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Abstract: We present a systematic analysis of the Higgs signal strengths at 125 GeV and 95 GeV in a non-super-
symmetric U(1)x model with vector-like fermions (U(1)y VLFM). This framework extends the Standard Model
(SM) by introducing an additional U(1)x gauge symmetry, three right-handed neutrinos, two singlet Higgs fields (¢
and S), and one generation of vector-like quarks and leptons. The scalar fields mix in the neutral CP-even sector,
yielding two Higgs-like states around 95 GeV and 125 GeV. We perform a y? analysis that combines the Higgs sig-
nal strength measurements at 125 GeV from ATLAS and CMS, including the yy, WW*, ZZ*, bb, and 77 channels,
together with the 95 GeV excesses observed in the diphoton and bb final states reported by CMS and LEP. Our res-
ults indicate that the U(1)x VLFM successfully reproduces the observed signal strengths of the 125 GeV Higgs
while simultaneously explaining the 95 GeV excess. The parameters gx, gyx, vs, vp, and the new Yukawa coup-
lings play a crucial role in achieving this consistency.
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I. INTRODUCTION

Since the discovery of a new scalar particle with a
mass of about 125 GeV by the ATLAS and CMS collab-
orations at the Large Hadron Collider (LHC) in 2012
[1-3], its observed properties have been consistent, with-
in current theoretical and experimental uncertainties, with
expectations for the Standard Model (SM) Higgs boson.
Nevertheless, such a state can also be accommodated in a
wide range of theories beyond the Standard Model
(BSM). Although no direct evidence of BSM physics has
yet emerged at the LHC, the precision of Higgs coupling
measurements and the constraints from searches for new
resonances still leave substantial parameter space for new
physics (NP) interpretations. Many BSM scenarios pre-
dict an extended Higgs sector, making it an essential task
for LHC Run 3 and future experiments to determine
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whether the discovered scalar boson is part of a richer
Higgs structure. Notably, these extended frameworks
may feature not only heavier Higgs resonances but also
lighter scalar states. The search for such light additional
Higgs bosons is therefore of great importance for uncov-
ering the underlying mechanism of electroweak sym-
metry breaking and for revealing possible signs of NP.
The current mass measurement of the 125 GeV Higgs
boson is 125.20+0.11 GeV [4]. To investigate its proper-
ties in detail and to assess whether it is the only funda-
mental scalar, the LHC has performed precision measure-
ments across multiple decay channels. In particular, the
ATLAS and CMS collaborations have observed the
Higgs boson in various bosonic and fermionic modes
[3—6], establishing its spin-parity quantum numbers and
measuring its production cross sections. In the SM, the
Higgs couples directly to # and Z bosons and indirectly
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to photons via loop effects, making the yy, WW*, and
ZZ* channels particularly sensitive for experimental stud-
ies. The measured signal strengths in these channels are
[3, 5-8]

LEP(125) = 1.10£0.06, 535 (125) = 1.00:£0.08,
152 (125) = 1.02 +0.08. (1)

Owing to the Yukawa interactions, the Higgs boson
couples most strongly to third-generation fermions, lead-
ing to dominant decays into bb and 77. The correspond-
ing measured signal strengths are reported in [3, 6, 7,
9-11].

LE2(125) = 0.99+0.12, pSP(125)=091+0.09.  (2)

In addition to the established Higgs boson at 125
GeV, several experimental studies have pointed to the
possibility of a lighter scalar resonance near 95 GeV, re-
newing interest in extended Higgs sectors. Searches for
additional low-mass Higgs states have been carried out at
LEP [12—-14], the Tevatron [15], and the LHC [16—22]. In
such searches, the experimental signal strength u is
defined relative to that of a hypothetical SM Higgs boson
of the same mass, even if no SM Higgs exists at that
mass. Specifically, the experimental signal strengths at
my =95.4 GeV are:

oo T8> ¢ = yY)
Hyy oM(gg — Hey — vy)’

op  T(eTe” > Zd—> Zbb)
bb T SM(e+e~ — ZHgy — Zbb)’

3)

where ¢ denotes a hypothetical BSM scalar, and oM is
the cross section for a SM-like Higgs of the same mass
[23, 24].

Analyses by the CMS Collaboration in the diphoton
channel at +/s = 8 and 13 TeV, using datasets of 19.7 fb~!
and 35.9 fb~!, revealed a local excess near 95.3 GeV with
a significance of approximately 2.80 [16, 17]. Using the
full Run 2 dataset and improved event classification, a
more recent CMS study reports a local excess at 95.4
GeV with a significance of 2.9¢ [22], which is broadly
compatible with ATLAS results based on 80 fb~! of data
[19]. The combined ATLAS+CMS signal strength can be
expressed as

HP(95) = 0.2470%. 4)

Furthermore, LEP reported a 2.3¢ local excess in the
ete” — Z(H — bb) channel, consistent with a scalar

particle with a mass of approximately 95 GeV [13]. The
corresponding signal strength is

w7 (95)=0.117+£0.057. (5)

From a theoretical perspective, various BSM frame-
works have been proposed to account for the observed
excesses near 95 GeV [25—29]. Previous studies [30, 31]
have shown that the diphoton rate can be several times
larger than the SM prediction for a scalar of the same
mass in the Next-to-Minimal Supersymmetric Standard
Model (NMSSM). Similarly, the Two-Higgs-Doublet
Model extended with an additional real singlet (N2HDM)
has been extensively explored as a possible explanation
for the CMS and LEP excesses [32, 33]. Other scenarios,
such as the uvSSM with CP conservation or violation
[34-36], singlet-extended or radiative Higgs models [37],
and gauge-extended frameworks like the U(1)xy model
[38], have also been investigated as viable possibilities.

Despite the success of the SM in describing particle
interactions, it still leaves several fundamental questions
unanswered, such as the nature of dark matter, the origin
of neutrino masses, and the hierarchy problem. These
open issues have long motivated the exploration of BSM
physics. Supersymmetry (SUSY), once regarded as one
of the most elegant and theoretically appealing exten-
sions, offers a natural framework to address these prob-
lems through its fermion—boson symmetry. However, the
persistent null results in supersymmetric particle searches
over the past few decades have substantially reduced its
experimental viability. The reported 750 GeV excess in
2015 initially generated considerable excitement as a po-
tential signal of new physics (NP), but the 2016 data did
not confirm this excess [39, 40], further decreasing over-
all interest in supersymmetric frameworks. Meanwhile,
attention shifted toward dark matter, another compelling
aspect of NP. Although significant progress has been
made in dark matter searches, stringent direct-detection
limits have excluded most of the viable parameter space
[41, 42], leaving only narrow regions open for explora-
tion. Consequently, interest has increasingly turned to
non-supersymmetric extensions, which can offer simpler
and more economical explanations. Specifically, the ob-
servation of a scalar lighter than 125 GeV would not ne-
cessarily point to a supersymmetric origin but could in-
stead arise naturally in certain non-supersymmetric gauge
extensions.

