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Abstract: This  study  examines  the  and  decays  in  the  flavor-gauged  two  Higgs  doublet  model
(FG2HDM), which augments the Standard Model (SM) with an additional scalar doublet, a singlet, and a  fla-
vor gauge symmetry. Beyond the SM spectrum, FG2HDM predicts five additional physical scalars and a new neut-
ral gauge boson, . We demonstrate that while both decay channels are sensitive to charged Higgs loops,  is
uniquely modified by fermion-antifermion-Z ( ) vertex corrections. These vertex corrections further impact top-
quark observables and the flavor-changing neutral current (FCNC) process . Our analysis identifies a vi-
able parameter space (  GeV and ) consistent with current  experimental limits, where the
signal strength  remains the primary constraint on scalar sector parameters. Regarding the  couplings, we de-
lineate  the  allowed regions  in  the -  plane  by  evaluating  the  leading  top-quark  contributions,  revealing  that

 imposes the most stringent bounds. Finally, we highlight that the  projected precision for  at the
High-Luminosity LHC (HL-LHC) will significantly enhance sensitivity to the FG2HDM.
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I.  INTRODUCTION

The discovery  of  the  Higgs  boson at  the  Large  Had-
ron Collider  (LHC)  by  the  ATLAS and  CMS collabora-
tions  in  2012  marked  a  significant  triumph  for  the  SM
[1−3].  Despite  the  significant  progress  made  in  particle
physics, several  fundamental  questions  remain  un-
answered, such as the matter-antimatter asymmetry in the
universe,  the  origin  of  neutrino  mass,  and  the  nature  of
dark  matter.  These  unsolved  mysteries  underscore  the
limitations of the SM. Since then, the quest for new phys-
ics (NP) beyond the SM (BSM) has been one of the cent-
ral endeavors in elementary particle physics.

One  attractive  extension  to  the  SM,  which  involves
adding an additional Higgs doublet, was first proposed by
T.  D.  Lee  to  introduce  the  spontaneous  CP violation  [4]
and  is  now  dubbed  the  two  Higgs  doublet  model
(2HDM).  However,  a  major  drawback  of  the  generic
2HDM is that it typically introduces the tree-level FCNCs
in  Yukawa  interactions  that  are  unexpected  in  a  model
construction.  FCNC  generation  is  suppressed  by  raising

Z2

U(1)′

Z′

various modified 2HDMs to control the two Yukawa in-
teractions.  This  includes  imposing  different  charges
for  the  two  scalars  [5, 6],  aligning  the  two  Yukawa
matrices  [7−9],  or  making  the  two  Yukawa  interactions
proportional  to  the  off-diagonal  elements  of  the
Cabibbo–Kobayashi–Maskawa  (CKM)  matrix  [10, 11].
The  last  one  is  usually  called  the  Branco-Grimus-La-
voura (BGL) model, named after the authors of this mod-
el [12].  A flavor gauged version of the BGL model, i.e.,
FG2HDM,  was  first  proposed  in  Ref.  [13] and  was  fur-
ther  developed  in  Refs.  [14−16].  FG2HDM  extends  the
original 2HDM by incorporating a scalar singlet field and
an  additional  flavor  gauge  symmetry.  Compared
with  the  SM  particle  spectrum,  FG2HDM  features  five
additional  physical  scalars  and  one  neutral  gauge  boson

.

h→ Zγ
µZγ 68

2.0+1.0
−0.9 2.4±0.9

2.2±0.7

Recently, the ATLAS and CMS collaborations repor-
ted  initial  evidence  for  the  decay.  The  observed
signal  strength1)  was  measured  at  the % confid-
ence level (CL) to be  by ATLAS [17],  by
CMS [18],  and  in their  combined analysis  [19].

        Received 27 November 2025; Accepted 24 February 2026; Accepted manuscript online 25 February 2026
      * Supported by NSFC (12475095, U1932104), the Fundamental Research Funds for the Central Universities (11623330) and the 2024 Guangzhou Basic and Ap-
plied Basic Research Scheme Project for Maiden Voyage (2024A04J4190)
     † E-mail: fanrongxu@jnu.edu.cn (Corresponding author)
     # These authors contributed equally as the first authors

Chinese Physics C    Vol. 50, No. 6 (2026) 063102

µX σ(pp→ h)B(h→ X)1) The signal strength  (where X is any Higgs decay product) is defined as the product of the cross section and the branch fraction ( ) relat-
ive to the SM prediction. The cross section aligns well with the SM prediction, so we assumed that the NP merely affect the branching fractions. 

 Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-
tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP3 and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-
lishing Ltd

063102-1

http://orcid.org/0000-0003-0986-8028


µSM
Zγ = 1 1.9σ

h→ Zγ

0.3
7

1.9σ

µZγ = 0.9+0.7
−0.6

µZγ = 1.3+0.6
−0.5

h→ Zγ

h→ γγ

µγγ = 1.10±0.06

µZγ

Such  a  signal  strength  deviates  from  the  SM  prediction
 by ,  motivating  many possible  explanations

from two distinct perspectives. First, as  is a loop-
induced process,  higher-order  corrections  to  the  leading-
order (LO) amplitudes from one-loop amplitudes are cru-
cial.1) These include two-loop QCD corrections  [21−24],
providing a % increase, and two-loop electroweak cor-
rections  [25, 26],  yielding  a %  enhancement.  Clearly,
these next-to-leading-order (NLO) corrections alone can-
not  account  for  the  excess. Alternatively,  the  devi-
ation may stem from BSM contributions, a possibility ex-
tensively  explored  in  the  literature  (e.g.,  [27−44]).
However, integrating  the  most  recent  ATLAS  measure-
ment ( ) [45] with previous results yields a re-
vised  signal  strength  of , bringing  the  obser-
vation  into  agreement  with  SM  expectations.  While  this
reduces  the  immediate  tension,  analysing  within
specific  BSM  frameworks  still  requires  a  simultaneous
consideration of the  channel. This is due to the in-
herent correlation between the two, as both are mediated
by  the  same  charged  loop-particles  [46, 47].  Given  that
the  current  experimental  value  [48],
highly accords  with  the  SM,  it  imposes  stringent  con-
straints  on  the  FG2HDM  parameter  space,  effectively
narrowing the regions permitted by the  data.

µZγ µγγ h→ Zγ h→ γγ

h→ Zγ f f̄ Z

µZγ µγγ
f f̄ Z

b→ sℓ+ℓ−

Building  on  our  previous  work  [49],  where  specific
Yukawa  matrix  textures  in  FG2HDM  were  proposed  to
explain the long-standing B anomalies,  the present study
investigates whether  the  model's  parameter  space  re-
mains  viable  under  the  current  experimental  constraints
on  and .  While  the  and  channels
have been explored in other frameworks such as the com-
plex  2HDM  (C2HDM)  [50]  using  earlier  data  [51, 52],
the  recent  updates  from  ATLAS  and  CMS  [17−19, 45]
necessitate a more refined numerical and theoretical ana-
lysis. In FG2HDM, both decay modes receive loop-level
contributions  from  charged  Higgs  bosons;  furthermore,

 is  modified  by  corrections  to  the  vertex.
Consequently,  this  work  aims  to  identify  the  permitted
FG2HDM  parameter  space  for  and  while ac-
counting for the constraints on the  vertex from top-
quark measurements and the  FCNC process.

h→ Zγ h→ γγ

The remainder of the paper is organized as follows: In
Sec. II, we provide a brief overview of the key features of
FG2HDM.  In  Sec.  III,  we  calculate  the  one-loop amp-
litudes  for  the  and  decays  in  the  unitary
gauge. The  numerical  analysis  and  subsequent  discus-
sions are detailed in Sec. IV. Our conclusions are presen-
ted  in  Sec.  V.  For  convenience,  the  relevant  Lagrangian
and the corresponding Feynman rules are prepared in Ap-

pendix  A.  In  addition,  the  explicit  expressions  for  the
scalar  functions  obtained  from  one-loop  calculations  are
listed in Appendix B, along with the kinematics for Higgs
decays in Appendix C. 

