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Abstract We study the Higgs boson decays h — Zy
and h — myZ in a model with vectorlike fermions and
U()x symmetry (U(1)x VLEM), where my is a vector
meson (p, w, ¢, J/¥, Y). The exotic Yukawa interac-
tions in this model generate mixing between Standard Model
(SM) fermions and vectorlike fermions, and this mixing
affects the Higgs boson mass and Higgs couplings. The cor-
rections to the CP-even and CP-odd hy Z couplings come
from loop diagrams that involve the new particles, and
these corrections have a clear impact on the decay rates
of h > Zy and h — myZ. In suitable regions of the
parameter space, the model can produce non-negligible devi-
ations in I'np(h — Zy)/Tsm(h — Zy) and I'np(h —
myZ)/Tsm(h — my Z), providing possible signals of new
physics (NP) beyond the SM.

1 Introduction

In 2012, the ATLAS and CMS collaborations at the Large
Hadron Collider (LHC) discovered a Higgs boson with a
mass of about 125 GeV [1,2], clearly confirming that Electro-
Weak (EW) Symmetry Breaking (EWSB) is realized through
the Higgs mechanism. Within the current theoretical and
experimental precision, its properties are consistent with the
predictions of the Standard Model (SM). Although the SM
has achieved great success in describing known particles
and interactions, it still fails to address several important
issues. In particular, if fermions obtain their masses solely
through Yukawa interactions with the Higgs field, a pro-
nounced hierarchy among fermion masses arises. For exam-
ple, the mass ratio of the top quark to the electron reaches
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my/me ~ 3.5 x 10%, while neutrino masses n1, lie only at
the eV scale [3,4], leading to m;/m, ~ 1.4 x 10'2 [5]. Fur-
thermore, the SM contains no viable dark matter candidate,
cannot explain the matter—antimatter asymmetry of the Uni-
verse, and does not resolve the hierarchy problem between
the EW and Planck scales. These longstanding shortcomings
motivate the exploration of possible extensions to the SM.

Therefore, a variety of representative theoretical frame-
works beyond the SM have been proposed, including the
Two-Higgs-Doublet Model (2HDM) [6,7], the Minimal
Supersymmetric Standard Model (MSSM) and its extensions
such as the NMSSM [8,9], as well as composite Higgs mod-
els in which the Higgs boson emerges as a composite pseudo-
Nambu-Goldstone boson [10]. These extensions typically
introduce additional scalar or fermionic degrees of freedom,
making the Higgs interaction structure considerably richer
than that of the SM. In many such models, new particles
and interactions can induce flavor-changing or CP-violating
Higgs couplings at tree level or loop level [6,11,12], thereby
modifying the standard Higgs couplings and generating non-
standard effective Higgs vertices. Specifically, although the
SM forbids the hy Z vertex at tree level, it can be gener-
ated by loop contributions from new particles [13, 14], thus
becoming an important window for exploring new physics
(NP).

In the SM, the decay of the Higgs boson into a Z boson
and a photon (h — Zy) occurs through a loop diagram
process, with a predicted branching ratio of approximately
BR(h — Zy)=(1.5+0.1) x 1073 [15,16], which is simi-
lar in magnitude to & — yy. Various extensions of the SM
can alter this decay rate by introducing new particles into the
loop diagram, making the ratio BR(h — Zy)/BR(h — yy)
a sensitive probe for detecting NP effects. Additionally, the
observation of 4 — Zy can further confirm the coupling
structure between the Higgs boson and the EW gauge bosons,
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thereby deepening our understanding of the EWSB mecha-
nism. Notably, this decay mode is also sensitive to potential
anomalous trilinear Higgs self-couplings [17], and its precise
measurement can help test the SM prediction of this funda-
mental quantity. Using proton-proton collision data at /s =
13 TeV with an integrated luminosity of about 140 fb~!, the
ATLAS and CMS collaborations have recently reported the
first evidence for this decay, with a combined statistical sig-
nificance of 3.4¢0. The measured signal strength is (2.2£0.7)
times the SM prediction, corresponding to a branching ratio
of (3.4 £ 1.1) x 1073, which is consistent with theoretical
expectations within 1.90 [18].

The rare weak radiative Higgs decays h — myy and
h — myZ, where my denotes a meson, have been exten-
sively investigated in the literature [19-22]. Since the photon
carries only transverse polarization, the decay h — myy
can produce only transversely polarized vector mesons. In
contrast, in the 4 — my Z channel, the final state Z boson
can be either longitudinally or transversely polarized, allow-
ing both pseudoscalar and vector mesons to be generated.
Depending on the decay topologies, the amplitude receives
two types of contributions: a direct contribution, in which
the Higgs couples directly to the quarks forming the meson,
and an indirect contribution, where an off-shell electroweak
gauge boson transitions into the meson through local matrix
elements [23,24]. These two components exhibit substan-
tial interference in the 4 — myy channel [19-21]. For the
h — myZ process, the indirect contribution induced by
the effective hy Z vertex typically dominates over the direct
one, particularly when my is a light vector meson [22]. Fur-
thermore, QCD factorization has been applied to refine the
theoretical description of 47 — my Z decays [25-28].

In recent years, experimental studies of Higgs boson
decays into a Z boson and a vector meson have made steady
progress. Although no evidence for these rare decay modes
has been observed so far, current LHC measurements have
already imposed stringent constraints on several channels.
Using 137 fb~! of proton-proton collision data collected at
A/s = 13 TeV, the CMS collaboration searched for a 125
GeV Higgs boson decaying into Zp°(770) and Z¢(1020).
The resulting 95% confidence level (CL) upper limits on the
branching ratios were found to be 1.04—1.31% for Zp° and
0.31-0.40% for Z¢, corresponding to approximately 740-
940 and 730-950 times their respective SM predictions [29].
CMS also reported a search for the decay h — ZJ /v using
the same dataset, obtaining an upper limit of 1.9 x 1073,
about 800 times the SM expectation [30]. While the current
sensitivity remains far above the SM branching fractions, the
experimental bounds on such rare Higgs decays continue to
improve. With the forthcoming High-Luminosity LHC (HL-
LHC), the prospects for probing these channels will be signif-
icantly enhanced, offering a promising opportunity to explore
Higgs properties and potential NP effects.

@ Springer

Over the past decade, the absence of experimental evi-
dence for supersymmetric particles has shifted considerable
attention toward non-supersymmetric extensions of the SM.
Among these possibilities, U(1)x frameworks containing
vectorlike fermions provide a particularly economical and
predictive class of models, capable of influencing both EW
observables and flavor physics [31-35]. In the U (1) x VLFM
model considered in this work, one generation of vector-
like quarks, one generation of vectorlike leptons and two
additional complex scalar fields are introduced, leading to
a significantly richer phenomenology than that in the SM.
A distinguishing feature of vectorlike fermions is that their
left-handed and right-handed components carry identical SM
gauge quantum numbers, allowing them to obtain gauge
invariant masses without relying on EWSB [36]. Conse-
quently, they do not generate sizable modifications to the
Higgs production cross section, while still remaining acces-
sible to direct searches at the LHC through their strong or EW
production channels. Once vectorlike fermions mix with SM
fermions, the couplings of the latter to the W, Z and Higgs
bosons deviate from their SM forms [37]. This mixing not
only violates the Glashow-Iliopoulos—Maiani (GIM) mecha-
nism and induces tree-level flavor-changing neutral currents
(FCNCs), but also introduces new sources of CP violation
that can affect the electric dipole moments (EDMs) of lep-
tons, quarks and neutrons [38]. Importantly, the model pro-
vides a natural explanation for the observed b — s¢*¢~
anomalies, which indicate violation of lepton flavor univer-
sality (LFU). In this framework, the first two generations
of SM fermions remain unchanged, while the third genera-
tion mixes with vectorlike fermions. This structure naturally
modifies third-generation couplings while keeping the first
two effectively SM-like, providing a minimal and theoret-
ically motivated explanation for the anomalies. These fea-
tures collectively highlight the theoretical and phenomeno-
logical significance of the U (1)x VLFM model. Motivated
by these considerations, we investigate the impact of this
model on rare Higgs decay channels, focusing on & — Zy
and h - myZ withmy = p,w, ¢, J/¥, Y. Complemen-
tary analyses of h — yy and h — VV* (V = Z, W) are
also presented. We derive the relevant Feynman rules and
amplitudes, perform numerical parameter scans and identify
regions of parameter space consistent with current experi-
mental constraints.