In the U(1)y VLFM, the right-handed and left-handed
fields of vector-like fermions have the same transforma-
tion properties under the gauge group of the SM, allow-
ing them to acquire gauge-invariant mass terms [43].
Consequently, they can evade constraints from Higgs
production cross sections and from direct searches at the
LHC. The mixing between vector-like fermions and SM
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fermions induces corrections to the couplings of fermi-
ons to the W, Z, and Higgs bosons [44]. As a result, the
Glashow—Iliopoulos—Maiani (GIM) mechanism is gener-
ically violated, leading to flavor-changing neutral cur-
rents (FCNCs) at tree level. Moreover, vector-like fermi-
ons can introduce new CP-violating sources, contributing
to the electric dipole moments (EDMs) of Ieptons,
quarks, and the neutron [45]. Finally, the introduced vec-
tor-like quarks can help alleviate the gauge hierarchy
problem in the SM. The U(1)x VLFM accordingly offers
rich phenomenology.

The remainder of this paper is organized as follows.
In Sec. IILA, we introduce the main components of the
U(1)x VLFM, while Sec. II.B presents the relevant for-
mulae and mass matrices required for the one-loop cor-
rections to the CP-even Higgs mass-squared matrix. In
Sec. 1II, we derive the decay widths and corresponding
signal strengths of the SM-like Higgs boson with a mass
around 125 GeV, including the channels #h, — yy,
hy = VV*(V=2ZW), and h, = ff (f=b,7). Sec. IV is
devoted to the analysis of a lighter Higgs-like scalar near
95 GeV, where we present its dominant decay modes
hy — yy and h, — bb together with the corresponding sig-
nal strengths. In Sec. V, we present a numerical analysis
over the relevant parameter space, and Sec. VI summar-
izes our main results and conclusions. For completeness,
some lengthy analytical expressions are collected in Ap-
pendix A.

II. THE U(1)y VLFM AND THE HIGGS SECTOR

A. The relevant content of U(1)y VLFM

The gauge group of the U(l)y VLFM is SU(3)c®
SUR),@U()y®U(1)x. To construct the U(1)y VLFM,
the field content of the SM is extended to include three
generations of right-handed neutrino fields vg, two sing-
let Higgs fields ¢ and S, and one generation of vector-like
quark, lepton, and neutrino fields. The singlet Higgs
fields ¢ and S are responsible for the spontaneous break-
ing of the additional U(1)x gauge symmetry and for gen-
erating the masses of the vector-like fermions. The inclu-
sion of right-handed neutrinos allows light neutrino
masses to be generated at tree level via the seesaw mech-
anism. After spontaneous symmetry breaking, the neutral
CP-even components of H, ¢, and S mix, forming a 3 x3
mass-squared matrix in the scalar sector. Loop correc-
tions from the vector-like fermions can modify the scalar
mass spectrum, allowing the model to accommodate both
the SM-like Higgs boson at 125 GeV and a lighter scalar
state near 95 GeV.

The scalar sector of the U(1)y VLFM consists of one
SU(2), Higgs doublet H and two singlet Higgs fields ¢
and S. Their explicit forms are given below:

H= ( II:IIf >, H0=%<v+¢y+i0}1),

¢= %(V}J‘l‘(ﬁp‘l‘iﬂ'}n), S=%(Vs+¢s+io's)s (6)

where v, vp, and vs denote the vacuum expectation val-
ues (VEVs) of the Higgs superfields H, ¢, and S, respect-
ively.

The two scalars play distinct roles in fermion mass
generation: the VEV vp of ¢ primarily generates the
masses of vector-like fermions, while the VEV vg of §
governs the mixing between third-generation SM fermi-
ons and their vector-like counterparts. In the neutrino sec-
tor, both v» and vs contribute to neutrino masses via a
seesaw mechanism. Therefore, two U(1)x Higgs scalars
are required to obtain a realistic fermion mass spectrum
and mixing structure. Introducing two singlet scalars also
enlarges the parameter space, providing sufficient flexib-
ility to simultaneously accommodate the 95 GeV and 125
GeV scalar states and to achieve a good fit to experiment-
al data.

Although not required for anomaly cancellation,
right-handed neutrinos are included to generate neutrino
masses. Their contribution to the 95 GeV scalar signal is
subleading, entering only through loop corrections to the
scalar effective potential. Hence, their primary role is to
provide a viable mechanism for light neutrino masses.

The scalar potential and Yukawa interactions relev-
ant to the Higgs and vector-like fermion sectors can be
expressed as

L= 3 H H=2\¢P 12IS P+ Ay (HHY? + Aplgl* + AxIS|*
+ Agp(H H)@P + Ay (HHIS 2 + Apx|S o
= Sdxp 1 Yxp udrj =St Yxvjetixre =S €x 1 Yy jxer.j
=SV, Yxn jkvxri —h.c.
— ddy; 1 Ypp jndxr.j— Puixg ;Yru jtixrh = Pexp i Yor wexr.j
- ¢V;(R,j Ypn jVxx —h.c.

- Y;,jqu,kHuR,j + Yd*’jqu.kHdR,j + Y:,jklkHeR,j +h.c.

(7
The field content beyond the SM and the charge as-
signments of the U(1)y VLFM are presented in Table 1,
where YY and Y* denote the U(1)y and U(1)x gauge
charges, respectively. As discussed in Ref. [46], the SM
is free of gauge anomalies. In the extended U(1)y VLFM,
a single generation of vector-like fermions is introduced
to preserve this anomaly-free structure. The correspond-
ing anomaly-cancellation conditions can be verified as
follows:

1. Pure gauge anomalies involving three SU(3)¢ or

073109-3



Rong-Zhi Sun, Shu-Min Zhao, Meng-Zi Cao et al.

Chin. Phys. C 50, 073109 (2026)

Table 1. Properties of the new particles introduced in the
model.
Field SUQB3)c SUQ2)L U(l)y U(l)x
¢ 1 1 0 Qa+ 0
S 1 1 0 Qu
VR 1 1 0 0
dxr 3 1 -1/3 Qu
uxy, 3 1 2/3 -0
dxr 3 1 13 O»
UXR 3 1 —2/3 -0
exL 1 1 -1 QO
VXL 1 1 0 —Qa
exr 1 1 1 )
VXR 1 1 0 -0y

three SU(2), gauge bosons vanish exactly as in the SM.

2. Mixed anomalies that contain one SU(3)¢ or one
SU(2);, gauge boson are proportional to the traces
Tr[#“] = 0 or Tr[t“] = 0 and hence also vanish.

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

the group-theoretical factors Tr[#“s"Y"] = 56“” >, Y, or
1
Tr[r**YX] = 55“” > Yr

4. Similarly, the mixed anomalies involving one
U(l)y or U(1)x gauge boson and two SU(2), bosons are
proportional to Tr[r*r’Y"] = 55” S Y] or Tr[r*rtY¥] =

1
S0 LYY

5. The pure Abelian anomalies containing three U(1)
gauge bosons can be categorized into four types:

T Y Y] = (3, Tr[Y¥Y¥y¥] = S (¥9)3,

TeYXY Y] =SS YX(YN2, Ty X y¥] = S YY(roR,
()

6. Mixed gravitational anomalies involving a single
U(1) gauge boson are proportional to Tr[Y*]=3,Y! or
T Y¥1=Y, Y¥

Anomaly structures that do not involve the U(1)yx
gauge group are identical to those in the SM and are auto-
matically consistent. For the anomaly terms associated
with the additional U(1)y gauge symmetry, the inclusion
of one generation of vector-like fermions ensures their

complete cancellation. Therefore, all gauge and mixed
gravitational anomalies are successfully canceled in the
U(l)x VLFM, confirming the theoretical consistency of
the model.