II.  THE MODEL

SU(2)L Φ1 Φ2

U(1)′

U(1)′ Xi i = LL,

· · · ,S U(1)′

U(1)′

U(1)′

FG2HDM  is  a  specific  2HDM  comprising  two
 scalar doublets,  and , and a scalar singlet S,

and endowed with an additional  flavor gauge sym-
metry.  Here,  the  charges,  denoted  as  (

),  are  assigned  to  ensure  gauge  invariance.
The detailed relationships among these  charges for
various fields are elaborated in Appendix A of Ref. [49].
In  the  presence  of  the  new  gauge  symmetry,  the
gauge  anomaly  constraints  should  be  considered  further.
Note  that  various  anomaly-free  FG2HDMs  have  been
surveyed and studied in Refs. [14−16].

SU(2)L ×U(1)Y ×U(1)′

For convenience,  we collect  the  quantum representa-
tions  for  various  fields  in  FG2HDM  under  the

 symmetries in Table 1. With these
assignments, the total Lagrangian of FG2HDM can be ex-
pressed as [49] 

L =LS +LG +LF , (1)

where subscripts S, G,  and F denote  respectively for  the
scalar, gauge,  and  fermion components  of  the  total  Lag-
rangian:2) 

LS = DµΦ†1DµΦ1+DµΦ†2DµΦ2

+DµS ∗DµS −V(Φ1,Φ2,S ) , (2)

 

LG = −
1
4

Wa
µνW

aµν− 1
4

BµνBµν−
1
4

Ẑ′µνẐ
′µν , (3)

 

LF = Q̄LiDµγµQL + L̄LiDµγµLL + ūRiDµγµuR

+ d̄RiDµγµdR+ ēRiDµγµeR

−
î
Q̄L(Yd

1Φ1+Yd
2Φ2)dR+ Q̄L(Yu

1 Φ̃1+Yu
2 Φ̃2)uR

+ L̄L(Yℓ1Φ1+Yℓ2Φ2)eR+h.c.
ó
.

(4)

LL = (νL,eL)T QL = (uL,dL)T

SU(2)L

eR uR dR

where  and  represent  the  left-
handed  lepton  and  quark  doublets,  respectively,
and , ,  and  denote  the  right-handed  lepton,  up-
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10−51) Refer to Ref. [20] for an estimated magnitude of leading non-perturbative QCD corrections ( ).
− sinϵ

2 BµνẐ′µν U(1)′

U(1)′
2) In principle,  Eq. (3) could include a gauge-symmetry-allowed kinetic mixing term, ,  which would primarily result  in a redefinition of the 

charges. However, since its effect is to shift the constraints from the original  charges to these redefined ones without altering the numerical results or physical
predictions of the model, we can safely neglect this term for simplicity.
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SU(2)Ltype  quark,  and  down-type  quark  singlets, re-
spectively.  The physical  significance of  each component
is elaborated subsequently.

The scalar potential in Eq. (2) is given by [49]
 

V(Φ1,Φ2,S ) = m2
11Φ

†
1Φ1+m2

22Φ
†
2Φ2

+
λ1

2
(Φ†1Φ1)2+

λ2

2
(Φ†2Φ2)2

+λ3(Φ†1Φ1)(Φ†2Φ2)+λ4(Φ†1Φ2)(Φ†2Φ1)

+m2
S |S |2+λS |S |4+ κ1|Φ1|2|S |2+ κ2|Φ2|2|S |2

+ κ3
(
Φ
†
1Φ2S 2+Φ

†
2Φ1(S ∗)2

)
,

(5)

m11,22,S λ1,2,3,4,S κ1,2,3where , , and  denote the coupling con-
stants of various interaction terms. The two doublets and
the singlet in the flavor basis are parametrized as
 

Φ1 =

Ñ
ϕ+1

1√
2

(ρ1+ iη1+ v1)

é
, Φ2 =

Ñ
ϕ+2

1√
2

(ρ2+ iη2+ v2)

é
,

S =
1√
2

(s0+ iχ0+ vS ) ,

(6)

v1 v2

v = 1/(
√

2GF)1/2 =√
v2

1+ v2
2 ≃ 246 GF

vS

U(1)′

where  the  vacuum expectation  values  (VEVs)  and 
combine  to  form  the  SM  Higgs  VEV 

 GeV,  with  being  the  Fermi  constant.
The singlet VEV  is introduced to spontaneously break
the  symmetry. Rotating to the mass basis yields
 

(
G±

H±

)
= U1

(
ϕ±1

ϕ±2

)
,

Ü
G0

G′0

HA

ê
= U2

Ü
η1

η2

χ0

ê
,Ü

H

h

HS

ê
= U3

Ü
ρ1

ρ2

s0

ê
, (7)

U1 U2 U3where , , and  are the rotation matrices defined as
 

U1 ≡
(

cosβ sinβ

−sinβ cosβ

)
, U2 ≡

(
1 0

0 Uγ

)(
U1 0

0 1

)
,

U3 ≡

Ü
−cosα −sinα 0

sinα −cosα 0

0 0 1

ê
. (8)

Uγ tan2αHere, α and β are the rotation angles,  and  and 
are given by
 

Uγ =

Ü 2v1v2√
4v2

1v2
2+ v2v2

S

−vvS√
4v2

1v2
2+ v2v2

S

vvS√
4v2

1v2
2+ v2v2

S

2v1v2√
4v2

1v2
2+ v2v2

S

ê
,

tan2α =
2l

m−n
, (9)

where
 

m = λ1v2
1−

1
2
κ3

v2

v1
v2

S , n = λ2v2
2−

1
2
κ3

v1

v2
v2

S ,

l = λ34v1v2+
1
2
κ3v2

S . (10)

G± G0 G′0

W± Z′

H±

HS HA

After spontaneous  symmetry  breaking,  the  four  un-
desired Goldstone bosons , ,  and  in Eq. (7) are
"eaten"  to  give  masses  to  the , Z,  and  gauge bo-
sons, respectively.  This  leaves  us  with  six  physical  scal-
ars: two charged Higgs ; three neutral scalars H, h, and

;  and  one  neutral  pseudoscalar .  Their  masses  are
separately given by
 

m2
h,H =

1
2

[
(m+n)∓

»
(m−n)2+4l2

]
,

m2
HS
= 2λS v2

S ,

m2
HA
= −1

2
κ3

Å
4v1v2+

v2v2
S

v1v2

ã
,

m2
H± = −

1
2

Å
λ4v2+

κ3v2v2
S

v1v2

ã
. (11)

HS

HA

Among  the  four  neutral  particles, h, H,  and  are  CP-
even, while  is CP-odd. Notably, the scalar h is identi-
fied  as  the  Higgs  boson  discovered  at  the  LHC  in  2012
[1−3].