The paper is organized as follows. In Sect. 2, we briefly
introduce the main content of the U (1) x VLFM. In Sect. 3, we
present the analytical expressions of the Higgs boson decays
h — Zy and h — my Z. The input parameters and numer-
ical results are shown in Sect. 4. Our discussion and conclu-
sion are given in Sect. 5. Finally, some mass matrices and
couplings are collected in Appendix A, while Appendix B
presents the explicit verification of anomaly cancellation in
the U (1) x VLFM model.
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2 The U(1)y VLFM

The gauge group of the U (1) x VLEM is SU (3)c ®SU (2) L ®
U(l)y ® U(1)x, and the local gauge symmetries are broken
through the Higgs mechanism. Compared with the SM, the
model introduces three generations of right-handed neutrinos
VR, two singlet Higgs fields ¢ and S, as well as one gener-
ation of vectorlike quarks, vectorlike leptons and vectorlike
neutrino. The light neutrino masses are generated at the tree
level via the seesaw mechanism [39-42]. The neutral CP-
even components of the three scalar fields H, ¢ and S mix
with each other, resulting in a 3 x 3 mass squared matrix.
To obtain the 125 GeV Higgs boson mass, loop corrections
should be taken into account. The U (1)x charges of all SM
fields are assigned zero. The new fields beyond the SM are
listed in Table 1.

There are one Higgs doublet and two Higgs singlets,
whose specific forms are as follows:

H=<gi> H0=%<v+¢ﬁ+ioH), )
_ ; S = L(v +¢5+i05).
] ﬁ(UP+¢P+lUP>, 7 s

2

InEqgs. (1-2), v, vp and vg denote the nonzero vacuum expec-
tation values (VEVs) corresponding to the Higgs superfields
H, ¢ and S, respectively.

The relevant Lagrangian of the U (1) x VLFM reads as

L=pyHH+ phlo) + nxIS1?? — g (H H)?
—rplpl* = AxISI* = hgp(H H)lp)”
—hnx (H H)ISP=2px|SPIIP+Sd5, 1 Yip, jxdr.j
+Sug ;Yxu jkuxc .k + Sex  YxE jker.;j
+SVi Yxn . jkvxLk + ddyp YD jrdxr.j
+ouxr ;Ypu jkuxik + b€y 1 YpE jk€XR, j
+ovxg, ;YPN,jkVXLk + Yy L i HUR,
—Y7 L iHdr,j = Y} lcHer j + h.c. 3)

We denote the U (1)y charge by YY andthe U(1)x charge
by YX. As discussed in the textbook [43], the SM is anomaly
free. For the U (1) x VLFM model considered here, the can-
cellation of gauge and gravitational anomalies can be sum-
marized as follows:

1. The anomalies involving three SU(2); gauge bosons
vanish exactly as in the SM, and the same applies to the
corresponding SU (3)¢ anomaly.

2. The anomalies with one SU (3)¢ or one SU (2);, gauge
boson are proportional to Tr[t*] = 0 or Tr[t?] = 0,
respectively, and therefore vanish.

3. The mixed anomalies involving one U (1)y or U (1) x and
two SU (3) ¢ gauge bosons are proportional to

1
byY b Y
Tr[tt°YY] = —28“ §q Yr,

1
Tr[t*t?YX] = 55“” > vk )
q

4. Similarly, the anomalies containing one U (1)y or U (1) x
boson and two SU (2) bosons are proportional to

1
a_byYq _ ab Y
Tr[t“”Y ]_58 E Y;,
L
1
a_byXy _ _gab X
Tr[t“t"Y ]—26 EL Y;. (@)

5. The anomalies of the three U (1) gauge bosons are clas-
sified into four types

Ty Yy 1 =3 "))} iy Xy ¥y =3’

Ty ¥y 'y’ =3" yXw))?,
TryYvXyX) = > vy (v))2.
n
(6)

6. The gravitational anomaly with one U(l)y or U(l)x
gauge boson is proportional to

Tr[YY] = Z vy, Try¥1= Z rX. )

For the parts that do not involve U (1) x, the anomaly con-
ditions are identical to those in the SM and can be easily
verified to vanish. The cancellation of the U (1) x anomalies
is also ensured, even though their structure is considerably
more intricate than that of the SM. The explicit derivation
of all U(1)x-related anomalies is presented in Appendix B.
Therefore, the U (1) x VLFM model is anomaly free.

In the U(1)x VLFM model, the coexistence of the two
Abelian gauge groups U (1)y and U (1) x leads to a new effect
absent in the SM: gauge kinetic mixing. As discussed in Ref.
[45], a kinetic mixing term between Abelian gauge fields can
generally appear in the Lagrangian without violating gauge
invariance. In models containing more than one U (1) gauge
group, the Abelian gauge interactions can be written in a
matrix form and the gauge fields can be redefined by a rota-
tion in gauge space [44]. Moreover, even if the kinetic mix-
ing term is set to zero at a certain scale, it can generally be
radiatively generated at low energies through renormaliza-
tion group (RG) evolution [45].

@ Springer
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T g 0 . s v i
¢ ! 1 0 Q4+ Qb
N 1 1 0 Qa
VR 1 1 0 0
dxr. 3 1 —1/3 Q4
uxr 3 1 213 —Qu
dxr 3 1 173 0Op
UXR 3 1 —2/3 —0
exr 1 1 —1 P
VXL 1 1 0 — 0.
exXR 1 1 1 o)
VXR 1 1 0 -0

The covariant derivative of this model can be written in
the general form

/ A/Y
Dy=d,—i(Y", vX gY’g”)< “>, 8
. . ( )(g/XY, g'x A/,f( ®)
where A;f and A/f denote the gauge fields of U(1)y and
U (1)x, respectively. The Abelian gauge fields can be rede-
fined by a rotation in gauge space using an orthogonal matrix
R (RTR = 1) [44,45], yielding

/
< 87 g/YX>RT:<gl’gYX>’ ©)
g'xy, &x 0, gx
which redefines the U (1) gauge fields as
A/Y AY
R ( l&) = ( %) . (10)
Al Ay

gx denotes the gauge coupling constant associated with the
U (1) x symmetry, while gy x characterizes the gauge kinetic
mixing between the U (1)y and U(1)x gauge groups. The
neutral gauge bosons AY, Vlf and Aff mix together at the
tree level, leading to the mass matrix in the (A}, V3, AX)
basis

1gh? = leign? Le1gyxv?
—381820° 18307 — 1828vxV’ (11
1 1 1 1
ZgngXUZ - zgzgyxvz Zg)z/xvz + Zgié'z

with 2 = 4(Q, + Q5)?v% +402v3.
To diagonalize the mass matrix in Eq. (11), we use a uni-
tary transformation involving two mixing angles 6y and 6y,

Vi cos Oy sin Oy 0
Zy | = | —sin6fwcosby, cosby cosby, sinby,
z, sin Oy sin 6y, — cos By, sin By, cos by,
Y
Ay
Vlf . (12)
X
Ay
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The additional mixing angle 6}, appears in the couplings
involving Z and Z’, and is given by

1 (87x—81 —83)v +8%5”
5 :
2/ x e +8D) 20 426 (] —g] gD e+ ke
13)

2 _
sin“ Oy, =

Under the physical condition that v <« vp, vg, we can
introduce a small parameter €’ = v2/£2 « 1. Using a first-
order approximation, the formula can be simplified to:

. lgvx|y/g7 + &5 2

w . (14)
8% &

Substituting typical model parameters (g1 = m, & =
smon 8x = 0.6, gyx = —0.1, Qa = Qp = 1, vp =
4500 GeV, vs = 8500 GeV, v = 246 GeV), we obtain
Op ~2x107.

The exact mass eigenvalues in Eq. (11) are

m)z/ =0,

1
m, = g((gf +85 + 8y x)v” + gxé’

¢\/[(g12+g%+g§/x)v2+g§€2]2—4(gf+g%)g§v2$2)- (15)
The simplified Higgs potential is given by
V=—pyH'H — 511> — ux|SP + ru (H H)?

+aplpl* + AxISI* + Aup(H H)||?
+rmx(H H)|S)* + rpx|S)*|¢]* (16)

The VEVs of the Higgs fields should satisfy the following
equations

20> =23 4+ Agpvs + Apxvi =0, (17)
2Axv: —2u% + Agxv® + Apxvs =0, (18)
2Apvh —2u% + Agpv? + hpxvi = 0. (19)
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In the (¢ny, ¢s, p) basis, the CP-even Higgs mass
squared matrix is

Meyoy —AHvas _)\.HPUUP
my = | —Amxvvs  mggps  —Apxvpvs |, (20)
—AHpVUP —)prvpvs Mepppp

Mpyoy = %( —6rpv’ — )»Hpv% - AHXU§> + u%,, 21
Mpsps = %( — 6Axv3 — Apxv? — Ava%) k. (22
Mgy = %( — 6hpv3 — Appv? — )\vag) + 3. (23)
This matrix is diagonalized by Z#
ZHmizH T = mg’z, (24)
with

¢u=Y Zihj, ¢s=Y Zhhj. ¢p=)_ ZHh;. (25)
J j j

The mass squared matrix for the CP-odd Higgs bosons in
the basis (o, os, op) is diagonalized by Z A via the relation
ZAmih zZAT = mgfgh. After imposing the tadpole condi-
tions (Egs. 17-19), the full CP-odd mass matrix takes the
form:

Mooy Mosoy Mopoy
2
mAh = m(THUS m(fsas mo‘pos ) (26)

Mopyop Mogop Mopop

with
Mopoy = Zlcvz (gyx cos Oy, + (g2 cos Ow + g1 sin Oy )

sinéfy)’. @7
Mayas = —5KEX Qqvvs cos Oy,

(gyx cos Oy + (g2 cos Ow+g1 sin Oy ) sin 9(4,) (28)
Mogos = kgx Q23 cos® Oy, (29)
Moyop = _%KgX(Qa + Op)vvp cos by

(gYX cos Oy, +(g2 cos Oy +g1 sin Oy ) sin 9{4,), 30)
Mogop = k8% Qa(Qa + Qp)vpvs cos’ Oy, (31
Mopop = 18%(Qu + Qb)*vp cos” Oyy. (32)
Here
on=Y ZH\Anj. os=) ZhAn ;. op=Y ZHA;.

