =
1 TeV,sin@;, =4 x 10> and siné, = 0.05 one can
exclude the value of the dark gauge coupling above 0.15
(0.28) form,, <90 GeV at \/s = 3 TeV with an integrated
luminosity of 1 ab~! in the exactly one (two) central jet(s)
plus missing energy final state. The corresponding limits on
g for m, = 3 TeV,sinf, = 1.66 x 107%,sin @, = 0.05
and m, < 40 GeV are respectively 0.26 and 0.5 for these
two final states assuming the same muon collider
collision energy and integrated luminosity. Thus, the
Higgs production in association with a dark photon at
future muon collider facilities provide a sensitive probe of a

large region of parameter space in the g,~m, and my, —m,,

planes while addressing the muon g—2 and DM relic
density.
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APPENDIX A: VERTEX FACTORS

In this Appendix, we present Feynman rules for the
relevant vertices assuming all the associated four momenta
are coming out of the vertex in the zero kinetic mixing limit
(¢ = 0). Below the L and R represent the left- and right-
chiral fermions, respectively.

1. Vertices with dark photon

() py, —Bg = Ya/Mg =Py, —Ta
VF, = —ig,sin @, cos @, y* (A1)
(2) My, —Br = Ya/BL — My, —Va
VF, = —ig, sin @3 cos Ozy* (A2)
() n, —Hg—7a
VF; = —ig, sin® Qgy* (A3)
4) g —HL = Ya
VF, = —ig,sin® @, y* (A4)
2. Vertices with Z boson
)ty —HL = Z/pg —Hp, —Z
VFs = — égz sin@; cos O, y* (AS)
Q) n—nx—2
VF = ig, sin? Oyy* (A6)
Q) pg—n;-Z
VF; = i% (2sin? Oy — cos? O, )y* (A7)

3. Vertices with Higgs
() py, —pg —h/ng —y, —h

i

\/Fg:—\/z

sinfg(sind, sinf,w;, +cosd cos,y,,)

(A8)
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(2) My, —Hg —h/pf —py, —h 4) Z-Z-h
; VF,, = ig,m_ cos 6 (A11)
VFy = —cos8r(cos; sinf,w, — sinf; cosb,y,,
9 /2 R ( L ¥ L Ym)
(A9) APPENDIX B: SQUARED MATRIX ELEMENT
FOR p*pu~ — hy,
B) Ya—va—h The #- and u- channel diagrams for the utu~ — hy,

process via portal vectorlike lepton mediation (u,) are
) . presented in Fig 26.
VFig = =2igqm,, sin 6 (A10) The amplitude for the 7-channel diagram is given by

- +my,
éﬁ — [f o _mn;z) (ch+ chru, (k»} (B1)

iM, = i [a‘h(kz)w(cfv T el ()

where cf, ¢}, ¢}, and ¢/, are given by

nm 1 2 1 i
cl = :” sin 20, [ﬁﬂsin 0, <1 - ﬂ) <sin2t9L - ﬂCOSZQL) +——cos 0, <1 + ﬂ
m m m v m
2
i

Ya Hp EwW Hp
m 1 m m 1 m
¢, = ——2 5in20, [—zﬂsmas <1 - —2> <sin2t9L + —"cos29L) £ cosé, <1 - —”ﬂ
4 D myd mﬂp mMP UEW mﬂp
¢, = ECOS 0, sinf; (m_:pﬁ + 1)
m, 1
ClA = %COS 9L Sin9L (m—:pﬁ — )

The amplitude of the u-channel diagram is given by

(B =+ mﬂ,,)
(p1 = kp)* = my,

iM, =—i {T)sz(kz)(C? + c4y) A (cl + iy et (Pa)us, (kl):| (B2)

where cf, ¢}, ¢y, and ¢} are given by

FIG. 26. Feynman diagrams for the process u*u~ — hy,; mediated by the portal matter m, through the (a) r-channel and
(b) u-channel.
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m 1 m? m, 1 m
¢t = —5in26, {—zg—dsme (1 - —2”> (sin29 — —* cos?0 ) +——cos b, < + —”)}
4 D my, my, my, VEW my,

m 1 m2 m, 1 m
¢l = —"sin 26, {—zg—dsin 9“.( - —2> (stH + —* cos?6 ) + ——cos b, < - —”)}
4 D My, mﬂp my, VEw mﬂh

v — 94050 sing, (M4
cf 2cos , sinf; . D2+

ga . m 1
cl = ?COSQL sinf;, (m—:pﬁ_ 1).

The spin-averaged squared amplitude, neglecting the s channel dark photon mediated and t/u channel muon mediated
contribution, is

IMP? = M, + |M,|* + 2Re(M, M) (B3)

where the 7-channel contribution in the limit m, — 0 is

[(ky — p1>2 —m

+— <A1{2(k1 “p1)(ky - p2)(p1 - p2) — P%(kl “p2)(ky - pa) = P%(kl “p1)(ky - p1)

Ya

272 |:A1{2(k1 -p1)(ky - pr) = piky - ko)) +A2m (kl ky)

3

2 k), Lo ) =2 k) ) (B4

Similarly, the u- channel contribution in the same limit reads

2
(P — k2)2 —m

+mL2 <A1{2(k1 - pa)(ky - p1)(p1 - p2) — P(ky - p2)(ka - pa) — p3(ky - pi)(ka - py)

Vd

M, = o A2 )b 1) = PG o)) + A (k)

pir; p3
= (ky - kz)} +A2m,%,,{(k1 - p2)(ka - pa) —7<k1 : kz)})} (B5)
Here, the coefficients A; and A, are as follows

Ay = (e + c3)(cs + ¢3) —4egepepey
Ay = (e + c3)(cF + ¢3) +4egeepey (B6)
with the coupling identifications
5 = ¢

— — N — —
=cy, c » = —Cp cy = cy =y, Ccp = cCy =Y.

The corresponding interference term is
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2
[(ky = p1)* = m;ﬂ[(l?l
1

MM, =

=l

(A3{P%(k1 - p2)(ky - p2) + p3(ky

2A5(k; -

p1)(ka- py) + A2m/24,,(kl k)

“p1)(ky - pr) = (p1 - p2)(ky - p2)(ka - py)

2.2
pip
= (p1-p2) (ki - p1)(ka - p2) + (p1 - p2)?(ky - Kp) = ]2 2 (ky 'kz)}
Ay 5o
+7m;4p{l72(k1 ~ky) = (ki - p2)(ka - p2)} (B7)
where the coefficient A; takes the form
Ay = (cf —cp)(cy — c3) (B8)

In the center-of-mass frame and in the limit m,,, m, < Ecy, the | M |? for the pure - and u- channels and the corresponding

interference contribution take the form

M = et A Ety sin®@ —mj | + Aym? +-— : A E?:—M(l —cos 0)?
T (a=beost)? |\ 4 ! 2T om ra 4
2 2 E2 E2
_ %smz& + mam } + Aym? { ZM sin?0 — m? })} (B9)
E¢y E¢y 1 E4C_M
Mol = (a + bcos)? [A1< 4 sin6) - mh —|—A2m2 +2 2 Ay 4 (1+ cos0)?
2 2\E2 2
+m;,)E E
RUARIAL SRR }+ Ao { Eo g - m;d})] (B10)
= E%M E%JM : 1_
MM, = (@~ bcosd) [<A3 4 sin%0 —|—A2mﬁp + 2m2 Ay mym3,
Egy + mjy +m3 ) Egy E
( M mh4 my,) n20} +A2m,2,p{%51n29— mi,})} (B11)
Here,
2 E2
CM _~cMm
a = T + m,%p, b= T
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