SU(2)L

In  Eqs.  (2)  and  (4),  the  covariant  derivatives  for  the
 doublets and singlets are defined, respectively, as

follows:
 

Dµ = ∂µ− ig1YiBµ− ig′XiẐ′µ− ig2
τa

2
Wa
µ , (12)

 

 

SU(3)C ×S U(2)L ×U(1)Y ×U(1)′
Table  1.    Quantum  numbers  of  different  fields  under  the

 symmetries.

Fields LL eR QL uR dR Φ1 Φ2 S

S U(3)C 1 1 3 3 3 1 1 1

S U(2)L 2 1 2 1 1 2 2 1

U(1)Y − 1
2 −1 1

6
2
3 − 1

3
1
2

1
2 0

U(1)′ XLL XeR XQL XuR XdR XΦ1 XΦ2 XS
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Dµ = ∂µ− ig1YiBµ− ig′XiẐ′µ , (13)

τa a = 1,2,3 Bµ Ẑ′µ
Wa
µ U(1)Y U(1)′ SU(2)L

g1 g′ g2

Yi Xi

U(1)′

where  ( ) is the Pauli matrix, and , , and
 are  the ,  and  gauge bosons,  re-

spectively.  Here, , ,  and  are  the  corresponding
coupling constants, and  and  denote the hypercharge
and  charge of  the  fields,  respectively.  After  spon-
taneous  symmetry  breaking,  the  gauge  bosons  acquire
their masses. The transformation from the flavor to mass
basis is achieved through the mixing matrix, as follows: Ü

A

Z

Z′

ê
= U

Ü
B

W3

Ẑ′

ê
,

U =

Ü
cosθW sinθW 0

−sinθW cosθ′2 cosθW cosθ′2 sinθ′2
sinθW sinθ′2 −cosθW sinθ′2 cosθ′2

ê
, (14)

θW θ′2
Z′ θ′2

f f̄ Z
h→ Zγ h→ γγ

where  is the Weinberg angle, and  the mixing angle
between Z and . In the limit where  approaches zero,
the mixing restores  to  the  case  in  the  SM. This  arrange-
ment  introduces  the  tree-level  FCNCs  in  the  down-type
quark sector,  which  can  account  for  the  anomalies  ob-
served in B physics [49].  In addition, it  generates off-di-
agonal interactions, with the Higgs and Z boson coupling
to the charged Higgs and W boson, as well as new correc-
tions to the  couplings, thereby causing FG2HDM to
contribute more to  than .

The interactions between fermions and gauge bosons
are derived from the covariant derivative terms in the first
line  of  Eq.  (4).  These  terms  encapsulate  how  fermions
couple to  the  gauge bosons associated with  the  symmet-
ries of the model. Meanwhile, the remaining terms in Eq.
(4) depict the Yukawa interactions between fermions and
the scalar doublets.1) After spontaneous symmetry break-
ing, the scalar fields acquire VEVs, which give masses to
the fermions.

h→ Zγ
h→ γγ

Armed with the Lagrangian of FG2HDM, we can de-
rive the relevant Feynman rules. In this context, we con-
centrate  solely  on  the  crucial  terms  indispensable  for
computing  the  one-loop  amplitudes  of  the  and

 decays. These vital terms, together with their cor-
responding Feynman rules, are cataloged in Appendix A. 

III.  ONE-LOOP AMPLITUDES

Following a general Lorentz decomposition while en-
forcing photon gauge invariance, as detailed in Ref. [23],

h(p)→ Z(p1)γ(p2) h(p)→ γ(p1)γ(p2)
we  can  express  the  amplitudes  for  the  processes

 and  in the following
form: 

MX = (pµ2 pν1− p1 · p2gµν)TX ϵ
∗
µ(p1)ϵ∗ν (p2) , X = Zγ,γγ ,

(15)

ϵµ(ν)
TX

TX

TX = T SM
X +T NP

X µX

where  represents the polarization vector of the Z bo-
son or photon,  and  denotes the one-loop functions to
be determined. In the presence of NP, the function  can
be written as , and the signal strength  is
defined as 

µX =

∣∣∣∣1+ T NP
X

T SM
X

∣∣∣∣2 . (16)

h→ Zγ
h→ γγ

h→ Zγ h→ γγ

h→ Zγ

h→ Zγ
h→ γγ f f̄ Z

h→ Zγ
TX

Utilizing the Feynman rules for vertices and propagators
outlined in Fig A1 of Appendix A, we can determine the
one-loop  Feynman  diagrams  for  the  decays  and

, as depicted in Figs. 1 and 2. We have omitted the
diagrams  containing  off-diagonal  fermions  in  the  loops,
given the  strong  suppression  of  the  FCNCs.  Upon  ex-
amining  the  Feynman  diagrams  for  and ,
an  additional  class  of  diagrams  with  off-diagonal coup-
lings  to  the  Higgs  and Z boson  is  observed  for 
(i.e.,  the  last  row  of Fig.  1),2) which  suggests  a  greater
contribution  of  the  FG2HDM  to  relative  to

.  Furthermore,  the  novel  corrections  to  the 
couplings  offer  an  alternative  pathway  to  enhance  the
contribution to , as previously discussed in Sec. I.
The  one-loop  functions  can  then  be  extracted  by

 

h→ ZγFig. 1.    One-loop Feynman diagrams for .

Feng-Zhi Chen, Qiaoyi Wen, Fanrong Xu Chin. Phys. C 50, 063102 (2026)

Φi
Φ̃i ≡ iτ2Φ∗i

1) Note that in these Yukawa interactions, the right-handed charged leptons and down-type quarks couple directly to . In contrast, the right-handed up-type quarks
couple to the charge-conjugate fields, .

2) Note that such diagrams have never appeared in other Higgs models, see, e.g., Refs. [46,53].
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matching onto the calculations of  the one-loop Feynman
diagrams. In  this  study,  we  calculate  these  diagrams  us-
ing Package-X [54], as follows: 

h→ ZγA.    
The  one-loop  Feynman  diagrams  that  contribute  to

h→ Zγ

h→ γγ

TZγ

the  process are depicted in Fig. 1. We have inten-
tionally omitted the external legs self-energy diagrams for
this  decay  mode because  they  lack  the  Lorentz  structure
specified  in  Eq.  (15),  and  the  divergences  present  in  the
calculations of the Feynman diagrams in each row of Fig.
1 are  found  to  cancel  each  other  out  (a  pattern  that  also
applies  to ).  These  diagrams  are  categorized  into
four distinct  classes  (one  row,  one  class),  each  corres-
ponding to a type of particle involved in the internal lines.
Consequently,  the  total  one-loop  function  is decom-
posed into the following four distinct components: 