J J J

(33)

Diagonalizing this matrix, one finds that the CP-odd sec-
tor contains a single massive state and two Goldstone bosons,

which are eaten by the SM Z and the Z'. The physical, mas-
sive CP-odd state, denoted by A, has mass

1
my = 1—6K{(g% +2g7x + 8V + 283>

+(2g§€2 — (g7 —2¢by + g%)vz) cos 20y,
+20? [((—g%—i—g%) cos 20w +2g1 g2 sin 29W) sin? Oy
2gyx (g2 08 O + g1 sinOy) sin 29@] } (34)

The physical field A is an admixture of the pseudoscalar
component oy of the SM Higgs and the pseudoscalar com-
ponents og and op:

4 —eoy + 2rog +2crp’ (35)
VA4 4r? + €2

with
_ v(gyx + g2 cos Oy tan Oy, + gi sin Oy tan 6y,)
a gxvp(Qa + Q) cos by ’
. Qavs

(Qq + Op)vp

The two Goldstone modes, which are orthogonal to A, are
given by linear combinations of the remaining fields:

(36)

0 / . /
G5 = cosby, Gy — sinfy, Ga,

GY, = sin 0}, G1 + cos O}y G2, (37)
where
Gy — 20y +0op
VIi+4a?’

_ 2oy + (1 + 4012)05 —4aBop
A +4ad) (1 +da? +4p2)
gxvp(Qa + Op) cos by,
v(gyx cos By, + (g2 cos Oy + g1 sin By ) sin 9@) ’

G, (38)

o =

v cos 9]
= gxvsQa W (39)
v(gyx cos By, + (g2 cos Oy + g1 sin By ) sin 06‘,)

The mixing angle 6y, is given by Eq. (13). In the relevant
parameter space of the model, the Z — Z’ mixing angle sat-
isfies 0}, ~ 1073, so that cos Oy ~ 1 and sinfy, < 1.1In
this limit, one can approximate G% ~ G and G%, ~ Gj.
Furthermore, since vp, vs > v, we have |«|, | 8| > 1, which
clearly shows that G% is primarily composed of oy, while
G%, is primarily an admixture of og and op. This is consis-
tent with the physical expectation that the Goldstone modes
are eaten by the SM Z and the Z’ bosons.

The down-type quark mass matrix in the (dr, dx) and
(d%, dy g) basis is given by

LZUYdT 0
ma=\ ' oor 1our | (40)
ﬁvSYXD TQUPYPD

@ Springer
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which is diagonalized by U z’ and U I‘é according to
U™ mg UL = méia (41)

Furthermore, the mass matrices for the up-type quark
and lepton are derived in the same way and listed in the
Appendix A.

‘We now introduce the couplings needed in this model, and
begin by presenting some interactions involving the Z boson.
In the below equations, P, = IEVS and Pr = HTVS

i
Lzze; =6 {§[< — g1 cos By, sin Oy + g2 cos By cos Oy,

3
. / e,k e
+gyx sin ew) S Ut US

a=1

+2((—gx Qa + gyx) sinfyy
—g1 cos Oy sin OW)UE’,>;4UZ,1‘4])/M 199

+i[<gyx Sin@{,v
3
—g1 cos@{,v sin@w) Z U}%jan?,ja

a=1
+((gXQb + gyx) sin Oy,
—g1 cos@{,v sinOW)U;’LU; j4])/uPR}eij.7 (42)
- (i .
ﬁZa?,-dj =d; {6[<3g2 cos Oy cos By, + g1 cos By sin Oy
> d
_gyx sin egv) S uph vt
a=1

+2((=3gx Qa + gy x) sin by
—g1 cos Oy sin GW)UZ:;4UZ,1'4]VM Pr

+%|:<gyx Sin@(,v

3
;. d,x y.d
—g1 cos Oy, Sln@w) Z UR,iaURJa

a=1
+(Ggx 0 + grx)sinejy

. d,
—g1 cos Oy SIHOW)UR;4U§,,J'4]VMPR}deM~ (43)

To save space in the text, the remaining vertices employed
in our calculation are compiled in the Appendix A.

3 The processes h — Zy and h —> myZ

This section provides the analytical expressions for the decay
h — Zy and the weak hadronic Higgs decay h — my Z.
The representative Feynman diagrams of the process 7 —
my Z are shown in Fig. 1. Figure la, b correspond to the
direct contributions, while Fig. 1c, d denote the indirect ones.

@ Springer

In loop induced topologies, the effective vertex h — Zy*
is represented by a crossed circle. As discussed in Ref.
[22], the direct contributions originate from the coupling
between the Higgs boson and the constituent quarks of the
final state vector meson. Although these diagrams appear at
tree level, they usually give only a subdominant contribution.
The indirect contributions proceed through the decay process
h — ZZ*/Zy* — myZ, where the off-shell bosons Z*
or y* hadronize into the vector meson. In the topology of
Fig. lc, the virtual Z can in principle be replaced by a Z’.
However, current limits require mz > 5.15 TeV, making
its effect negligible. Numerically, |m%/ lmzz | ~ 30 lGeV2 and
1

N 1 T . .
|m%/ —y | ~ =7007 Gevz» indicating that the latter is approxi

mately 10~* times the former; therefore the Z’ exchange is
omitted in our analysis. Among the indirect contributions,
the decay h — ZZ* occurs at tree level in the SM, while
the Ay Z interaction is loop induced. In the U (1)x VLFM
framework, this vertex receives additional nonstandard con-
tributions. The corresponding effective Lagrangian is given
by

o

Lepr = —<

dmv

2C
.—VZhFle/w
sin Oy cos Oy

26;,2 ~
- hF,,Z" ). 44
sin Oy cos Oy e ) “@4)

Here, Oy is the weak mixing angle. Using the effective
Lagrangian in Eq. (44), the decay width of h — Zy is
derived

3
2,3 2
T(h— Zy) = * -2z
327302 sin? Oy cos? Oy mj,

(ICyzI* +1C, 2. (45)

Loop diagrams associated with NP can induce additional
corrections to the processes h — myy and h — myZ.
Although these decays share similar topologies, their physi-
cal properties differ significantly. In the case of h — myy,
the photon in the final state is on shell and massless, and
therefore does not possess a longitudinal polarization com-
ponent. Within the NRQCD framework, the gauge invariant
amplitude for & — myy at tree level can be written as

4\/§ee ¢o ymyG 1
M = SR () [estetes o k-

—mY)(ES - 1)) — 20p € a;ﬂk;p’;ay]. (46)

Here, k, (py) denotes the four-momentum of the photon
(vector meson), and 8; (g}) is the corresponding polariza-
tion vector.

In the rest frame of the vector meson, Eq. (46) can be
recast into a more transparent form. Using the definitions
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Z

Fig. 1 The diagrams contributing to the decay h — my Z

et = &% -k, and 8] = & — eilk,, the decay amplitude

in the transverse ba51s becomes [46]

M’ =H/&" &+ iHVIEV CET X ED, (47)
myG
H] _4«/_eeq¢0( Vf;) cs, (48)
1
v _ myGry\7.
HY{ —4\/§eeq¢>0(—2\/z ) icp. (49)

Because the photon in the final state is both massless and
on shell, longitudinal polarization does not contribute to
the amplitude and only transverse polarizations appear in
Eq. (47). The triple product k&, - (5T x g,) constitutes the
unique P-odd observable in |M|?, whose coefficient is pro-
portional to cscp. The parameter c p encodes a pseudoscalar
H qg coupling arising from possible NP effects and manifests
itself through a nonzero value of this triple product. However,
since the photon does not decay, its polarization cannot be
reconstructed experimentally, making a direct measurement
of cp impossible.