The coexistence of two Abelian gauge groups, U(1)y
and U(1)yx, in the U(1)y VLFM introduces a feature ab-
sent in the SM with a single U(1)y: gauge-kinetic mixing.
Even if this mixing is set to zero at Mgyr, it can be radiat-
ively generated through RGEs.

The covariant derivative of this model takes the gen-
eral form:

, ’ ArY
Dy=d,-i( v, YX)< & g,YX><Ai‘X>, ©)
8xys 8% u

we redefine the gauge fields as
B, = gyA) +8x AN, B, =gwA +gkAS.  (10)

The gauge fields B, and B, have canonical kinetic terms.

1 S N
- 4BuB" = 1B,B".
B, =3,B,~9,B,, B, =JB,~J,B, (11)

By substituting these redefinitions into the Kkinetic
terms and expanding them, one obtains the standard form.

1 1 €
w=—-F, F"—_F F"__-
Lin = =7 4w 4

F,=0,A)-0,A], F, =8,Af-0,A%  (12)

F F™

where the kinetic-mixing parameter € is given by:

e 2(83(8/)’)("'83(1/81/) . (13)
V(8% +8%) (83 +8%)

This expression gives the explicit relationship
between gy, gy, and the kinetic-mixing parameter €.

A and A7 denote the gauge fields associated with
U(l)y and U(1)x, while Y¥ and YX denote the corres-
ponding charges. In the unbroken phase, an appropriate
basis rotation can be performed in gauge-field space. In-
troducing a transformation matrix R, the gauge-coupling
matrix can be brought into an upper-triangular form:

8y, 8vrx RT = 81, 8rx . (14)
8'xvs g'x 0, &
Consequently, the U(1) gauge fields are redefined as
follows:
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A/Y AY
A# A#
At tree level, the neutral gauge bosons A, V7, and A}

mix, resulting in a nondiagonal mass matrix in the basis
(A}, V3,AY), which can be written as

/_l’ #’
1 1
18%"2 —Zglggvz Zgngsz
1 1 1
—18182"2 Zg%vz —Zgzgyxvz
1 2 1 2 s o 1y,
ZgngXV —Zgzgyxv Zlgyxv +ng§

(16)

Here, &2 =4(Q,+ Q,)*v3+40%v2. The diagonalization of
the matrix above can be achieved through a rotation in-
volving the weak mixing angle 6y and an additional
angle @y, .

Vu cos By sin By 0

Z, = | —sinfycoséj, cosfycosly  sindy,
Z, sinfysinéy,,  —cos6y,sinfy, cosby,

Y

Au

3

X V#

X

Au

(17)
The explicit expression for sin? 6}, is given by

1

2y
n-eo, =—
S1 W 5

~ (g7x — 81— 8V} +83&”
2/(ghx + 81+ 822V +2g%(ghy — 81 — VE + g4

where sin6, is of order O(107%) [47-49].

The new mixing angle 6, appears in the couplings in-
volving Z and Z’. The exact eigenvalues of Eq. (16) are
given by

m,2/=0,
2

1
My =g (g1 +&3+ b0 + &3¢

F /(g2 + 82+ gh v + 3P —4(gh + g%)gzxvzfz).
(19)

In our model, the mixing between the Z boson and the
TeV-scale Z’ induces corrections to the Z boson mass.

Expanding the exact expression in Eq. (19) in the limit
V2 < &2, we obtain:

2 @reV (it edgiy v
‘ ! 4gy &

(20)

where & =4(Q, + 0p)*v5 +402v:, with Q, =
The leading term reproduces the SM result; a further
estimate yields

b=1.

2 2 .2 2 2
5mz~gyx."_gyx_ v

my gy £ g 16vp+dvg

~0(107%). (21)

For the W-boson mass, because the new scalar fields
are singlets under SU(2), and there are no charged scalar
states (such as H*), the ¥ boson does not mix with them.
Furthermore, electroweak symmetry breaking is domin-
ated by the SM Higgs doublet; therefore, scalar mixing
does not introduce additional corrections to the W mass.
Its tree-level mass expression remains unchanged

m, =52 (22)

It is not affected by the mixing effects discussed above in
this model.

Based on the above analysis, within the parameter re-
gions considered in the numerical figures, the corrections
to mz and my are negligible; thus, they are not included
in the fit.

B. Higgs mass correction

The one-loop effective potential can be expressed as
follows:

Vol = Viree + AV. (23)
Here, Vr.. denotes the tree-level potential, whereas AV
represents the one-loop correction.
The simplified Higgs potential at tree level is given as
follows:
Viee = iy H'H + 13\p 1 + i3S 1P = Au(HH)?
— Aplgl* = AxIS ' = Aup(H' H)|gI
= Aux(H H)ISF = ApxIS 16 (24)

We also derive the corresponding tadpole equations at
tree level.

2/1[.1\/2 - 2/1?_1 + AHPVJ% + /lHng = 0, (25)

2AxV3 = 2% + ApxV? + Apxvs =0, (26)
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2/lPV% — 2/1123 + /'.HPV2 + /lvag =0. (27)

In addition, the tree-level mass-squared matrix for the
CP-even Higgs fields (¢y,¢s,dp) is presented

My —Auxvvs —Aypvvp
M'z’v"ee - ~AnxVVs Mg g5 —ApxVpVs » (28)
—Aupvvp  —ApxVpVs My ppp
with the diagonal entries defined as

m = 1 ( _ 6/1 2 _ A 2 _ pl 2 2 29
Sudn — ) HY HPVp HxVs ) + My, (29)

m = l ( —61 2 _ 1 2 _ 1 2 2 30
dsps — ) xVg HXV vaP> + Uy, ( )

Mgppp = ! ( —6ApV — Appv? — Apx Vi ) + i 31
dppp — ) PVp HPV PXvs) + Up. (€2))]

Within dimensional regularization and the MS renor-
malization scheme in the Landau gauge, the effective
Higgs potential acquires one-loop corrections, with AV
given by the Coleman-Weinberg form [50—52]

m}(¢u,bs.dp) 3 )
0 2)
(32)

AV = Z 6:711'2 m?(qu’ ¢Sa¢P)(1Og

The renormalization scale Q is chosen to be of order
TeV. The degrees of freedom n; for each mass eigenstate
are assigned as follows: —12 for quarks, —4 for charged
leptons, —2 for neutrinos, 6 for the W boson, 3 for the Z
boson, and, similarly, for the Z’ boson. The explicit form
of the one-loop correction to the potential reads

AV = Z Vi+ Z Ve+V,+Vy+Vz+Vy. (33)

f=tb F=t'b' 1

Here, V; (f=t,b,7) and Vy (F =¢,b’,7") denote the
one-loop effective potential contributions from the SM
fermions and the vector-like fermions, respectively. V,
represents the contribution from the heavy neutrino sec-
tor. Vy, Vz, and V, correspond to the contributions from
the W boson, Z boson, and the Z’ boson.

In the U(1)y VLFM, the fermion mass matrices arise
from Yukawa interactions and are defined in the gauge-
eigenstate basis. For instance, the down-type quarks are
written in the bases (d;,dy;) and (dj,dy), leading to the
mass matrix

1
— YT 0
V2!
my = 1 1 . (34)
—v YT —ypY?
\/z SLtXD \/E PLpD

Similarly, the up-type quarks and the charged leptons
are expressed in the corresponding bases (up,uy;),
(up,uyz) and (er,exr),(ex.€xr), respectively, with mass
matrices:

1
— YT 0
m, = \/z '
u - 1 YT 1 YT 9
—=V —=V
\/z Stxu \/5 PLpy
1
%VYZ 0
m, = 1 | . (35)
— v YL, —vpYlh
\/i SLXE \/z PLpPE

These Dirac-type mass matrices are diagonalized by
bi-unitary transformations.