TZγ = T f
Zγ +T W

Zγ +T H
Zγ +T WH

Zγ , (17)

corresponding to the contributions from fermions, W bo-
son,  charged  Higgs,  and  mixed W boson  and  charged
Higgs loops, respectively. Specifically,

 

T f
Zγ =

∑
f

eg2Q f NCm f

16π2mW(m2
h−m2

Z)2

ï
g2

cW
(I3

f −2Q f s2
W)cosθ′2+g′(Q f L +Q f R) sinθ′2

ò[
sin(α−β)M f − cos(α−β)N f

]
×
ß

4m2
Z

[
Λ(m2

h;m f ,m f )−Λ(m2
Z;m f ,m f )

]
+2(m2

h−m2
Z)
î
2+ (4m2

f −m2
h+m2

Z)C0(m2
Z ,0,m

2
h,m

2
f ,m

2
f ,m

2
f )
ó™
, (18)

 

T W
Zγ = −

eg2
2cW sin(α−β)cosθ′2

16π2m3
W(m2

h−m2
Z)2

ß[
12m4

W −2m2
Wm2

Z +m2
h(2m2

W −m2
Z)
]î

(m2
h−m2

Z)+m2
Z

(
Λ(m2

h;mW ,mW)−Λ(m2
Z;mW ,mW)

)ó
+2m2

W(m2
h−m2

Z)(12m4
W+6m2

Wm2
Z−2m4

Z−6m2
hm2

W+m2
hm2

Z)C0(m2
Z ,0,m

2
h,m

2
W ,m

2
W ,m

2
W)
™
,

(19)

 

T H
Zγ = −

4evλhH+H−

16π2(m2
h−m2

Z)2

îÄg2

2
cW −

g1

2
sW

ä
cosθ′2+ (sin2 βQ1+ cos2 βQ2)g′ sinθ′2

óß
m2

Z

î
Λ(m2

h;mH± ,mH± )

−Λ(m2
Z;mH± ,mH± )

ó
+ (m2

h−m2
Z)
î
1+2m2

H±C0(m2
Z ,0,m

2
h,m

2
H± ,m

2
H± ,m

2
H± )
ó™
, (20)

 

T WH
Zγ =

eg2g′(Q2−Q1)cos(α−β) sinβcosβsinθ′2
16π2mW(m2

h−m2
Z)

ß
2(m2

h−m2
H± +m2

W)
ï

m2
Z

m2
h−m2

Z

(
Λ(m2

h;mH± ,mW)−Λ(m2
Z;mH± ,mW)

)
+

m2
H± −m2

W

2m2
h

log
Å

m2
H±

m2
W

ã
+m2

H±C0(0,m2
h,m

2
Z ,m

2
H± ,m

2
H± ,m

2
W)+1

ò
−2m2

W(m2
h+m2

H± −m2
W −2m2

Z)C0(0,m2
h,m

2
Z ,m

2
W ,m

2
W ,m

2
H± )
™
.

(21)

NC

QL f Q f R Q1 Q2

U(1)′

Φ1 Φ2

In Eq. (18), we have summed over the contributions from
all  the  fermions,  and  the  color  factor  is  3  for  quarks
and 1 for leptons. The symbols , , , and  de-
note  the  charge of  the left-handed fermions,  right-
handed  fermions, ,  and , respectively.  The  defini-

M f N f λhH+H−

Λ(m2
a;mb,mc) C0(m2

Z ,0,
m2

h,m
2
i ,m

2
i ,m

2
i ) C0(0,m2

h,m
2
Z ,m

2
i ,m

2
i ,m

2
j)

tions of ,  (Eq. (18)) and the coupling,  (Eq.
(20)), are provided in Appendix A. The analytical expres-
sions  for  the  scalar  functions , 

,  and  in  Eqs.  (18)−
(21) are  listed  in  Appendix  B.  Note  that  similar  expres-

 

h→ γγFig. 2.    One-loop Feynman diagrams for .
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TX

T WH
Zγ W±H∓Z

sions for  can also be found in Ref. [50]. Notably, the
novel  contribution ,  which  arises  from  the 
coupling and  is  uniquely  present  in  FG2HDM,  distin-
guishes it from other conventional 2HDMs. 

h→ γγB.    

h→ γγ

p1 p2

h→ Zγ Tγγ

The  one-loop  Feynman  diagrams  responsible  for  the
 process  are  illustrated  in Fig.  2.  In  the  depiction

of the first and second diagrams in each row, distinct mo-
menta  and  are  assigned  to  differentiate  the  two
identical photons  in  the  final  state.  Paralleling  the  ap-
proach for , the total one-loop function  is de-
composed into three distinct parts: 

Tγγ = T f
γγ +T W

γγ +T H
γγ , (22)

with each term explicitly given by 

T f
γγ =

∑
f

4e2g2NC Q2
f m f (sin(α−β)M f − cos(α−β)N f )

16π2m2
hmW

×
[
2+ (4m2

f −m2
h)C0(0,0,m2

h,m
2
f ,m

2
f ,m

2
f )
]
,

(23)
 

T W
γγ =

−2e2g2 sin(α−β)
16π2m2

hmW

î
(m2

h+6m2
W + (12m4

W

−6m2
hm2

W)C0(0,0,m2
h,m

2
W ,m

2
W ,m

2
W)
ó
, (24)

 

T H
γγ = −

4e2vλhH+H−

16π2m2
h

[
1+2m2

H±C0(0,0,m2
h,m

2
H± ,m

2
H± ,m

2
H± )
]
.

(25)

C0(0,0,m2
h,m

2
i ,m

2
i ,m

2
i )

h→ Zγ T WH
Zγ

W±H∓γ

The  analytical  expressions  for  the  scalar  function
 in Eqs. (23)−(25) can also be found

in  Appendix  B.  Unlike  in  the  process,  no 
contribution occurs because the  interaction is for-
bidden  in  FG2HDM,  as  it  is  in  other  conventional
2HDMs and the SM. 

IV.  NUMERICAL ANALYSIS

µZγ

µγγ

α ≡ e2/4π
g2

e = g2 sinθW
Γh

ΓPDG
h = 3.7+1.9

−1.4

In this section, we perform a numerical analysis to as-
sess whether the parameter spaces of FG2HDM can sim-
ultaneously  accommodate  the  current  measured  and

.  For  ease  of  reference,  the  input  parameters  used  in
the numerical analysis throughout this work are summar-
ized in Table 2. It should be noted that the fine structure
constant, ,  is  scale  dependent  and  is  related  to
the  electroweak  gauge  coupling  via  the  relation

. Additionally,  we  do  not  adopt  the  experi-
mental  value for  from the particle  data  group (PDG),
which  has  a  relatively  large  uncertainty  (

h→ Zγ h→ γγ

MeV) [48], but rather, we cite the value with smaller un-
certainty from Ref. [55]. Our strategy in this section ini-
tially  involves  calculating  the  SM  LO  contributions  for
the  decays  and ,  whose  numerical  values
provide  valuable  insights  for  NP  model  buildings.  We
then incorporate the corrections from FG2HDM in detail. 