To overcome the limitation imposed by the unobservable
photon polarization, one may instead consider replacing the
photon with a massive vector boson Z, whose polarization
can be measured through its decay. Unlike the photon, the
Z boson couples to the Higgs already at tree level, intro-
ducing an additional diagram that contributes to the decay
h — my Z. Although the Zgq interaction contains an axial-
vector component, this term does not contribute to the leading
NRQCD matrix element for 1 — my Z. In the rest frame
of the vector meson, we choose IEZ as the direction of the
outgoing Z boson. Following an analysis analogous to the
h — myy case, the decay amplitude can be written in the
transverse-longitudinal basis as

MZ OZ;/:;L —>*L+H” 2xT —*;T
+iHZkz - &7 x &57). (50)

The coefficients Hy* and H|f scale with the scalar coupling
cs, while H f is proportional to the pseudoscalar parame-
ter cp. Explicit expressions for these form factors can be
found in Ref. [46]. Since the polarization of the Z boson can

N
N
)

be inferred from its decay products, the transverse compo-
nent S}T is experimentally accessible. A nonvanishing triple-
product term would therefore constitute clear evidence for a
pseudoscalar contribution and provide a direct probe of cp.
For the decay h — my Z, the amplitude is commonly
expressed in terms of longitudinal and transverse polarization
components. A convenient parametrization reads

, 2gmy | % ¥ pVZ 1k 1k pVZ
zA(h%mVZ)z—m ey &y F” +ey cez7 Fy

*B
Euvaﬂk kyev'es 7z

[y k22 1243 "

’

where k7 is the four-momentum of the outgoing Z boson.
The longitudinal and transverse polarization vectors of the
vector meson are defined by [22]

lw _ L ky - kz [ k2 k“
Ty 22212\ ky ok
[(kV ~kz)* — kvkz] vtz

g =y~ (52)

The polarization vectors of the Z boson follow from Eq. (52)
by performing the replacements my — mz and ky < kz.
For the decay i — my Z, the partial width can be written

as
m3
Fh—>myZ) =~ LAz ) —rz —ry)?
TV
8ryr -
VZ2 zrv vzz VZ2
x[IF] P4 o (FL P I ] 53

where A(x, y,z) = (x —y —2)> —4yz,ry = m%/m%l and
ry = m%,/mfl Although ry < 1 for light vector mesons,
the transverse amplitudes exhibit a notable sensitivity to this
small parameter. To avoid losing such effects, we retain ry =
m%,/ mﬁ rather than employing a massless approximation,
which leads to a more accurate description of the transverse
polarization contributions.

In Eq. (53), the three form factors F,’#, F'# and F|'*

I
each receive contributions from both direct and indirect
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mechanisms. For convenience, we first present the indirect Z
parts, which arise from the effective hy Z vertex and the
tree-level hZZ coupling, and their expressions are given as _ b F
follows
FY: v v
II 1nd1rect l’v/l’z Z f\/ q
(my) Fig. 2 The one loop diagrams with new particles for the decay h —
amy ZV
+C ,
vz 47 l—rz—rVZfVQq
FYZ oo = Z Fvg decay width are at the level of about 0.1%, which is extremely
-r V/ 'z small and can be safely neglected in our analysis.
amy) 1 —rz —ry The extended gauge structure modifies the effective cou-
+Cyz 47 Z fy v 9q- plings that enter the fermionic loop amplitudes. To illustrate
" this explicitly, we take the Z — it; — u; vertex as an example.
~ a(my) A (1, rz,rv) The corresponding interactions in the SM and U (1) x VLFM
FJ_ indirect = Cyz Z f\? Qq. 54) . P J (Dx
4 ry are given by

The vector and axial-vector couplings of Zqq are expressed
q

T
as v, = &+ — Qg sin® Oy and aq = 2 ,respectlvely The
vector meson decay constant fv is introduced through

<V(k, £)|(§y“q|0> = —ifimyet
To calculate the results, we make use of the relations

Qvfv =Y 04, D [fivg= fvov. (56)
q q

q=u,d,s... (55)

The specific forms of C,z and C, 7z in Eq. (54) are as
follows [47]

SM,light U() ~SM.light | ~=U(1)
Cyz=C,7 """ +C %, Crr =C, 8" +C )00,
SM.ligh 2N Qgv
Cygl ight _ Z %Af(fq,rz)
q=u.,d,c,s
20y 1 .,z
+ ) 7 Arrz) - EA);V (tw,rz),
I=u,e
~SM,ligh -
Coy " =Y &yNeQqvgBy(ty,rz)
q=u,d,c,s
+ Y kQBf(T,r2), (57)
I=p,e
SM light SM Jight

with 7; = 4m2 / mh C and C correspond to
the first two generatlon SM fermlons and W gauge boson
contributions to h — Zy, while Ay, By and A
loop functions [19-21].

Figure 2 shows the NP one loop corrections to the decay
h — Zy inthe U(1)x VLFM model. The new contributions
to Cy, z arise mainly from the vectorlike leptons and vector-
like quarks introduced in the model. The mixing between the
vectorlike fermions and the third generation SM fermions
induces additional effects in the fermionic loop amplitudes,
rendering them different from the purely SM contributions.
As noted in Ref. [48], the QCD corrections to the h — Zy

vZ
w o are all
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e
LSM IZ{ S —
Ziu ! 2 sin Oy cos Oy
2esin 9W

3 cos Oy

uUhx _ -,
L —“l{_

(1 - ;lsin2 GW))/MPL
V;/.PR}UiZ;u (58)

é[(3g2 cos By cos Oy, — g1 cos Oy, sin Oy

+8rx Sin@{v) Z Ur LUZ,M

a=1

+2<(2gyx — 3gx Q) sin B}y 2g1 cos B}y sin ew)
UZ j4UL 14]VuPL

—i—% [Z(gl cos By, sin By — gyx sin 0",V>

Z UR laUR ja

+(2g1 cos 0}y sin Oy —(3gx Qp+2gyx) sin 9{,V)
UR 14UR ]4]VMPR}ujZM’ (59)

where the couplings in Eq. (59) depend on 6y, gx and gyx,
with 6}, originating from the Z-Z’ mixing.

Setting 0y, = 0 and assuming no mixing between the
three SM up-type quarks and the vectorlike fourth generation,
Eq. (59) reduces to

l — .
ﬁlzjlilu)x — gu,- [(—3g2 cos Ow + g1 sinOw)y, Pr

+4g1 sin QW)/MPR]M,-Z“

7 [ ¢ (1 4 in20 ) P
=il ———(1— =sin

! 2 sin Oy cos Oy 3 W) YutL

2e sin Oy

cedniw P] .z~ 60

3cos€wy“ R |Hi (60)

which is identical to the SM result in Eq. (58).
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Our numerical analysis shows that the typical value of the
mixing angle is 6, ~ 1073 in the U(1)x VLFM, leading
sm _ pUMx

. . L
to a relative deviation Z””S—Z”“ is at the order of 107°.

Such a tiny difference has a neghglble impact on the loop
induced amplitudes. Therefore, for fermionic loops involv-
ing SM fields, we safely adopt the SM couplings in our cal-
culations.

In the U (1) x VLFM, the CP-even coupling C,, U(I)X reads

va v sin Oy cos Oy [ 1
ey = et [y, [y 3

F=t,b,T,t',b',v/

[ . OFri (AFQFlhBFIFzz % (—2(x—1)y2
R]N(mFlasz)

(mp, +mp,) +yQRx(mp, +mp,) —
—mp,) +mp) + ARPBI L (mp (y — 1)

QCx—-Dy+1 +ymp,
(4W+M+M—UD+

3mF1

Or1
Sy (e, mE,)
(AFZFlhBﬁleZ(_z(x — Dy*(mp, +mp,)
+y(x — 1) x Bmp, +mp,) +mp,)
FARRNBORZ 4y (y 1)
Q@ — Dy +1)

—y(mpx +mp(x = D@y — 1>)>)]. (61)

The explicit expression of C f/] Z(l)x is given by

éU(l)x _

ivsin Oy cos Oy [ 1
vz ———/0 dxfo ydy

e

> e

F=t,b,t,t' b, v W
X@gﬂwaﬁZ@m”]+m@)—mm)
+A52F1hB1:"1FQZ(mF1(1 —y)+ sz)’)>

1
(AFZFlthlez(y(l —x)(mp, +mp,) —mpg)

+ARRRBARZ o ((x — D)y(mp,

_m&)+mﬂ0}. (62)

The functions R%N (my, mp) and R%N (m1, my) are shown
as

Riy(mi,my) =p3(1-x)*y*+pi(1—y)*—2p1-pa(1—x)
y(1 = y) +m3xy + (m3 — p3)(1 — x)y
+(mi — pH(1 —y),

R3y(mi,my) =pi(1-x)*y*+p3(1—y)*—2p1-pa(1—x)
y(1 = y) +m3xy + (m3 — pH(1 — x)y
+(mi — p) (1 —y). (63)

The interaction between Fj, F>, and the Higgs boson
is parametrized by the scalar and pseudoscalar couplings
APFh ang AD2F1" The Z-boson couplings to F) F, are
encoded in the vector and axial-vector coefficients Bf1F22
and BFl F2Z These interactions can be written in the generic
form

Fai (ARFh o ARy i Fi(BFIF2Z

+BOPZy v Bzt (64)

All explicit expressions for the relevant vertices are provided
in Sect. 2 and Appendix A.