Ul me U =mi™,  f=due, (36)
where U/ and U}, are unitary matrices acting on the left-
and right-handed fermion fields, respectively.

The neutrino sector, in the basis (vi, Vi, Vxi,Viz), has
the mass matrix:

10 %VYVT 1 0 0
- $VYV 1 0 $VSYXN 1 0

0 EVSYLV 0 %VPY;N

0 0 %VPYPN 0

(37

Being of Majorana type, the neutrino mass matrix is
diagonalized by a single unitary matrix U" as

U m,U"" = mee, (38)

The one-loop minimization conditions for the total effect-
ive potential Vy,y within the U(1)y VLFM are given by:

avmal> _ <0Vma1> _ <%> —0. (3
< 0oy Ops d¢p . 7

Because the analytic forms of these conditions are
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cumbersome, we solve them numerically. Explicit ex-
pressions for the down-type quark sector are provided in
Appendix A for reference.

The one-loop contributions to the effective potential
Vi give rise to radiative corrections in the mass-
squared matrix of the CP-even Higgs sector

2 — a2
MTotal,h =M

Tree,

L+ AM? (40)

The elements of the corrected mass-squared matrix
M3y 0,; are obtained from the second derivatives of the
effective potential V.

PV,
) B otal
MT tal,hij — < (9¢za¢/

Ol

(41)

Gispj=¢H.ps ,¢P> ’

Diagonalization of M3, , yields the squares of the
mass eigenvalues my, (n=1,2,3), which we order as
my, < my, <my,.In this work we identify the lightest ei-
genstate, h;, with the Higgs-like excess observed near 95
GeV, and the next-to-lightest eigenstate, /,, with the SM-
like Higgs boson at 125 GeV.

III. THE 125 GEV HIGGS DECAYS

At the LHC, the dominant production mode of the
Higgs boson is gluon fusion. In the SM, this process pro-
ceeds at leading order (LO) via a one-loop diagram in-
volving virtual top quarks, while subleading contribu-
tions from bottom quarks are strongly suppressed. The in-
clusive cross section has been computed up to next-to-
next-to-leading order (NNLO) in QCD [53], which in-
creases the LO prediction by about 80-100%. Because the
gluon-fusion rate is loop-induced, it is highly sensitive to
new physics (NP): any heavy particle that couples signi-
ficantly to the Higgs can modify the amplitude and hence
the production rate. In the U(1)y VLFM, the LO decay
width for the process 4, — gg is given by [54—59]

2,3

P,

2
Ly — gg) = e Z 8 A1p(Xg)| . (42)

q=t,b,t’ b’

where x, :m,zm /(4m?). The explicit expressions for the
Yukawa couplings g, and g4 are given by

3

n: _ [_ % ( Z YUk ja UIZ,ij;Z
" ab=1

ghnujuj = -

3
* u u H * u u H
+ Z Yxva1Ur joUrL jaZia + Yoy Ug o UL 4203 )] )
a

(j=1....4),

3
- [_ L(Z Y;,abUZ,jan,ijZ

8hdjd; = — ——
' mdf \/E a,b=1
3
+ Z Y¥pai U;‘é, U Z, j4Z$ +YppU, g, 4 UZ, j4ng ) ] >
a=1
(G=1....4,
(43)
with
0 0
Y;U,ul = 0 and Y;D,al = O . (44)
YXU YXD

Here, j=1,2,3 label the SM up- and down-type quark
generations, (u,c,t) and (d, s,b), respectively, while j=4
labels the vector-like quarks (#,b’) introduced in the
U(l)y VLFM extension. Z7 denotes the Higgs mixing
matrix. The Yukawa couplings Yxyxp and Ypypp de-
scribe the Higgs interactions with the vector-like fermi-
ons, which induce mixing with the SM quarks.
The form factor A, in Eq. (42) is defined as

Arp(x) =2 [x+ (x = Dg(w)] /2, (45)
with
arcsin® Vx, x < 1
HOE 1{ 1+ VT=T/x .r (46)
— | In—————in| ,x>1.
4 1—+1-1/x

The Higgs diphoton decay is mediated by loop dia-
grams. In the SM, the leading-order (LO) contributions
arise from loops of charged gauge bosons, W*, and top
quarks. Within the U(1)x-VLFM framework, additional
effects are induced by the vector-like fermions ¢, 5, and
7’ that mix with the third-generation fermions. The decay
width can be written as

(1'2 m3
Iy

L(hy —>yy) = ——=
np 2 YY 128‘/57‘[3
2
x| YN8 A1)+ 8 i)

f

(47)

where the sum runs over the charged fermions f=1tb,
7,t',b',7. Here, N, denotes the color factor (N, =3 for
quarks, N, =1 for leptons), and Qy is the corresponding
electric charge.

The Higgs-fermion couplings, g, /s, are obtained by
diagonalizing the extended fermion mass matrices. In the
leptonic sector, the coupling to the mass eigenstate /; is
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3
% 1 * e e

8hyljl; = — miz, [— % <abZ:1 Y, UR,ja UL,ijfl
3

% e e H * e e H
+ Z YipaUr UL jaZin + Yo Ur UL 2, ) ] >

(j=1,...,4),
/ (48)
with
0
Y;’E,al = 0 . (49)
YXE

The coupling of the Higgs boson to W bosons is de-
termined by the Higgs mixing matrix.

Sh,ww = Zfl . (50)

The loop function for spin-1 particles is given by:
Ar(x) = = [202 432+ 3(2x - D)g(0)] /2 . (51)

For the neutral CP-even Higgs boson with a mass of
approximately 125 GeV, the decay modes h, — ZZ* and
hy > WW* are kinematically allowed. After summing
over all kinematically accessible final states of the off-
shell vector bosons, the corresponding partial decay
widths are given by [60—63].

M — W = 2" o op (m>
2 = g — >
51273t =R m,

4

. e'm, )
1= 220 = S0agmsi 3 B!
wWowW

40 , 160 ,\ . ( m,
X (7_3SW+9SW>F<m . (52)

hy

Throughout, we adopt the abbreviations ¢, = cos6, and
s, =sinf,,, with 6, denoting the Weinberg angle. Fur-
thermore, e denotes the electromagnetic coupling con-
stant.

The Higgs —Z—Z coupling is:

4 [1( ( cos &, sin 6
=—=|=|(v i
8h,zz Zm% 3 81 "% w

2
+ 2086y cos By, — gyx s1n0’W) zH

+ (— 2gx sineVW)2 (QZVSZZ + (Qu + Qb)zVPZfs))} ’
(53)

and the form factor F(x) is given as

F(x) = —(1—x2)( >t

—3(1-6x*+4xInx
3(1-8x%+20x* 3x2-1
N ( x”+20x%) os‘l( X )

4x2 -1 2x3

Fo- o4

(54

The partial decay width of the neutral CP-even Higgs
boson of mass 125 GeV into a fermion pair is given at LO
by [64, 65]

_ Gpmffm;,2 5 4m§r 32
Inp(hy = ff)=Ne———=—18n, s/l l_mT (f=b,7).