A.    SM prediction

θ′2→ 0
sin(α−β)→ 1 TZγ

−1

The  expressions  in  Eqs.  (18)−(21)  and  (23)−(25) re-
vert  to  the  SM  formulas  upon  setting  and

.  The numerical  results  for  (in  the  unit
of GeV ) in the SM are then given by 

T W,SM
Zγ = −5.866×10−5 , T t,SM

Zγ = 3.115×10−6 ,

T b,SM
Zγ = −6.685×10−8+3.762×10−8i ,

T c,SM
Zγ = −9.797×10−9+3.864×10−9i ,

T τ,SMZγ = −1.731×10−9+7.452×10−10i . (26)

Tγγ
−1

Eq.  (26)  (and  also  Eq.  (27))  clearly  indicates  that  the
dominant  contributions  arise  from  the W loops,  and  the
secondary  contributions  come  from  the  interference
between  the W and  top  quark  loops.  Contributions  from
the s, d, u, μ,  and e loops are not presented here, as they
are  several  orders  of  magnitude  smaller  than  those  we
have  displayed  and  therefore  can  be  neglected  safely.
Likewise,  the  SM  contributions  to  (in  the  unit  of
GeV ) are 

T W,SM
γγ = −3.912×10−5 , T t,SM

γγ = 8.619×10−6 ,

T b,SM
γγ = −1.123×10−7+1.485×10−7i ,

T c,SM
γγ = −9.103×10−8+7.462×10−8i ,

T τ,SMγγ = −1.107×10−7+1.011×10−7i . (27)

h→ Zγ h→ γγ
With the kinematics formula derived in Appendix C, the
SM predictions  for  and  are given  separ-

 

Table  2.    Relevant  input  parameters  used  in  our  numerical
analysis.

sin2 θW = 0.23129(4) [48] mW = 80.3692(133) GeV [48]

α(0) = 1/137.036 [48] mZ = 91.1880(20) GeV [48]

α(mZ ) = 1/127.944(14) [48] mh = 125.20(11) GeV [48]

Γh = 4.07+4.0%
−3.9% MeV [55] mt = 172.57(29) GeV [48]

GF = 1.1663788×10−5 GeV−2 [48] mτ = 1.77693(9) GeV [48]

mb = 4.183(7) GeV [48] mc = 1.2730(46) GeV [48]

ms = 93.5(8) MeV [48] mµ = 105.658 MeV [48]

md = 4.70(7) MeV [48] me = 0.511 MeV [48]

mu = 2.16(7) MeV [48]
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ately by 

B(h→ Zγ)SM = (1.536±0.018)×10−3 , (28)

 

B(h→ γγ)SM = (2.278±0.023)×10−3 , (29)

B(h→ Zγ) = (1.5±0.1)×10−3

B(h→ γγ) = (2.27±0.07)×10−3

which are respectively in good agreement with those giv-
en  in  Ref.  [55]:  and

. 

B.    Constraining FG2HDM parameters
h→ γγ

µγγ

sin(α−β) ≈ 1 cos(α−β) ≈ 0
T f
γγ T W

γγ

cosθ′2 ≈ 1
sinθ′2 ≈ 0 ZW+W−

The  decay  imposes  stringent  constraints  on
the  FG2HDM  parameters,  as  the  SM  prediction  of 
aligns  well  with  its  measurement.  This  implies  that  we
should have  (or equivalently, )
to  ensure  that  and  are  close  to  their  SM values,
and the contribution from the charged Higgs loops should
be  minimal.  Additionally,  we  should  have  (or
equivalently, )  to  ensure  that  the  coup-
ling does not deviate too much from its SM value.

W± H±

h→ Zγ

With the aforementioned approximations, we can first
determine the parameter regions for the charged Higgs in-
teractions. They can be classified into two parts, i.e.,  the
pure charged Higgs diagrams and the -  mixing dia-
grams.  Note  that  the  latter  only  contribute  to ,
which  is  actually  negligible  compared  to  the  pure  one.
The analysis is as follows.

T WH
Zγ

cos(α−β)
sin(α−β) g′ Q2−Q1 cosβ sinβ
sinθ′2

To estimate the magnitude of  given in Eq. (21),
we need to endow values for  (or  equivalently,

), , ,  (or  equivalently, ),  and
.  However,  as  we  do  not  have  the  exact  values  for

T f
γγ T W

γγ

cos(α−β) ≈ 0 sinθ′2 ≈ 0

tanβ < 28 g′ > 10−2

tanβ cosβ g′

U(1)′

Q2−Q1 O(1)

T WH
Zγ

cos(α−β) ∼ cosβ ∼
sinθ′2 ∼ O(10−1) g′ ∼ (Q2−Q1) ∼ O(1)

these parameters, we can only make some rough but reas-
onable  estimates.  As  discussed  in  the  first  paragraph  of
this subsection, to ensure that  and  do not deviate
too  much  from  their  SM  predictions,  we  should  have

 and .  Note  that  the  constraints
from the B observables in our previous work suggest that

 and  [49].  The  large  upper  limit  of
 suggests  that  should  be  small,  whereas  is

expected to remain sufficiently small to preserve the per-
turbative  nature  of  the  gauge theory.  Furthermore,
it  is  reasonable  to  assume  that  is  of  under
the  consideration  of  naturalness.  While  satisfying  these
conditions  and  simultaneously  hoping  that  is  as
large  as  possible,  we  assume  that 

 and . With  these  as-
sumptions, we can conservatively estimate 

a ≡ g′(Q2−Q1)cos(α−β) sinβcosβsinθ′2 ∼ O(10−3) .
(30)

T WH
Zγ

|a| O(10−2) |a| = 0.01
T WH

Zγ

mH± T WH
Zγ

mH±

O(10−8) −1

T b,SM
Zγ

W± H±

To make a maximum estimate on , let us assume that
 is close to the margin of , i.e., . With

this entry, we plot the magnitude of  as a function of
 in the left panel of Fig. 3. Obviously,  decreases

as  increases: the magnitude of which can only reach
 GeV  comparable to that of the b quark loops in

the SM (cf. the value of  in Eq. (26)), which is one
and  two  orders  of  magnitude  smaller  than  that  of  the t
quark  loops  and W loops,  respectively.  Therefore,  the
contribution  from  the -  mixing diagrams  is  negli-
gible.  Below, we merely consider the contributions from
the pure charged Higgs diagrams.