The direct and indirect contributions behave very differ-
ently: the former can only be evaluated as an expansion
in power series of (mq/m;,)2 or (AQCD/mh)Z, where m,
denotes the constituent quark mass inside the meson and
Agcp characterizes the hadronic scale. For a longitudi-
nally polarized vector meson, the direct contribution orig-
inates from subleading-twist components and is therefore
power suppressed. In contrast, for a transversely polarized
vector meson, the leading-twist distribution amplitude enters
directly. Using the asymptotic form ¢¢(x) = 6x(1—x)[49-
51], the direct contributions take the form

3%1—@+mﬂmz

J_dlrect Z fV Vg Kq om - "Z)2 ., (65
- qu 1 —r% +2rzInry

J_ dlrect Z fV vq Kq 2m (1 _ rz)z (66)

Although these expressions may appear numerically com-
parable to the indirect term in Eq. (54), the direct contri-
butions remain strongly suppressed once the small quark
masses are taken into account. The main reason is that the
relevant vertices originate from Yukawa interactions. In the
U (1) x VLFM model studied in this work, the Yukawa cou-
plings between fermions and Higgs are given by Y,, =
ﬁmui/v, = ﬁmdi/v, Y., = ﬁmli/v, where
v = 246 GeV is the electroweak vacuum expectation value.
Therefore, the strength of the corresponding vertices is pro-
portional to the fermion masses. As a result, smaller quark
masses lead to weaker couplings, which significantly sup-
presses the direct contributions.
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For vector mesons composed of light quarks, such as
p,w, ¢, the dominant constituents are u, d and s quarks,
whose masses are approximately m,,, mg ~ O(MeV), mg ~
0.1GeV. Consequently, the corresponding Yukawa cou-
plings are of the order Y, 4 ~ 1075, ¥, ~ 1073. These
values are strongly suppressed compared with typical elec-
troweak couplings. Therefore, the direct contributions in
processes dominated by these light quarks can be safely
neglected.

For vector mesons composed of heavy quarks, such as
J /¥ (cé) and Y (bb), the corresponding quark masses are
approximately m. ~ 1.3GeV, m; ~ 4.2GeV. This leads
to Y, ~ 1072, Y, ~ 1072 Although these values are
larger than those for light quarks, they remain significantly
smaller than typical electroweak couplings. Therefore, even
for heavy quarkonia such as J/¢ and Y, the direct contri-
butions are relatively enhanced but still remain subleading,
while the indirect contributions considered in this work dom-
inate the processes.

4 Numerical analysis

In this section, we impose several experimental constraints
on the parameter space of the U (1) xy VLFM:

1. The mass of the lightest CP-even Higgs boson is fixed to
my = 125.20 £ 0.11 GeV [5].

2. After mixing between the third-generation SM fermions
and the vectorlike states, the physical masses are required
toreproduce the SM values: m; = 172.57+£0.29 GeV, m,,
=4.183 £ 0.007 GeV, m; = 1.78 £ 0.09 GeV [5].

3. The latest ATLAS and CMS results set 95% CL lower
mass bounds of about 1.49—1.52 TeV for vectorlike
quarks [52]. For vectorlike leptons, CMS excludes long-
lived scenarios below 700 GeV [53], while ATLAS elec-
troweak searches exclude masses below 910 GeV [54].

4. The additional gauge boson satisfies Mz > 5.15 TeV at
95% CL [55]. Moreover, the ratio % is constrained to
be larger than 6 TeV at 99% CL [56,57], which limits the
gauge coupling to 0 < gx < 0.85.

After applying these experimental requirements, a sizable
set of viable sample points is obtained, from which one-
dimensional distributions and multidimensional scatter plots
are constructed.

The numerical analysis is organized into four parts: (1)
determination of the relevant input parameters; (2) analysis
of the decays h — yy and h — VV*(V = Z, W); 3)
discussion of the i — Zy decay; (4) study of the processes
h— myZ,wheremy =w, p,¢,J/¥, Y.

@ Springer

4.1 The input parameters scheme

Under the constraints from quark and charged-lepton masses,
the Yukawa couplings for the first two generations are taken
as

Y, = \/Em,,i/v, Yy = \/Emdi/v,
Yo, =2my /v (i=1,2), (67)

while the third-generation Yukawa couplings are determined
by the mixing with the vectorlike fermions, given by

VI omd - ¥R, - 373,

Yus [ 2 _ 2y2 ’
vy 2mi —vpYpy
Vamy ) 2m} — 2 Y3, — 3R,
Yay = [om? _ 2 p2 '
vy/ 2my —vp¥pp
\/imf\/Zm% —v3Y5, —viY;
STXE
Yo, = . (68)

v,/ 2m2 —viY3,

Here m,,,, mg, and m;, denote the up-type quark, down-type
quark and charged-lepton masses, respectively, and their val-
ues are taken from the latest PDG [5].

The following model parameters are fixed throughout the
analysis

0.=1, QOp=1,
Agp =0.01, Agx =0.05,

Ag=0.14, Ap=0.1, Ax = 0.06,
Apx = 0.05. (69)

For the numerical study, we scan over the parameter set

Yxp, Ypp, Yxu,
Ype, vp, vs, (70

8x, 8YX,

Ypu, Yxg,

which contains the dominant inputs affecting the predictions
ofh > Zy and h — my Z in the U (1) x VLFM.

In addition, the numerical inputs for the vector meson
decay parameters, including my, fy, vy, Qv and the ratio
firlfv = f{fj‘/f‘z, are compiled in Table 2. Here, f;- and
f{fL denote the transverse decay constants and the flavor-
specific transverse decay constants, respectively.

4.2 The processes h — yy and h — VV*

In this section, under the parameter choice gx = 0.6, gyx =
—0.1, Yxg = 0.5, Yprg = 0.005, vp = 4500 GeV, vg =
8500 GeV, we evaluate the ratios R, and Ryy«(V = Z, W)
corresponding to the decay processes 1 — yy and h —
VV*, respectively.

Setting Yxy = 0.5 and Ypy = 0.07, Fig. 3 illustrates
how R, varies as a function of Yxp. The black, red, blue
and green curves correspond to Ypp = 0.005, Ypp =
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Table 2 Input values for the vector meson decay constants

Vector meson w ] 10) J/v T
my /GeV 0.782 0.77 1.02 3.097 9.46
fv/GeV 0.194 0.216 0.223 0.403 0.684
sin” 0 11 ) 1, sin?6 1 2sin?6 1, sin0
vy _s1§ﬁw ﬁ(j — sin QW) -1 + sm3 W i- sm3 W -1 + sm3 W
oy L L _1 2 —1
32 V2 3 3 3
firlfv = fgl/ Vi 0.71 0.72 0.76 0.91 1.09
1.4 T
16k Ypp=0.005 ———— Ypp=0.004
----- Ypp=0.006 13k —==== Ypp=0.0045 ]
kT Ypp=0.0074 L e Ypp=0.005
. Ypp=0.008 12k Ypp=0.006 ]
2
L e sttt ]
1.0F
08 . . . 09 . . . . ;
02 0.4 06 08 1.0 ' 0.2 04 0.6 0.8 1.0
Yxp Yu

Fig. 3 R, varying with Yxp for different Ypp

0.006, Ypp = 0.007 and Ypp = 0.008, respectively. As
observed in the Fig. 3, all four curves exhibit a mildly decreas-
ing trend as Yxp increases, and they gradually level off at
larger values of Yxp. Moreover, increasing Ypp systemat-
ically lowers the overall height of the curves. In the small
Yxp region, especially for smaller Yp p the predicted values
of R,,,, are generally above the experimental central value. As
Yx p increases, however, all four curves gradually decrease
and converge toward the vicinity of 1.1, leading to improved
agreement between the theoretical predictions and the exper-
imental measurement.

Based on the inputs Yxp = 0.5 and Ypy = 0.055,
the black (Ypp = 0.004), red (Ypp = 0.0045), blue
(Ypp = 0.005) and green (Ypp = 0.006) curves in Fig. 4
present the dependence of Ryy+ on Yxy. Overall, all four
curves exhibit a mild upward trend: as Yy increases, Ry yx
rises gradually and monotonically, with a very small slope.
This indicates that the impact of Yy on this ratio is positive
but relatively weak. In addition, smaller values of Ypp shift
the entire curve upward. The four curves are nearly parallel
and show only minimal fluctuations throughout the plotted
range, with their values confined to the narrow interval of
approximately 1.03—1.15.

Since the parameter choices satisfy the Higgs experimen-
tal constraints, we no longer display the results for R, and
Ryvy+(V = Z, W) in the subsequent numerical analysis.

Fig. 4 Ryy+ varying with Yxy for different Ypp

4.3 The process h — Zy

The NP contribution to the decay h — my Z originates
from the effective hZy coupling. Therefore, investigating
the h — Zy process is crucial for probing the properties of
the Higgs boson. According to the latest experimental results,
the signal strength is measured to be pz, = 2.2 £0.7 [18].
For the numerical evaluation of the s — Zy decay width, we
adopt the parameter set Yxp = 0.8, Ypp = 0.01, Yxg =
0.5, Ypr = 0.01, vp = 4500 GeV, vs = 8500 GeV,
and perform I'yp(h — Zy)/Tsy(h — Zy) schematic
diagrams affected by different parameters in the Figs. 5 and
6.