4 \/Eﬂ hy
(55)

Both ATLAS and CMS have observed a mild excess
in Higgs-boson production with decay to the diphoton
channel, relative to the SM expectation. The signal
strength for a given production mode and decay channel,

normalized to the corresponding SM prediction, is
defined as [66]:

one(ggF) BRyp(hy — vy, VV™)

e .(125) = V=2ZW),
Hoyv-(125) osm(ggF) BRgw(hy — yy, VV*) ( )
VBF _ one(VBF) BRwp(l, — f) B

where ggF and VBF denote gluon-gluon fusion and vec-
tor-boson fusion, respectively. When normalized to their
SM values, the NP-to-SM ratios of the Higgs production
cross sections are given by the corresponding ratios of the
relevant partial and total decay widths.

hy

one(ggF) _ Te(h: = g8) _ Tip Die(h2 = 89)/Tp
osm(2eF)  Toulh — gg) T2, Tsm(hy — gg)/T2,

_ I BRue(h: — gg)
I'g; BRsu(h: — gg)’

one(VBE) _ Tae(hy = VVY) T Dae(h = VV)/Ti
osu(VBF) ~ Tsu(hy, = VV*) T8, Tsu(hy — VV*)/TR,

_ I BRwe(hy = VV?)
I'éy BRsw(hy — VvV

(57)

Here, the total decay width of the 125 GeV Higgs boson
within the NP framework is given by
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T =Y Tl = fH+ Y Tae(hy > VV?)

f=brcs V=ZW

+ I'ne(h2 — gg) +I'ne(h2 — ¥y), (58)

where contributions from rare or invisible decay chan-
nels are neglected, and I'%%, denotes the total decay width
of the SM Higgs boson. Using Egs. (56) and (57), the sig-
nal strengths for the Higgs decay channels in the U(1)y

VLFM can be expressed as

Tnp(hy — g8) Tp(hy — yy) /T
Tsm(hy — 88) Tsm(hy — y1)/Té,

[ (125) ~

_ Ty Dae(hz > g8) Tre(ha — ¥7)
T2 Tsm(hy = gg) Tsm(hy = yy)

Tnp(hy — g8) Tp(hy — VVH/TY

ggF
L(125) ~
Hvv Csm(hy — gg) Tsp(hy — VV*)/rgixl

_ F’;id Inp(hy — g8)

2
[ Tot — g9) &

Tnp(ly = VV®) Taplhy = f/T,

VBF
BE(125) ~ =
Hir Tsu(hy = VV*) Tsu(hy — f)/T2,

hy

SM 2 2
=T2|gh2vv| 8n, sl

e

(V=ZW; f=b,7),
(59)

Inp(lp>VVY

. Ine(ha—f1)
with G a=vve) j

2 — 2
lgmvvl™ and w5 g7 = [8hrsl™.

IV. EXCESS AT 95 GEV

The signal strengths of the 95-GeV scalar excess in
the U(1)y VLFM are defined as the ratios of the corres-
ponding production cross sections and branching ratios to
their SM expectations:

onpe(gg — hy) BRxp(hy — yy)
osm(gg — hi) BRgm(h — yy)

ﬂyy(gs) =

T8y Tae(hy > gg) Tre(hy > 7y)
1, Tsm(hy — g8) Tsm(hy = yy)’

onp(ZF — Zhy) BRyp(hy — bb)
osm(Z* — Zhy) BRgy(h; — bb)
. Tey; Tnp(hy — bb)

T Tsm(hy — bb)

Hpp(95) =

|ghlzz|2, (60)
with

TG~ > Txp(hy = f)+ el > g).  (61)

f=bc

In the narrow-width approximation, the signal
strengths, normalized to the SM predictions, are given by
Eq. (60). "NP" refers to the predictions in our BSM mod-
el (U(1)y VLFM), while "SM" refers to the hypothetical
SM Higgs with the same mass [30]. I}, denotes the total
decay width of the 95 GeV scalar in the U(1)y VLFM,
while T, corresponds to the total width of an SM Higgs
boson with the same mass. The partial decay widths
Ty (B — gg,vy, ff) are evaluated analogously to Egs.
(42), (47) and (55), with h, replaced by #;.

V. NUMERICAL ANALYSIS

In our numerical analysis, we assume that the lightest
CP-even Higgs boson has a mass around 95 GeV, while
the next-to-lightest CP-even Higgs boson is identified
with the SM-like state at 125 GeV. The masses and asso-
ciated signal strengths of these states are then discussed
within the U(1)y VLFM framework, subject to the fol-
lowing phenomenological constraints:

1. The second-lightest CP-even Higgs boson #h, is
taken to be the observed Higgs boson, with mass my, =
125.20+0.11 GeV as reported by the PDG [4].

2. The third-generation fermion masses are required
to match their SM values after mixing with the vector-
like fermions [4].

3. For the vector-like fermions in the U(1)y VLFM,
we take them to be at the TeV scale [67—69].

4. Motivated by previous analyses of U(l)xy exten-
sions with vector-like fermions, we allow the Z’ mass to
be at the TeV scale in our numerical study, as such val-
ues have been shown to be phenomenologically viable in
Refs. [70, 71].

These constraints are imposed in the parameter scan
to ensure consistency with current experimental data. For
the subsequent numerical analysis, we adopt the follow-
ing representative benchmark scenario:

Qa = 1, Qb = 1, YXN = 04, YPN = 04, /lH = —0.12,
Ap =—-0.003, Ax =-0.05, Agp =-0.01, Ayx =-0.03,

Apx =—001, Y, = 1.51Y, Y, =154Y, Y, =15Y,.
(62)

Here Y,, Y, and Y, denote the Yukawa couplings of the
top quark, bottom quark, and tau lepton, respectively,
defined as Y, = V2m,/v, Y, = V2m,/v, and Y, = V2m,/v.
The benchmark points in this work are not chosen ar-
bitrarily but are determined by the model structure and
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experimental constraints. In the U(1)y VLFM model con-
sidered in this paper, the CP-even neutral scalar sector is
described by a 3 x3 mass matrix, and it must simultan-
eously accommodate a 125.20+0.11 GeV scalar consist-
ent with the SM Higgs and a light scalar around 95 GeV
[4]. These two mass conditions impose stringent con-
straints on the parameter space: the parameters directly
related to the scalar masses are confined to relatively nar-
row intervals, thereby significantly reducing their free-
dom.

On this basis, we further combine the Higgs signal
strength measurements at 125 GeV and the excess around
95 GeV and perform a joint x* fit across multiple decay
channels. This procedure imposes additional experiment-
al constraints on the parameter space, further restricting
the region compatible with all observations.

In contrast, parameters that are not directly related to
the masses of these two scalars but mainly affect their de-
cay properties have relatively broader allowed ranges and
retain some degree of variability. Although the bench-
mark point we present corresponds to the optimal fit ob-
tained from the y? analysis, these parameters can still
vary within certain ranges while maintaining a good de-
scription of the experimental data.

The benchmark point given in this work corresponds
to the best-fit point obtained from the y? analysis. There-
fore, the apparent concentration of these parameter val-
ues mainly originates from the compression of the para-
meter space required to simultaneously satisfy the 95
GeV and 125 GeV experimental constraints, rather than
from any ad hoc choice. In addition, the constrained para-
meter ranges are consistent with the typical physical
scales expected in the model.