 

T WH
Zγ mH± |a| = 0.01 1σ 2σ mH±

λhH+H− µZγ µγγ

Fig. 3.    (color online) Left: Magnitude of  as a function of  with input . Right:  and  allowed regions for 
and  with constraints from  (blue) and  (red).
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1σ 2σ
mH± λhH+H−

µZγ µγγ

mH± > 200 λhH+H− < 0 µZγ

µγγ 1σ

µγγ
µZγ

In the right panel of Fig. 3, we present the  and 
allowed regions for the parameters  and , with
constraints  derived  from  (blue)  and  (red).  It  is
clear  from  this  plot  that  in  the  parameter  regions  where

 GeV  and ,  both  the  measured 
and  can be accommodated within the  level. Inter-
estingly,  the  bound on  the  charged  Higgs  mass  obtained
in this  work  is  also  consistent  with  that  from  the  con-
straints of B observables in Ref. [49] (see the right panel
of Fig. 1 in this reference). As discussed above, since 
is better than  in terms of the consistency between the
SM prediction and measurement, the overlapped paramet-
er  regions  allowed  by  the  two  observables  in  the  right
panel of Fig. 3 are mainly narrowed down by the former.

h→ Zγ
f f̄ Z

µZγ µγγ
f f̄ Z

f f̄ Z h→ ZZ∗

f f̄ Z

h→ Zγ f f̄ Z
h→ ZZ∗

The  remaining  contribution  comes  from  the  fermion
loop diagrams, in which FG2HDM influences the 
decay by correcting the  couplings. As shown in the
Feynman diagrams depicted in Figs. 1 and 2, such correc-
tions only influence  and leave  entirely unaffected,
as  the  latter  does  not  involve  any  vertex.  Although
the  vertex corrections also influence the  de-
cay, as two  vertices are involved in such a process,
the  impact  on  them  is  negligible  compared  with  that  on
the  decay,  as  the  latter  contains  only  one 
vertex.  Therefore,  we  do  not  invoke  in the  nu-
merical constraints.

f f̄ Z
C f

L

C f
R

Note that the total  coupling in Eq. (A5) has been
projected  into  the  left-handed  part  and  right-handed
part , with
 

C f
L =

g2 cosθ′2
cW

(I3
f −Q f s2

W)+g′ sinθ′2Q f L ,

C f
R = −

g2 cosθ′2
cW

Q f s2
W +g′ sinθ′2Q f R . (31)

cosθ′2 ∼ 1 sinθ′2 ∼ 0

tt̄Z
I3

t = 1/2 Qt = +2/3
sW α(mZ)

Ct,SM
L ≃ 0.256 Ct,SM

R ≃ −0.114

Ct
L Ct

R Ct
V ≡ (Ct

L+

Ct
R)/2 ∆Ct

L ≡ (∆Ct
L +∆Ct

R)/2

In  the  limit  ( ),  the  above  expressions
restore to the ones in the SM. Given the dominant role of
the top quark in contributions from fermion loops, partic-
ular  emphasis  is  placed  on  the  correction  from  the 
vertex.  Using  and  for  the  top  quark,
along with the values of  and  from Table 2, we
obtain  and . Notice that in Eq.
(18)  the  contribution  from the  top  loops  depends  on  the
sum  of  and , i.e.,  the  vector  coupling 

.  Therefore,  the  deviation ,
where 

∆Ct
L = g′ sinθ′2QtL , ∆Ct

R = g′ sinθ′2QtR , (32)

µZγ

∆Ct
V

measures  the  deviation  from  the  SM, i.e., the  contribu-
tion  from  FG2HDM.  The  measurement  of  can im-
pose  a  constraint  on ,  which  subsequently  can  be
translated  into  the  bounds  on  the  parameters  of

FG2HDM.
µZγ ∆Ct

V

b→ sℓ+ℓ−

∆Ct
V

Besides ,  also subjects to constraints from the
following two primary sources: i) top quark observables,
and  ii)  the  FCNC  process .  Regarding  the
former, both the CMS [56] and ATLAS [57, 58] collabor-
ations have  conducted  precise  measurements  of  the  dif-
ferential  and/or  inclusive  cross  section  of  top  quark  pair
production in association with a Z boson at the LHC. AT-
LAS has also measured the production of single top quark
and anti-top quark via the t-channel exchange of a W bo-
son  [59].  These  measurements  align  well  with  their  SM
predictions and can be leveraged to establish limits on the
Wilson  coefficients  of  the  SM  effective  field  theory
(SMEFT)  [60−62].  By  invoking  the  matching  between

 and the SMEFT Wilson coefficients [63]: 

∆Ct
V =

g2v2

2Λ2cW
Re
[
−C33

Hu−C(1,33)
HQ +C(3,33)

HQ

]
, (33)

CHu C(1)
HQ C(3)

HQwhere , , and  denote respectively the Wilson
coefficients of the following SMEFT operators, 

OHu ≡(H†i
←→
D µH)(ūγµu) ,

O(1)
HQ ≡(H†i

←→
D µH)(Q̄γµQ) ,

O(3)
HQ ≡(H†i

←→
D µτ

I H)(Q̄γµτI Q) , (34)

∆Ct
V

95
we can  delineate  the  permissible  range  for . Adopt-
ing the % CL intervals provided by ATLAS [58]: 

C33
Ht ∈ [−2.2,1.6] , C(1,33)

HQ ∈ [−1.4,0.84] , C33
Ht ∈ [−0.95,2.0] ,

(35)

Λ = 1

∆Ct
V ∈ [−0.076,0.126] b→ sℓ+ℓ−

∆Ct
V

tt̄Z

C9 C10

O9 ≡ (s̄γµPLb)(ℓ̄γµℓ) O10 ≡ (s̄γµPLb)(ℓ̄γµγ5ℓ)

PL =
1−γ5

2

C9 C10

∆Ct
V

∆Ct
V

C9 C10

which are obtained with  TeV and when one coeffi-
cient  at  a  time  is  assumed  to  be  non-zero,  we  obtain

.  Regarding  the  con-
straint,  the  anomalous  coupling  contributes  to  this
FCNC process via the insertion of the  vertex into the
Z-penguin diagram. This modification affects the Wilson
coefficients  and , which are associated with the op-
erators  and 

( ),  respectively.  Beyond  these  loop-level ef-
fects,  FG2HDM  introduces  additional  tree-level  FCNC
amplitudes that contribute to  and . These contribu-
tions  depend  on  the  same  set  of  model  parameters  as

. Consequently, our numerical strategy begins with a
comprehensive  parameter  scan  to  identify  the  allowed
ranges  of  the  model  parameters.  These  results  are  then
used to determine the viable range for . The total cor-
rections to  and  are expressed as [64] 
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∆C9 = −
1
N

Å
1

m2
Z′
AbsZ′

L BZ′ℓℓ +
1

m2
Z
AbsZ

L BZℓℓ
ã
, (36)

 

∆C10 = −
1
N

Å
1

m2
Z′
AbsZ′

L BZ′ℓℓ
5 +

1
m2

Z
AbsZ

L BZℓℓ
5

ã
, (37)

N = 2
√

2GFVtbV∗tsα/(4π) mZ mZ′

Z′

Z′

AL B(5)

{g′,QµR ,QdR ,sinθ′2}
sinθ′2 = 0.1

mZ′ < 450
∆Ct

V

[−0.05,0.05] 3σ

where ,  and  ( ) denotes the
mass  of  the Z ( )  boson,  representing  the  contributions
from Z-exchange ( -exchange)  diagrams.  The functions

 and  depend  on  the  FG2HDM  parameter  set
,  for  which  detailed  expressions  are

provided  in  Ref.  [49].  By  fixing ,  requiring
 GeV, and  incorporating  the  established  con-

straints,  our  scan  reveals  that  is  constrained  within
 at the  level.

g′ = 1 sinθ′2 = 0.1 QtL

QtR

µZγ

b→ sℓ+ℓ−

QtL QtR

µZγ

b→ sℓ+ℓ−

b→ sℓ+ℓ−

Fixing  and ,1) and  designating 
and  as the two independent parameters that need to be
restricted,  the  constraints  on  which  from  (blue),  top
quark  observables  (orange),  and  (purple)  are
shown in Fig. 4. It is clear from this plot that there is an
overlapped  region  for  and  to simultaneously  re-
concile the three observables.  However,  due to the relat-
ively large uncertainty, the constraint from  is weaker
than that from top quark observables and . It is
also  observed  that  till  now  the  most  stringent  bound  in
this  respect  is  taken  from  the  low-energy  process

 decay.