Figure 5 is obtained using the parameter ranges listed in
Table 3. We classify the numerical resultsinthe Ypy and Yy
planeusing A (Cyp(h — Zy)/Tsy(h — Zy) < 1.294),

(1294 < T'ypth — Zy)/Tsy(h — Zy) < 1.3),

(1.3 < TI'ypth - Zy)/Tsy(h — Zy) < 1.35) and
e (135 < I'yp(h — Zy)/Tsy(h — Zy). Here, Yxy
and Ypy denote the Yukawa couplings between the SM-like
and vector-like up-type quarks. Specifically, Yxy couples
the SM right-handed quark u g to the vector-like left-handed
quark uyy, whereas Ypy represents the coupling between
the left-hand and right-handed components of the vector-
like quarks ux7 and uxg. As shown in Fig. 5, a substantial
portion of the parameter space leads to a significant deviation
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Yxu

Fig. 5 FNp(h — Zy)/FSM(h — Zy) in YPU — YXU plane,
and the marking of the scattering points represents: A (I'yp(h —
Zy)/Tsyh — Zy) < 1.294), B (1294 < I'ypth —
Zy)/Tsu(h — Zy) < 1.3), 4 (1.3 < Typ(h — Zy)/Tsu(h —
Zy) < 1.35), o (1.35<Typ(h — Zy)/Tsy(h — Zy)

of Cxyp(h — Zy)/ sy (h — Zy) from the SM prediction.
In particular, when Ypy is small or Yyy is in the moderate
to high range, the red and green regions become dominant,
indicating that the ratio can be enhanced to 1.30-1.35 or
even higher. This corresponds to a deviation of about 30-
35%, far exceeding the theoretical uncertainties within the
SM. In contrast, the regions close to the SM prediction (blue
points) are mainly confined to the lower right corner of the
plane, where Ypy is relatively large and Yy remains small.

Fixing the parameters at Ypy=0.075 and Yxy=I1, we
further plot in Fig. 6 the dependence of I'yp(h —
Zy)/Tsmy(h — Zy) on gx. Here gy denotes the gauge
coupling constant of the U (1) x group, while gy x represents
the gauge kinetic mixing between U(1l)y and U(1)x. As
shown in Fig. 6, the ratio C'yp(h — Zy)/Tsy(h — Zy)
is nearly independent of gx and remains around 1.65 for all
considered values of gy x, corresponding to an enhancement
of approximately 65% over the SM prediction.

4.4 The processes h — myZ
In this section, we analyze the decay processes h — my Z.

The decay constants of the vector mesons w, p, J/v¥, ¢, T
are listed in Table 2.

Table 3 Scanning parameters for Fig. 5

Parameters Min Max
gx 0.05 0.85
8rx —-0.7 0.7
Ypu 0.055 1
Yxu 0 1
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Fig. 6 I'yp(h — Zy)/ sy (h — Zy) varying with gx for different
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Fig. 7 I'nyp(h — wZ)/Tsy(h — wZ) varying with Yy for differ-
ent Ypy

Table 4 Scanning parameters for Fig. 8

Parameters Min Max
gx 0.05 0.85
8rx -0.7 0.7
Ypp -1 1
Yxp -1 1

4.4.1 The process h — wZ

At first, we study the decay h — wZ and some suppo-

sitions are taken as Yxg = 0.5, Ypr = 0.01, vp =
4500 GeV, vg = 8500 GeV.
For the parameter choice gy = 0.6, gyx = —0.1, Yxp =

0.8, Ypp =0.01, Typ(h — wZ)/Tspy(h — wZ) versus
Yxy is shownin Fig. 7. As can be seen, all four curves exhibit
a monotonic increase from left to right, with the larger value
of Ypy (the green line corresponding to Ypy=0.08) lying
above the others throughout the entire parameter range. The
ratio always exceeds 1.2 across all parameter variations, and
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Fig. 8 FNP(h — a)Z)/FSM(h — a)Z) in YPD — YXD plane,
and the marking of the scattering points represents: ¢ (Iyp(h —
wZ)/Tsyth — wZ) < 158), A (158 < Typth —
wZ)/Tsyu(h - 0Z) < 1.6), o (1.6 <TI'np(h > 0Z)/Tsu(h —
wZ)

it can reach 1.45—1.50 around Yxy =~ 1, corresponding to
a sizable enhancement of about 20-50% relative to the SM
prediction.

To further investigate the decay # — wZ and iden-
tify the regions of viable parameter space, we study the
effects of the parameters gx, gvx, Ypp, Yxp. We gen-
erate a scatter plot in the (Ypp, Yxp) plane under the
condition Yyy = 1, Ypy = 0.075. Using the param-
eter ranges given in Table 4, the resulting distribution is
shown in Fig. 8. The scatter points are categorized as ¢
for Typ(h — wZ)/Tsyth — wZ) < 1.58, A for
1.58 < T'yp(h —» wZ)/Tsy(h - wZ) < 1.6 and e
for 1.6 < I'yp(h — wZ)/Tsy(h — wZ). The parame-
ter Yxp controls the mixing between the vector-like down-
type quarks and the third-generation SM quarks, while Ypp
mainly determines the mass of the vector-like down-type
quarks. It is evident that the parameter space exhibits an
approximately symmetric distribution with respect to the hor-
izontal axis. The blue region with a smaller ratio (< 1.58)
is confined to a narrow area slightly left of the center of
the plot. Surrounding it is the green region with moderately
larger values (1.58—1.60). Most notably, the vast majority
of the parameter space, particularly regions with Ypp > 0
or |Yxp| > 0.3, is entirely dominated by red scatter points,
corresponding to 'yp(h — wZ)/Tsy(h — wZ) > 1.6.
This indicates that in these regions the decay width exceeds
the SM prediction by at least 60%.

4.4.2 The process h — pZ

Secondly, we analyze the numerical results for the decay
process h — pZ and set the parameters gy = 0.6, gyx =
—0.1, YPU = 0.075, YPE = 0.0], vp = 4500 GCV, Vg =
8500 GeV.

1.70
Ypp=0.01
165k \ aeee- Ypp=0.015
N \
b YN\ e Ypp=0.02
< 1.60F L N B
\% ““ \\ Ypp=0.03
‘,E 1.85F
Q X * . \\\
L asofn limeeo
E e I T N T nr n e et
1.45F
1-40 A A A A
0.2 0.4 0.6 0.8 1.0

Yxp

Fig. 9 Typ(h — pZ)/Tsy(h — pZ) varying with Yxp for differ-
ent Ypp

Yxu

YXD

Fig. 10 FNP(h — pZ)/ FSM(h d pZ) in YXD - YXU plane,
and the marking of the scattering points represents: 4 (Iyp(h —
pZ)/Tsuh — pZ) < 126), A (126 < I'nyp(h —
pZ)/Tsu(h — pZ) < 1.4), o (1.4 <Typ(h - pZ)/Tsy(h —
pZ)

Assuming Yxy = 1, Yxg = 0.5, the variation of the ratio
ICypth = pZ)/Tsy(h — pZ) with Yxp is presented in
Fig. 9, where the black, red, blue and green curves correspond
to Ypp = 0.01, 0.015, 0.02, 0.03, respectively. Over the
entire scanning range Yxp € [0.1, 1.0], the four curves lie
significantly above unity, resulting in a deviation of approx-
imately 45—70% from the SM prediction. All curves exhibit
a peak in the region of small Yxp, with the Ypp=0.01 curve
reaching the largest value, around 1.70. As Yxp increases,
the curves show a decreasing trend and gradually approach
a stable behavior, eventually converging to the interval of
about 1.48—1.50 for Yxp = 0.6. Moreover, smaller values
of Ypp correspond to a higher overall curve.

To further explore the multidimensional behavior of the
sensitive parameters, we fix Ypp = 0.01 and generate
Fig. 10 by sampling points according to Table 5, illustrat-
ing the behavior of the 1 — pZ decay rate as a function
of Yxp and Yxy. The parameter plane is clearly divided

@ Springer
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Table 5 Scanning parameters for Fig. 10 125l .vs=550066V
Parameters Min Max N . .. e vs=6500GeV
2 S e Vs=7500GeV
Yxp 0 1 SRPAR V5=8500GeV ]
Yxu 0 1 Nz
YxE 0 1 N
}>
T
ey
=
z
=

Parameters Min Max
gx 0.05 0.85
8rx -0.7 0.7
YpE 0 1
YxE -1 1

Fig. 11 T'yp(h — J/¥Z)/Usy(h — J/¥Z) in Ypg — YxE plane,
and the marking of the scattering points represents: ¢ (Iyp(h —
JIWZ)/Tsyh — J/YZ) < 1.245), (1245 < 'yp(h —
J/WZ)/Tsuh — J/WZ) < 1.255), e (1.255 < Typ(h —
JIVZ)/ Csuh — J /¥ Z)

into three regions: ¢ correspond to cases where I'yp(h —
pZ)/Tsmu(h — pZ) < 1.26, predominantly appearing in
the low Yxy region (Yxy < 0.3) and gradually extending
toward larger Yy p. A represent ratios in the range 1.26—1.4,
with a substantially broader distribution that roughly cov-
ers the intermediate region Yxy ~ 0.2 — 0.6. e denote
points for which the ratio exceeds 1.4, occupying almost
the entire upper portion of the plane with large Yyy val-
ues (Yxy 2 0.6), and they appear densely throughout the
full interval Yxp € [0, 1]. Overall, large values of Yy yield
ratios stably above 1.4, corresponding to an enhancement

exceeding 40% compared with the SM prediction.