Using this benchmark, the U(1)y VLFM predictions
are tested against Higgs data via a y? analysis, with
points having y? within the 30 range of the best-fit value
considered favored. The y? is defined as

h exp \ 2 th exp
2 _ M= _ (My2s5) = Mp(125) 1\ 2
X = Z S - S
i i my,(125)

th _ ., 5Xp th exp
N (r“bé(()s) Hpp9s) ) 2 . (ﬂyy(%) ~ Moy (95) ) 2
(S 95 6 95

Hyp Hyy

th exp th 5P
+ (ﬂyy(lZS) ~ Hyya2s) )2 + (fubiz(lzs) Hpp(125) )2
6”125

0,125
Hyy bb

th exp th exp
(:UZZ*(IZS) ~Hzz+125) )2 + (MWW*(IZS) ~ Hww+125) )2
0,125 0,125

7 Hyyy=
th exp
+ (:uﬁ(125) ~ Hez(125) ) 2
5 125 ’

TT

(63)

Here, ;" denotes the experimental value of the corres-

ponding observable, while u represents its theoretical
prediction. The term ¢; stands for the total uncertainty on
the observable, including statistical and systematic exper-
imental errors as well as theoretical uncertainties. The fit
includes the 125 GeV Higgs boson mass, its signal
strengths in the yy, ZZ*, WW*, bb, and 17 channels, and
the potential excess at 95GeV in the yy and bb final
states. By accounting for multiple experimental con-
straints from diverse physical processes, the parameter
space obtained through the y* analysis is more tightly
constrained and reliable.

The parameters Yxp and Ypp represent the Yukawa
couplings that link the SM-like and vector-like down-type
quarks. Specifically, Yxp couples the SM right-handed
down quarks (d) to the vector-like left-handed compon-
ents (dy.), while Ypp couples the left- and right-handed
components of the vector-like quarks (dy; and dyg). After
the singlet scalars S and ¢p acquire vacuum expectation
values (VEVs) vs and vp, these couplings contribute to
the mass-mixing structure of the extended quark sector,
affecting both the quark masses and their interactions
with the Higgs and Z’ bosons. We therefore treat them as
scan parameters in our analysis. Figure 1 shows the res-
ults of the parameter scan with the benchmark set
8x = 041, 8yx = —0.1, YPU = 041, YXU = 049, YPE = 032,
Yxe =0.46, vg = 1600 GeV, and vp = 1900 GeV. The scan
ranges are 0 < Yxp <0.8 and 0.1 < Ypp < 0.6. The best-fit
point (x2;, = 3.83) is indicated by a black dot, and the 1o,
20, and 30 confidence regions are represented by m, ¢,
and A, respectively.

As shown in Fig. 1(a), the allowed region in the
(Yxp, Ypp) plane forms a narrow arc-shaped band, indicat-
ing a strong correlation between the two parameters. The
viable points cluster in the ranges Yyp ~0.30-0.47 and
Ypp ~ 0.15-0.30, with the best-fit point at approximately
(0.391, 0.310). The 1o (m) region lies along the outer
side of the arc and is somewhat shorter, while the 20 (¢)
and 30 (A) regions lie inward along the same trajectory
and cover progressively larger portions. Within this cor-
related region, smaller y?> values are more frequently
found at relatively larger Ypp, indicating a mild prefer-
ence for larger Ypp.

In Fig. 1(b), the points form a narrow, descending
band, revealing a clear anticorrelation between pu(/2s)ww-
and p(hias),;. The lowest-y? points are shown as m, trans-
itioning to 4 and then A toward the band edges. This pat-
tern implies that when one signal strength increases, the
other must decrease accordingly. As a result, they cannot
vary independently and are strongly constrained by pre-
cise Higgs measurements.

In Fig. 1(c), a diagonal band of allowed points is ob-
served, indicating a clear positive correlation between the
two Higgs masses. As my, increases from about 94.1 to
94.9 GeV, my, rises in parallel from roughly 125.1 to
125.6 GeV. The band is relatively broad, suggesting that
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both masses can shift together within a finite range while the 95 GeV scalar excess and the observed 125 GeV
remaining consistent with the constraints. The best-fit Higgs boson.

point, indicated by the black dot, is located at approxim- The parameter Yyr governs the mixing between the
ately my,, =94.19 GeV and m;,, = 125.20 GeV, a result that vector-like lepton and the tau lepton, while Ypr primarily
is particularly significant, as it simultaneously aligns with determines the mass of the vector-like lepton. Figure 2

0.30 ] 1.2F
0.25F k 1.0f
0.20} { 508
o 5
> 0.15F { < os
=5
0.10F E 0.4F
0.05f b 0.2
0.00E. . . . 3 0.0E . . . .
0.30 0.35 0.40 0.45 0.98 0.99 1.00 1.01
(a)Yxo (b3 uh125) Wi
125.5F
> 1254F
(0]
Q
<
& 1253}
125.2F
94.2 94.4 94.6 94.8
(c)mp,/GeV

Fig. 1. (color online) The symbols denote the x> confidence regions as follows: * denotes the best-fit point (x2, = 3.83); m denotes the
lo region (2 < 6.13); ¢ denotes the 1-20 region (6.13 < x*> < 10.01); and A denotes the 2-3¢ region (10.01 < x? < 15.66).

0.40F

0.35F

Yee

0.30F

0.25}F
0.20
0.36
(@) Yxe (DYuh125) 7
94.8F
> 946}
[0}
Q
& 944}
94.2F
0.205 0.210 0.215
(C)l/(h%)yy

Fig. 2. (color online) The symbols indicate the x> confidence regions: * marks the best-fit point (2, =4.0); m denotes the 1o region
(x* <6.3); ¢ indicates the 1-20 region (6.3 < x2 < 10.18); and A corresponds to the 2-30 region (10.18 < y* < 15.83).
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presents the y? distribution obtained from a scan over Yxg
and Ypr within 0 < Yxz <0.8 and 0.1 < Ypg < 0.6, using
the benchmark parameters gy =0.41, gyx=-0.1, Ypy =
041, YXU S 049, YPD = 03, YXD = 041, Vg = 1600 GeV,
and vp = 1900 GeV. The best-fit point (x2,, =4.0, *) is in-
dicated, and the 1o (m), 1-20" (¢), and 2-30 (A) regions
highlight the parameter space favored by the fit.

In Fig. 2(a), the allowed parameter space forms a
tilted, wedge-like strip extending from the upper left to
the lower right of the (Yxg, Ypr) plane, indicating a clear
inverse correlation between the two couplings. The best-
fit point lies within the compact 1o region, while the 2o
and 30 regions expand outward along the same orienta-
tion. This stratified pattern suggests that only correlated
variations in Yyr and Ypr are compatible with the Higgs
signal strength measurements, thereby imposing strin-
gent constraints on the Yukawa structure in the lepton
sector.

In Fig. 2(b), we map the viable points in the plane
spanned by the 77 signal strength of h,s and the mass of
the 125 GeV Higgs boson. The results exhibit a series of
nested, semicircular layers centered on my, ~ 125.2 GeV,
reflecting the strong experimental preference for a Higgs-
boson mass consistent with that of the SM-like Higgs bo-
son. The 1o region (m) is tightly concentrated near this
central value, while the 20~ (¢) and 30~ (A) regions form
successive shells that extend outward, indicating a gradu-
al deterioration of the fit quality as the mass departs from
the preferred point. The best-fit point, marked by the

0.50F

0.49F

Yxu

0.48F

047

125.4F
125.3F

125.2

mp,/GeV

125.1F
125.0F

124.9F

124.8

H(h12s)T

mp,/GeV

black dot at (u(hi25).z,mp,) =~ (0.91,125.19 GeV), lies ex-
tremely close to the PDG world average of m;,, = 125.20+
0.11 GeV, demonstrating excellent agreement between
the model prediction and current Higgs measurements.
This pattern indicates that, with the Higgs mass fixed
near its measured value, the 77 signal strength can vary
only within a very narrow range because of strong experi-
mental constraints.