µZγ

µγγ T W
Zγ T W

γγ

10−5 −1 T H
Zγ T H

γγ

T t
Zγ 10−6 −1

By utilizing the parameters derived above, we evalu-
ate  the  contributions  of  different T functions  to  and

.  The  results  show  that  and  are  of  the  order
 GeV ,  consistent  with  the  SM,  whereas , ,

and  are  around  GeV . Due  to  this  clear  hier-
archy,  the W-boson contributions  dominate  the  amp-
litudes. Interference terms involving W are sub-dominant,
and  all  remaining  cross-terms  are  effectively  negligible.
This  justifies  our  approach  of  analysing  the  constraints
from  each T function  separately  rather  than  accounting
for their combined interference effects. 

V.  CONCLUSION

h→ Zγ h→ γγ

SU(3)C×SU(2)L ×U(1)Y×
U(1)′

Z′

h→ Zγ
f f̄ Z

In this paper, we investigated the  and 
decays within the framework of FG2HDM. FG2HDM is
a  BSM  model  based  on  the 

 gauge symmetry,  extending  the  SM  particle  spec-
trum with five additional physical scalars and one neutral
gauge  boson, .  We  derived  the  Feynman  rules  for  the
model  and  calculated  the  one-loop  amplitudes  for  both
decay  channels.  We  found  that  while  both  channels  are
influenced  by  the  charged  Higgs  bosons,  is
uniquely  modified  by  corrections  to  the  vertex.
These  vertex  corrections  are  also  subject  to  constraints

b→ sℓ+ℓ−

W± H±

mH± > 200 λhH+H− < 0
µZγ µγγ 1σ

f f̄ Z

g′ = 1 sinθ′2 = 0.1

µZγ b→ sℓ+ℓ−

b→ sℓ+ℓ−

µZγ

3 ab−1

µZγ 14

from  top-quark  observables  and  the  FCNC  process
.  Our numerical  analysis  demonstrated that  the

amplitude  contributions  from -  mixing  diagrams
are  comparable  to  the  SM b-quark  loop  contributions,
which are  known to  be negligible.  Consequently,  we fo-
cused our analysis on the contributions from pure charged
Higgs diagrams. We showed that a parameter region with

 GeV  and  can simultaneously  ac-
commodate  both  and  measurements  at  the 
level.  This  region  is  primarily  constrained  by  the  latter
owing  to  its  relatively  small  uncertainty.  Regarding  the
constraints on the  vertex corrections, we considered
only  the  dominant  contribution  from  the  top  quark.  By
fixing  and , we  identified  a  viable  re-
gion  that  simultaneously  satisfies  the  constraints  from

,  top-quark  observables,  and ,  with  the
strongest  constraints  coming  from . In  sum-
mary, owing to the currently large uncertainty associated
with ,  its  constraining  power  is  limited  compared  to
other precision observables. Nevertheless, as discussed in
the previous section, the HL-LHC with a projected integ-
rated luminosity of  is expected to reduce the relat-
ive  uncertainty  of  to %  [65].  This  improvement
would  significantly  strengthen  the  constraints  on
FG2HDM.
 

Note  Added. All  the  authors  contribute  equally  and
they  are  co-first authors,  while  F.  Xu  is  the  correspond-
ing author. 

 

QtL QtR

µZγ

b→ sℓ+ℓ− g′ = 1 sinθ′2 = 0.1

Fig. 4.    (color online) The -  allowed regions obtained
from  (blue),  top  quark  observables  (orange),  and

 (purple), with  and .
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APPENDIX A: LAGRANGIAN AND FEYNMAN
RULES

h→ Zγ h→ γγ
Since  at  least  one  photon  is  involved  in  both  the

 and  decays,  the  propagators  of  the  one-
loop diagrams shall always be charged particles (see Figs.
1 and 2). Therefore, to calculate the amplitudes we should
first identify the Lagrangian that describe the interactions
between  the  charged  particles  and  the  Higgs, Z boson,
and photon. The formalisms of Feynman rules depend on
the choice of gauge. In this paper, we focuse on the unit-
ary  gauge  in  which  the  Goldstone  bosons  disappear  and

h→ Zγ h→ γγ

only  physical  particles  participate  the  interactions.  After
scrutinizing  the  total  Lagrangian  provided  in  Ref.  [49],
we list  the  most  relevant  terms  to  calculate  the  amp-
litudes of  and  decays as follows:
 

LS = −λhH+H−vhH+H− , (A1)

 

LS F = −
1
v
[
sin(α−β)M f − cos(α−β)N f

]
h f̄ f , (A2)

 

LS G =
g2

2v
2

sin(α−β)hW+
µW−µ− ieAµ(∂µH+H−∂µH−H+)+ e2AµAµH+H−− i

î
(
g2

2
cW −

g1

2
sW)cosθ′2

+ (sin2 βQ1+ cos2 βQ2)g′ sinθ′2
ó
Zµ(∂µH+H−∂µH−H+)− i

g2
2

2
cos(α−β)

î
∂µh(W+

µH−W−
µH+)

+h(∂µH+W−
µ ∂
µH−W+

µ )
ó
+g2g′(Q2−Q1)vsinβcosβsinθ′2Zµ(W+

µH−+W−
µH+)

+2g2sW

î
(
g2

2
cW −

g1

2
sW)cosθ′2+ (sin2 βQ1+ cos2 βQ2)g′ sinθ′2

ó
AµZµH+H−

− g2
2

2
sW cos(α−β)Aµ(H+W−

µ +H−W+
µ )h , (A3)

 

LG = ig2cW cosθ′2
[(
∂µW+

ν W−µZν−∂µW+
ν W−νZµ

)
−
(
∂µW−

ν W+µZν−∂µW−
ν W+νZµ

)
+
(
∂µZνW+µW−ν−∂µZνW−µW+ν

)]
+ ig2sW

[(
∂µW+

ν W−µAν−∂µW+
ν W−νAµ

)
−
(
∂µW−

ν W+µAν−∂µW−
ν W+νAµ

)
+
(
∂µAνW+µW−ν−∂µAνW−µW+ν

)]
−g2

2sWcW cosθ′2
[
2W+

µW−µAνZν−W+
µW−νAνZµ−W−

ν W+µAµZν
]
−g2

2s2
W

(
W+
µW−µAνAν−W+

µW−νAνAµ
)
,

(A4)

 

LFG =
g2 cosθ′2

cW
Zµ f̄

[
(I3

f −Q f s2
W)γµPL −Q f s2

Wγ
µPR
]

f +g′ sinθ′2Zµ f̄
[
Q f Lγ

µPL +Q f Rγ
µPR
]

f + eQ f Aµ f̄γµ f . (A5)

LSThe first  Lagrangian ,  which describes the interaction
between the neutral and charged Higgs, is obtained by ex-
pressing the scalar potential (cf. Eq. (5)) in terms of phys-
ical fields and their coupling reads
 