4.4.3 The processh — J /Y Z

Thirdly, we perform a numerical analysis of the decay h —
J /¥ Z. The parameters are chosen as Yxp = 0.8, Ypp =
0.01, Yxy =1, vp = 4500 GeV.

@ Springer

1.10

Yeu

Fig. 12 I'yp(h — J/¥Z)/Tsy(h — J /¥ Z) varying with Ypy for
different vg

We suppose the parameters with Ypy = 0.075, vy =
8500 GeV. By sampling the parameter ranges listed in
Table 6, we obtain Fig. 11. In Fig. 11, the ¢, A and e corre-
spond to 'yp(h — J/YZ)/Tspy(h — J/¥vZ) < 1.245,
1.245 < T'ypth — J/¥2Z)/Tspy(h — J/¥vZ) < 1.255
and 'yp(h — J/¥2Z)/Tsyth — J/¥Z) > 1.255,
respectively. We examine the roles of Ypg and Yxr in Fig.
11. In the lepton sector, the parameters Yy g and Y p g describe
the Yukawa interactions that induce couplings between SM
leptons and the vector-like fermions. The points exhibit sym-
metry about the horizontal axis Yxg = 0. As Ypg increases
fromOto 1, Cyp(h — J/¥2Z)/Usy(h — J/YZ) first
increases and then decreases. Moreover, increasing |Yxg|
enhances the ratio symmetrically across the parameter space
when Ypg > 0.2, indicating that both positive and negative
values of Yx g lead to similar enhancement effects. e show
ratios consistently exceed 1.255, representing a clear devia-
tion from the SM prediction.

For the parameter set gx = 0.6, gyx = —0.1, Yxgp =
0.5, Ypg = 0.01, the variation of U'yp(h — J/¥Z)/Tsy
(h — J/¥Z) with respect to Ypy is shown in Fig. 12. The
black (vs = 5500GeV), red (vs = 6500 GeV), blue (vg =
7500 GeV) and green (vs = 8500 GeV) curves correspond
to different choices of the singlet scalar VEV vg. As shown
in Fig. 12, all four curves exhibit a monotonically decreasing
behavior as Ypy increases, with the most pronounced devi-
ations occurring in the small Ypy region. In particular, for
Ypy < 0.1, theratioUCyp(h — J/YZ)/Uspy(h — J /¥ Z)
reaches 1.23—1.26, corresponding to an enhancement of
more than 20% over the SM prediction. As Ypy continues to
grow, the curves gradually flatten out. However, throughout
the entire parameter range, the ratio remains above 1.10, still
significantly larger than the SM value. Moreover, increasing
vs raises the overall height of the curves, indicating that a
larger singlet scalar VEV further strengthens the NP contri-
butions to the h — J /¥ Z decay.
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1.20 T T
vs=4500GeV
w8k === vs=5500GeV ]
e e vs=6500GeV
116 RS ~ vs=7500GeV ]

Tnp(h—@2)/Tsu(h—¢2)

6000 7000 8000

vplGeV

4000 5000

Fig. 13 I'yp(h — ¢Z)/ Uspy(h — ¢ Z) varying with vp for different
vs

4.4.4 The process h — ¢pZ

Then, we analyze the decay process i — ¢Z numerically
with gx = 0.6, gyx = —0.1, Yxp = 0.8, Yxy =
1, Yxg =0.5.

In Fig. 13, we fix the parameters as Ypp = 0.01, Ypy =
0.075, Ypg = 0.01 and plot the ratio 'yp(h — ¢Z)/ sy
(h — ¢Z) as a function of vp, where vp denotes the VEV
of the singlet scalar P. From the Fig. 13, one observes that
all four curves exhibit a decreasing trend. The green curve
(vs = 7500GeV) lies above the blue one (vg = 6500 GeV),
which in turn lies above the red (vs = 5500 GeV), followed
by the black curve (vg = 4500 GeV) at the lowest position.
As vp increases, the ratio Cyp(h — ¢Z)/Tsy(h — ¢2Z)
decreases, whereas increasing vg has the opposite effect and
enhances the ratio. The maximal value of the ratio reaches
about 1.18, corresponding to a deviation of roughly 20% from
the SM prediction.

Next, we perform a scatter analysis of the h — ¢Z
process using the parameter ranges listed in Table 7. For
vp = 4500 GeV and vg = 8500 GeV, the distribution of
points in the (Ypp, Ypy) plane is shown in Fig. 14. The red
e (corresponding to ratios larger than 1.2) are mainly concen-
trated in the low Y py region with Ypy < 0.25, indicating that
the NP effects are most pronounced for small Yp7, where the
decay width can be enhanced by more than 20% relative to
the SM prediction. As Ypy increases, e gradually transition
into ¢ and M, which correspond to intermediate ranges of

Table 7 Scanning parameters for Fig. 14

Parameters Min Max
Yrp 0 1
Ypru 0.055 1
YpE 0 1

YrD

Fig. 14 I'yp(h — ¢Z)/Tsy(h — ¢Z) in Ypp — Ypy plane,
and the marking of the scattering points represents: A (IU'yp(h —
¢Z)/Tsyh — ¢Z) < 1.15, W (.15 < Typth —
¢Z)/Tsyh — ¢Z) < 1.17), & 1A17 < Typth —
¢Z)/Tsu(h — ¢Z) < 1.2), o (1.2 <Typ(h —> ¢Z)/Tsu(h —
A

T

vp/GeV

R/ -
PR TR RIXAS
LA

3000 4000 5000 6000

vs/GeV

7000 8000 9000

Fig. 15 I'yp(h — YZ)/Tsy(h — YZ) in vg — vp plane, and
the marking of the scattering points represents: ¢ (ICyp(h —
YZ2)/Tsyth — YZ) < 1.01), o (1.01 < T'ypth —
YZ)/Tsu(h — YZ))

1.17—1.20 and 1.15—1.17, respectively. This behavior sug-
gests that the NP contribution becomes weaker but still leads
to deviations at the level of roughly 15%. Finally, in the region
of larger Ypy, the A dominate, corresponding to ratios below
1.15, where the NP corrections are close to yet remain notice-
ably above the SM prediction.

4.4.5 The processh — YZ

At last, we carry out a numerical analysis of the decay & —
Y Z. As a heavy vector meson, Y is composed of a bb pair.

With the parameter choices gy = 0.6, gyx = —0.1,
Yxp = 08, Ypp = 001, Yxy = 1, Ypy = 0.075,
Yxg = 0.5, Ypg = 0.01, we investigate the impact of
vs and vp on the ratio 'np(h — YTZ)/Tsm(h — YZ).
The results are shown in Fig. 15, based on the scan ranges
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Table 8 Scanning parameters for Fig. 15

Parameters Min Max
vs/GeV 3000 9000
vp/GeV 2000 7000

provided in Table 8. The 4 and e denote regions with
Cypth = YZ)/Tsy(h — YZ) < 1.01 and 1.01 <
Inpth - YZ)/Tsy(h — YZ), respectively. It can be
observed that the larger corrections (o) occur predominantly
in the lower right region of the parameter plane. This indi-
cates that larger values of vg combined with smaller values
of vp enhance the NP contributions. The ratio reaches val-
ues in the range of approximately 1.01—1.35. For the decay
h — Y Z, the magnitude of the NP effects is smaller than in
the other processes considered.

5 Discussion and conclusion

In summary, the U(1)x VLFM model introduces an addi-
tional Abelian gauge symmetry and one generation of vec-
torlike fermions, leading to a noticeable modification of the
Higgs gauge interaction structure compared with the SM.
The right-handed neutrinos and the two singlet Higgs fields
included in the model can realize the seesaw mechanism
within a non-supersymmetric framework, while the extended
fermion spectrum also provides new contributions to Higgs
related loop effects. Within this framework, we perform a
detailed analysis of the rare decay h — Zy as well as the
hadronic channels h — myZ withmy = p, w, ¢, J/¥, Y.
For completeness, numerical results for 4 — yy and
h — VV*(V = Z,W) are also evaluated to assess the
broader impact of NP on Higgs decay patterns. In the SM,
the h Z Z coupling appears at tree level, whereas the hy Z cou-
pling arises only through loop contributions. For the decay
h — myZ, the amplitude receives both direct and indi-
rect contributions. The direct contribution corresponds to the
Higgs coupling to quarks that hadronize directly into the final
state vector meson, while the indirect contribution originates
from the Higgs coupling to an on-shell Z boson and an off-
shell gauge boson (y or Z), which subsequently converts into
the vector meson. As pointed out in Ref. [22], the indirect
contribution is typically much larger than the direct one in
the viable parameter space. Beyond the SM, the hy Z ver-
tex can receive new CP-even and CP-odd effective couplings
C,z and éy z, although the CP-even part usually remains
dominant. In this work, we compute their contributions to
the hy Z vertex using the effective Lagrangian approach.