In Fig. 2(c), we show the correlation between the di-
photon signal strength of the 95 GeV scalar, u(hos),,, and
its mass my, . The distribution of points forms an inclined
band, indicating a positive correlation: m;, increases from
approximately 94.1 GeV to 95.0 GeV as pu(hos),, in-
creases. The global best-fit point is located at the lower
boundary of this region. The symbols and their colors
represent the CL, with m denoting the most favored re-
gion, followed by ¢ and then A. This correlation reflects
intrinsic model constraints that link the diphoton rate and
the mass of the 95 GeV scalar.

Similarly, in the up-type quark sector, the parameters
Yyy and Ypy characterize the Yukawa interactions re-
sponsible for the coupling between the SM top quark and
a vector-like fermion. They determine the strength of this
interaction, thereby influencing the structure of the up-
type quark mass matrix and the mixing pattern in the ex-
tended quark sector. Both parameters are included as scan
variables in the numerical analysis. In Fig. 3, with
gx =041, gyx =-0.1, Yyp =0.46, Ypr =0.32, Yyp =041,
Ypp =0.3, vg = 1600 GeV, and vp = 1900 GeV fixed, we

““A
0971} 4

0.970F
0.969F
0.968}F

0.967

0.966

0.47 0.49 0.50

(CYu(h125)yy

0.146 0.148 0.150

(d)Ches) vy

0.144

Fig. 3. (color online) The symbols denote the x> confidence regions as follows: * denotes the best-fit point (y2, = 3.36); m denotes the
lo region (y? < 5.66); ¢ denotes the 1-2¢ region (5.66 < x*> <9.54); and A denotes the 2-30 region (9.54 < ¥ < 15.19).
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perform a parameter scan over Yyy and Ypy across
0<Yyy <0.8 and 0.1 < Ypy <0.6. The best-fit point is
found at 2. =3.36, while the surrounding regions cor-
respond approximately to the 1o (¥*<5.66), 1-20
(5.66 < x*<9.54), and 2-30° (9.54 < x* <15.19) confid-
ence levels.

Figure 3(a) displays the fitted parameter distribution
in the (Ypy,Yyy) plane. The points align along a well-
defined descending strip, reflecting a compensating rela-
tion between the two couplings. The global best-fit point,
marked by the black dot at (Ypy, Yxy) =~ (0.420,0.487), lies
within the compact 1o region, which is successively en-
closed by the broader 20 and 30 confidence regions.
This nested structure highlights the statistical hierarchy of
the fit and demonstrates that Higgs observables can be
satisfied only through a tightly correlated adjustment of
Ypy and Yyy.

Figure 3(b) shows the correlation between Yy, and
(hizs)z. Compared with Fig. 3(a), the distribution here is
noticeably broader, with the outer regions extending into
a long descending tail. The best-fit point lies near the cen-
ter of the innermost domain, and any deviation from this
point quickly worsens the fit. This pattern indicates that,
although some flexibility exists, the 77 signal strength re-
mains tightly correlated with Yy .

Figure 3(c) presents the distribution of points in the
plane of the #,5 diphoton signal strength versus its mass
(1(h125)yy, My, ). The points trace a tilted, semicircular arc:
is constrained within a narrow range of 124.8-125.4

mpy,

1960F

1940

vplGeV

1920F

1900F

GeV, while u(hys),, varies close to the SM expectation,
spanning 0.95-1.10. It reveals a compact m core, success-
ively surrounded by ¢ and A layers that form nested
semicircular envelopes, with the outer layer spanning the
widest arc. The global best-fit point at (u(h125)yy,m4,) =
(1.04,125.19 GeV) lies well inside the core. A mild anti-
correlation emerges along the arc, with m,, decreasing
slightly as u(hy,s),, increases, indicating constrained joint
variations rather than independent scatter.

In Fig. 3(d), the allowed points cluster into a diagon-
al band extending from the upper-left to the lower-right
of the (u(hos)ys, my, ) plane. The strip exhibits a compact
m core is enclosed by ¢ and then A regions, forming a
slender corridor of viable points. A clear anticorrelation is
observed: larger values of u(hos),; correspond to smaller
my, , indicating that the two observables are tightly con-
strained by the fit. The best-fit point, (u(hos)ps,mn,) =
(0.143,94.51 GeV), lies near the upper boundary of the m
core, highlighting a preference for a slightly heavier A,
mass accompanied by a reduced bb signal strength.

In the U(1)xVLFM, vg and vp denote the VEVs of
the singlet scalars S and ¢p, respectively. These VEVs
break the extra U(l)y gauge symmetry and generate
masses for the new gauge boson Z’ as well as the vector-
like fermions through their Yukawa interactions. They
also play an important role in determining the scalar mass
spectrum. Therefore, we take vy and vp as key paramet-
ers in our numerical analysis. In Fig. 4, we perform an
extended scan over the scalar VEVs, 1200 GeV < vg <

mp,/GeV

1620 1630 1640

(a)vs/GeV

1600 1610

1.01 1.02

(O)u(h125)z2

0.98 0.99 1.00

125.6F

125.4F

125.2F

my,/GeV

125.0F

124.8

Fig. 4.

0.25 0.30

(C)(hgs) g
(color online) The symbols denote the y*> confidence regions: * marks the best-fit point (y2, =4.39), m the 1o region

(x* <6.69), ¢ the 1-20 region (6.69 < x> < 10.57), and A the 2-3¢ region (10.57 < y? < 16.22).
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2500 GeV and 1600 GeV < vp < 2800 GeV, while keeping
gx =041, gyx = 0.1, Yz = 0.46, Ypp =0.32, Yxp =041,
Ypp =0.3, Yxy =0.49, and Ypy = 0.41 fixed. The result-
ing x* distribution is shown, with the best-fit point at
Xiin =4.39 (¢) and the 1o, 1-207, and 2-30 confidence re-
gions indicated by m, ¢, and A, respectively.

Figure 4(a) displays the viable region in the (vg,vp)
plane. The points align along a narrow diagonal band, re-
vealing a strong positive correlation between the two
VEVs. The distribution is coded by x? using both color
and shape, with a compact m core, surrounded by ¢, and
A outer layers, corresponding to increasing y? values.
The best-fit point, (vs,vp) =~ (1601.8,1915.2 GeV), lies
near the center of the innermost region, representing the
most statistically favored vacuum configuration.

Figure 4(b) depicts the correlation between the Higgs
signal strength in the ZZ* channel and the mass of the
lightest scalar, m,, . The points trace a curved band with a
negative slope, in which larger u(hys)zz values corres-
pond to smaller my, . The best-fit point, (u(h125)zz-,mp,) =
(1.00,94.02 GeV), lies near the densest region. The point
distribution reflects the fit quality: points near the center
of the band agree better with the data, whereas those
farther away correspond to poorer fits along the same
trend. Even small deviations of p(/25)zz+ from unity in-
duce noticeable shifts in mj,, indicating that the light-
scalar sector is highly sensitive to precision Higgs meas-
urements.

Figure 4(c) shows the distribution of points in the
(u(hos)yy.my,) plane. The values of u(hos),, span

0.9690F
0.9685F

0.9680F

HChios)r

0.9675F

0.9670

0.9985F

77"

faChi2s)

0.4098 0.4100 0.4102 0.4104 0.4106 0.4108 0.4110

la)gx

0.14 < u(hes),y < 0.31, whereas the SM-like Higgs mass is
tightly constrained to a narrow window around 125 GeV.
The points exhibit a layered structure rather than a uni-
form spread: a compact m core is surrounded by a ¢ band
and further enclosed by a A envelope, delineating pro-
gressively less-favored regions of parameter space. The
global best-fit point is located at (u(fos)y,,my,) = (0.152,
125.21 GeV), lying within the innermost region. This pat-
tern highlights that the Higgs mass is tightly constrained,
in contrast to the greater flexibility of the diphoton rate.

In the U(1)y VLFM, gx denotes the gauge coupling of
the additional U(1)y symmetry, while the parameter gyx
quantifies the gauge mixing between hypercharge U(1)y
and U(1)y. In Fig. 5, rather than fixing gy and gyx as in
the previous analyses, we allow them to vary over the
broader ranges 0.25 < gx < 0.7 and —0.3 < gyx < 0.1, keep-
ing all other parameters fixed: Yyp=0.46, Ypr=0.32,
Yxp =041, Ypp=0.3, Yxy =049, Ypy =041, vy =1600
GeV, and vp = 1900 GeV. The resulting point distribution
is shown in terms of the y? values, with the best-fit point
at y2. =4.41 (indicated by *). The confidence regions are
represented by m (1o, ¥*<6.71), ¢ (1-20, 6.71 <x*<
10.59), and A (2-30, 10.59 < x> < 16.24).

Figure 5(a) presents the correlation between gy and
the Higgs signal strength p(hiss)... The scanned points
form a positively correlated band, indicating that larger
gx generally enhances u(h25)... Fit quality is encoded by
color and shape: the most-favored points (m) cluster in the
lower-left region of the band, while less-favored points (¢
and A) lie farther along the same trend.

0.9990f

0.9980
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0.9970F

(b)gyx

125.5}
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Fig. 5.
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(color online) The symbols denote the y* confidence regions: * marks the best-fit point (y2, =4.41); m the lo region

(x* <6.71); ¢ the 1-20 region (6.71 < x*> < 10.59); and A the 2-30 region (10.59 < y? < 16.24).
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Figure 5(b) plots gyyx versus u(hiss)zz-. The points lie
within a horizontally elongated band with a slight negat-
ive slope: those in the 1o region (m) are concentrated at
the lower edge of the band, while the 20~ (¢) and 30 (A)
regions extend upward. This pattern highlights the sensit-
ivity of u(hios)zz- to gauge mixing effects.

Figure 5(c) shows the relationship between the
masses of the two CP-even Higgs bosons, my, and my, .
The points are confined to a narrow diagonal strip, con-
sistent with a scenario in which one scalar has a mass
near 95 GeV, aligning with the potential excess, while the
other corresponds to the observed Higgs boson at 125
GeV. The fit quality is indicated by a color gradient along
the diagonal: the blue area encompasses the global best-
fit point at (my,, my;,) = (94.17,125.20) GeV, suboptimal
points appear in green, and poorer fits in red. This blue-
to-red gradient clearly illustrates the variation in y? and
underscores the excellent agreement of the model predic-
tions with the Higgs data.

In the parameter ranges corresponding to Fig. 4,
vs = 1200-2500 GeV and vp = 1600 —2800 GeV' in Fig.

5, gyy = —03-0.1 and gy =0.25-0.7. Slnceg <1, the

correction is dominated by the suppressmn factor
2
V . .
T6vh+ vl For the representative parameter choices used
in Figs. 4 and 5 (gyx=-0.1, gx =0.41, v=246 GeV,
vs = 1600 GeV, vp = 1900 GeV), the correction is at the
1075 level.

VI. DISCUSSION AND CONCLUSION

In this work, we perform a systematic study of the
U(1)xy VLFM. The gauge symmetry of this framework is
extended to SUB3)c®SUR),@U(1)y®U(1)x. Compared
with the SM, the particle content is enlarged by three gen-
erations of right-handed neutrinos (vz) and two singlet
Higgs fields (¢ and S). In addition, the model introduces
one generation of vector-like quarks, a vector-like lepton,
and a vector-like neutrino. With significantly fewer free
parameters than supersymmetric extensions, the U(l)y
VLFM provides a theoretically consistent and economic-
al framework for exploring new physics (NP) beyond the
SM.

In the scalar sector, the CP-even components of one
Higgs doublet (H) and two Higgs singlets (4, S) mix to
form a 3 x3 mass-squared matrix. The lightest eigenstate
can account for the 95 GeV excess reported at the LHC,
while the second-lightest state requires one-loop correc-
tions to reproduce the observed 125 GeV Higgs mass.
Using the Higgs signal strengths measured in the yy,
ZZ*, WW*, bb, and 17 channels by ATLAS and CMS, we
perform a numerical fit to the model. Our results show
that the predictions of the U(1)y VLFM framework are in

better agreement with the experimental data than those of
the SM. Viable parameter points exist within the 1o con-
fidence level of a y? fit, simultaneously accommodating
both the 95 GeV excess and the 125 GeV Higgs boson.
The gauge couplings gx, gyx, the singlet VEVs vy, vp,
and the new Yukawa couplings Ypp, Yxp, Yre, Yxe, Yeu, Yxu
are found to be tightly constrained and highly sensitive to
the fit results.

Furthermore, within the U(1)y VLFM framework, an
inert right-handed neutrino can satisfy constraints from
dark-matter direct-detection experiments, and the model
may additionally provide a new avenue to address the ob-
served lepton-flavor universality violation at tree level. In
future work, we will further investigate the U(1)y VLFM
to determine its viable parameter space.

APPENDIX A: ANALYTIC EXPRESSIONS

Here, we use the down-type quark as an example and
present selected analytic expressions for illustration.

ov. 3
Boy = Tom VYA (@) + VYL F(Q% )
H

+ X1 Q% m3) + X f(Q%m3)]

avV, 3

ﬁ; = T lon? [Xsf(Qz,m;)+X4f(Q2,m§4)],

av, 3

o = o [XS@ ) £ e (@) (AD

with the auxiliary functions defined as

2

f(Q md) = 2md
\/zmd \/st
=V (A_C)2+4Bz7 Yd] = T’ de = v s
1 2v2 1 1 22 1 22
A= 5V Y, B= EWSYd"YXD’ C= 5V Yip+ EvPYPD,
1 1
Xi= w50 [(A=C)wY3 +2Bvs Yo, Yo,
1 1
X, = ?Yi +— [(A—C)vY; +2BygY,, YXD],
1
Xy= SvsVip= 2 A [(C A)vs Yip+2BvY, Yxp),
1
Xi= SvsVipt oo [(C — A)vs Yip+2BvY, Yyp).
1
Xs= SvpYip= 50 [(C=AWeYpy).

1
2A
1o, 1
X6:7VPYPD 7A

5 (C=AwpYp).

(A2)
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