In the SM, the Higgs boson couples to the W and Z
gauge bosons at tree level, while its interaction with pho-

@ Springer

tons arises only through loop diagrams. Consequently, the
decay channels h — yy, h - WW* and h — ZZ*
exhibit high sensitivity in experimental measurements, with
the observed signal strengths R,,,, = 1.10+£0.06, Rww+ =
1.00 £ 0.08, Rzz+ = 1.02 & 0.08 [58-62]. The dominant
contributions to the processes h — ZZ*, h — yy and
h — Zy all originate from similar one loop topologies.
Within the U (1) x VLFM framework examined in this work,
the NP corrections to 7 — yy typically fall in the range
1.0—1.2, while those for h — VV*(V = Z, W) are around
1.1. Unlike » — yy and h — Zy, which are purely loop
induced and sensitive only to charged particles running in the
loop, the decay h — ZZ* also receives a tree level contri-
bution from the hZZ vertex and allows neutral particles to
participate in the loop diagrams. Despite these differences,
the three decay channels remain structurally very similar. It
is worth emphasizing that the combined ATLAS and CMS
analysis reports a signal strength of puz, = 2.2 £ 0.7 for
h — Zy, significantly higher than the SM expectation and
reaching the level of experimental evidence [18]. This devi-
ation further motivates the study of possible NP effects in
h — Zy and in the related h — my Z decay channels.

The numerical analysis shows that the NP correction to
h — Zy can reach up to 65% compared with the SM
prediction. For the decays h — wZ and h — pZ, the
NP contributions lie in the range of 20-70%, while for
h — ¢Z and h — J/YZ, the corrections are typically
10%-25%. Among the vector mesons considered in this study
(p, w, ¢, J/¥, Y), the YT is the heaviest. Although we
tried adjusting many parameters in an attempt to enhance
the deviation in & — Y Z, the NP contribution to this pro-
cess remains rather small. Overall, our results suggest a
clear trend: NP effects in 1 — my Z are more pronounced
when the final state vector meson is light. Considering that
Cnpth — Zy)/Tsy(h — Zy) = 1.65, the fact that the
NP corrections to the rare decays h — my Z can improve
about 70% of the SM prediction represents a sizable devia-
tion.

In NP scenarios, the additional interactions can modify
the SM CP-even coupling and may also introduce CP-odd
contributions, thereby enhancing the branching ratio of the
rare decay h — my Z. Since this decay is intrinsically rare,
the current experimental sensitivity is still insufficient for
detection. However, its branching ratio can be reliably calcu-
lated at the theoretical level, and it may become observable at
the HL-LHC and future high-energy colliders. Therefore, the
decay channels i — my Z provide an important opportunity
to test the U (1) y VLFM model and to explore possible NP
effects in the Higgs sector.
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Appendix A: Mass matrix and coupling in U (1) x VLFM

The mass matrix for up-type quark in the (up,uxr),
(g, uy ) basis reads

1 yT
—=vY, 0
m, = f2 - (A1)
f sY{u SHUP Yiy
We diagonalize the mass matrix using U} and Uj
UL m, ULT = mdia, (A2)

In the (e, exr), (e}, €y g) basis, the lepton mass matrix
is given by

LvYT 0
ﬁ r ) (A3)
f sYI, oY}

Me =

This matrix is diagonalized by U] and Uy,

Ut m, Us" = mdie, (A4)

Other Higgs-related vertices are included as follows

3

3
(ZZUL jb Rla Cﬂbzkl
b=la=

1

Ehkéiej' = el {

3
e, *
+UL,/4 Z UR luYXE “IZkZ + UL j4UR 14YPEZk3>P

a=1

3

1
_iﬁ<z ZUR UL Yo anZi + U g )

b=1a=1 a=1

H H
Ug.ja¥XE.a1Zi2 + Uk jaUf, i4Y;;EZk3>PR}ejhk’

Lidia; d{_li(ZZUij UR faYa.anZ{i
b=1a=1

(A5)

+up ja Z UgtaYxp.a Zfh + U TaUR 14YPDZk3)P

303
;1 d H o d
ﬂﬁ(Z 2 Uk jaULinYaabZit + UL ia
b=1a=1
3
d H o yd gd H
> Uk jaYxp.arZia + UR,j4UL,i4Y;DZk3)PR}djhk’

a=1

Lhyeit;u; :L_’i{ li(ZZUL jb Rzu Y abzk1+UL j4
b=1a=1

(A6)

3
Uu,* U,*
> URiaYxu.a Z(3 + UL 54U, l4yPUZk2)P

a=1

3
(Z ZUR jaUL inYaapZil + UL ia D

b=1a=1 a=1

UL!

* H
% iaYxua Zih+ Ulue,j4UILf,i4yPUZk3)PR}”jhk’ (A7)

with

0 0
YxEar=| 0 |,
Yxg Yxp
0
Yxva1=1 O
Yxu

(A8)

Appendix B: Anomaly cancellation in U (1) y VLFM

Since all SM fields carry zero U(1)x charge, they do not
contribute to anomalies involving U (1)x. Therefore, the
anomaly cancellation relies entirely on the newly intro-
duced fermions, whose gauge quantum numbers are listed in
Table 1. Below we show explicitly that all relevant anomalies
cancel.

1. [U(I)X]3 anomaly

The cubic U(l)x anomaly is given by the sum of the
cube of the U(1)x charges of all chiral fermions. Since the
SM fields are neutral under U (1), only the new fermions
contribute:

@ Springer
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S = (0a)* X3+ (=0a) x 3+ (0p)° x 34 (—0p) x3
n R T iy SR S —
dxr, uxr dxr UXR
+(Qa)* +(—0a)% + (0p)* + (—0p)?
—_— e Y
exL VXL €XR VXR
=3(0) - 0D +3(0} - 0})

+Q - 0)H+ (0} -0} =o0. (B1)

Here the factor 3 arises from the color multiplicity of the
quarks. The cancellation occurs automatically and is inde-
pendent of the specific values of Q, and Q.

2. Gravitational —U (1) x anomaly

The mixed gravitational anomaly is proportional to the
sum of the U (1) x charges of all chiral fermions:

D YE =04 x3+(=04) x3+ 0 x3+(=0p) x3 (B2)
" e N—— e’ N—— — e ———
dxr UXL dxr UxXR
+ Qa +(=0Qa)+ Op +(=0p) =0.
N—— N—— N—— N e’

exL VXL €XR VXR

(B3)

3. [SUB3)c)?U(1)x anomaly

Only colored fermions contribute to this anomaly. Since
SM quarks have U (1) x=0, only the new vector-like quarks
contribute:

> Y =04 x3+(=Q4) X3+ 0p x3+(—Qp) x3=0.
7 N —’ N—— ——— N e’ e
dxy, uxr dxr UXR

(B4)

4.[SU(@)L1?U(1)x anomaly

This anomaly receives contributions only from SU(2)y,
doublets. Since all newly introduced fermions are SU (2)r,
singlets and the SM doublets carry zero U(1)x charge, the
anomaly vanishes trivially:

Y rf=o.
L

5. Mixed Abelian anomalies
@ Uy [U)x]?

>y w5 = <—%> (Qa)* x 3+ (%) (—Q4)* x 3
dxr, uxr

1 2 2 2
+ <§> (Op)° x 3+ <—§> (=0Qp)" x 3

dxr UXR
2 2
+ D@+ 0 +(M(Qp)°+ 0
exr VXL exRr VXR
_ _l 2 z 2 1 2 _% 2 _ N2 2

(B6)

(B5)

= (02— 0+ (-02+ 0} =0.
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) [UMyPU)x
1

2 2
DYt = (—5) Qu x 3+ @) (—Qa) X3

dxr. uxr

1\ 2\?
+<§) be3+(—§> (—Qp) x3
dx R UXR
+(=D*0u+ 0+ (1P + 0

exrL VXL exR VXR

N S D o W
= <§Qa §Qa §Qb §Qb) (Qa + Op)
= (=04 — 0p) +(Qs+ Q0p) =0.

From the above calculations, all gauge anomalies involv-
ing U(1)y, including [U (1)x 13, gravitational—U (1) x, [SU
B3)clPU(Dx, [SUQR)LI’U(1)y, and the mixed Abelian
anomalies U (1)y[U(1)x]? and [U (1)y]*U (1) x cancel exac
tly. Therefore, the U (1) x VLFM model is anomaly free.

(B7)
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