λhH+H− =
1
v
[
λ1v1 sinαsin2 β−λ2v2 cosαcos2 β

+ v1 cosβ (λ3 sinαcosβ+λ4 cosαsinβ)

− v2 sinβ (λ3 cosαsinβ+λ4 sinαcosβ)
]
. (A6)

LS F

M f f = u,d, ℓ
Mu = diag(mu,mc,mt) Md = (md,ms,mb) Mℓ = (e,µ,τ)

M f

The  second  Lagrangian  is  the  Yukawa interactions,
with  ( )  being  the  diagonal  mass  matrices:

, ,  and .
Here,  is diagonalized by a biunitary transformation:
 

M f =
1√
2

U†f L

Ä
v1Y f

1 + v2Y f
2

ä
U f R , (A7)

Y f
1 Y f

2 U f L U f R

N f

where  and  are Yukawa matrices, and  and 
are unitary matrices. For convenience, we have also intro-
duced the auxiliary matrices , which are defined as 

N f =
1√
2

U†f L

Ä
v1Y f

2 − v2Y f
1

ä
U f R . (A8)

U(1)′
To investigate the B-anomalies reported in Ref.  [49],  we
employ  specific  charge  assignments  for  the  fields.
This configuration ensures that tree-level FCNCs emerge
specifically in the down-type quark sector. With such as-
signments, the  Yukawa matrices  have the following tex-
tures: 

Feng-Zhi Chen, Qiaoyi Wen, Fanrong Xu Chin. Phys. C 50, 063102 (2026)
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Yu
1 =

Ü
∗ ∗ 0

∗ ∗ 0

0 0 0

ê
, Yu

2 =

Ü
0 0 0

0 0 0

0 0 ∗

ê
,

Yd
1 =

Ü
∗ ∗ ∗
∗ ∗ ∗
0 0 0

ê
, Yd

2 =

Ü
0 0 0

0 0 0

∗ ∗ ∗

ê
,

Yℓ1 =

Ü
0 0 0

0 ∗ 0

0 0 ∗

ê
, Yℓ2 =

Ü
∗ 0 0

0 0 0

0 0 0

ê
, (A9)

∗
N f

where ' ' denotes an arbitrary non-zero number. Then, the
auxiliary matrices  have the following explicit forms: 

Nu = −
v2

v1
diag(mu,mc,0)+

v1

v2
diag(0,0,mt) ,

(Nd)i j = −
v2

v1
(Md)i j+

Å
v2

v1
+

v1

v2

ã
(V†CKM)i3(VCKM)3 j(Md) j j ,

Nℓ = −
v2

v1
diag(0,mµ,mτ)+

v1

v2
diag(me,0,0) ,

(A10)

VCKM

LS G

Q1 Q2

U(1)′ Φ1 Φ2 sW cW

sinθW cosθW
LG

LFG

I3
f

Q f

Q f L Q f R U(1)′

Z−Z′

where  denotes  the  Cabibbo-Kobayashi-Maskawa
(CKM)  matrix  [10, 11].  The  third  Lagrangian  de-
scribes the interactions between the scalars and the gauge
bosons, which is obtained by expanding the scalar kinet-
ic terms with gauge bosons contained in the covariant de-
rivatives.  The  quantities  and  denote  respectively
the  charges of  and , and  and  are separ-
ately  short  for  and .  The  fourth  Lagrangian

 describes the interactions between the gauge bosons,
which  results  from  the  vector  field  strength  terms.  The
last Lagrangian  contains the interactions between the
fermions  and Z boson  and  photon,  where  denotes  the
third  component  of  the  weak  isospin  of  a  fermion
doublet,  denotes the electric charge of a given fermi-
on f, and  and  represent the  charge of a left-
handed and right-handed fermion,  respectively.  It  is  also
clear from Eq. (A5) that the  mixing yields an addi-
tional term that has the same Lorentz structure as the SM
one, which therefore provides a correction to the original
couplings.  For  more  details  on  FG2HDM Lagrangian  in
different sectors, refer to Ref. [49].

h→ Zγ h→ γγ

With the Lagrangian listed in Eqs. (A1)−(A5) at hand,
obtaining the  Feynman  rules  for  the  vertices  is  straight-
forward.  Besides,  the  Feynman rules  for  the  propagators
of the charged Higgs, W boson, and fermions can be de-
rived  directly  from  the  free  Lagrangian  that  we  do  not
show.  Working  in  the  unitary  gauge,  we  summarize  all
the relevant vertices as well as propagators of FG2HDM
that  are  necessary  to  calculate  the  amplitudes  of  the

 and  decays in Fig. A1. 

APPENDIX B: SCALAR FUNCTIONS

In  this  appendix,  we show the  analytical  expressions
for the scalar functions appearing in Sec. III.A and III.B. 

Λ(m2
a;mb,mc) =

1
m2

a
λ

1
2 (m2

a,m
2
b,m

2
c)Log

×
Ç
λ

1
2 (m2

a,m
2
b,m

2
c)−m2

a+m2
b+m2

c

2mbmc

å
, (B1)

 

C0(m2
Z ,0,m

2
h,m

2
i ,m

2
i ,m

2
i ) =

1
2
(
m2

h−m2
Z

)
×

Log2

Ñ»
−m2

h

(
4m2

i −m2
h

)
+2m2

i −m2
h

2m2
i

é
− Log2

Ñ»
−m2

Z

(
4m2

i −m2
Z

)
+2m2

i −m2
Z

2m2
i

é ,
(B2)

 

C0(0,0,m2
h,m

2
i ,m

2
i ,m

2
i )

=
1

2m2
h
Log2

Ñ»
−m2

h

(
4m2

i −m2
h

)
+2m2

i −m2
h

2m2
i

é
,

(B3)

 

C0(0,m2
h,m

2
Z ,m

2
i ,m

2
i ,m

2
j) =

1
m2

h−m2
Z

×
ß
−DiLog

ñ
2(m2

h+∆i j)
m2

h+∆i j−λ
1
2 (m2

h,m
2
i ,m2

j)
,m2

h+∆i j

ô
−DiLog

ñ
2(m2

h+∆i j)
m2

h+∆i j+λ
1
2 (m2

h,m
2
i ,m2

j)
,−(m2

h+∆i j)

ô
+DiLog

ñ
2∆i j

m2
h+∆i j−λ

1
2 (m2

h,m
2
i ,m2

j)
,∆i j

ô
+DiLog

ï
2∆i j

m2
h+∆i j+λ

1
2 (m2

h,m
2
i ,m2

j)
,−∆i j

ò
− (mh→ mZ)

™
,

(B4)

∆i j = m2
i −m2

j λ(a,b,c) = a2+b2+ c2−2ab−2ac−2bc
DiLog[a,b]

where , 
is the usual Källén function, and  is a function
defined in Package-X [54]. 

APPENDIX C: KINEMATICS

h(p)→ Z(p1)γ(p2) h(p)→ γ(p1)γ(p2)Both  and  are
processes  of  two-body  decays,  and  its  differential  decay
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Fig. A1.    Feynman rules for the relevant vertices and propagators in the unitary gauge.
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width is given by 

dΓ =
1

2mh
|MX |2dΦ2 , (C1)

MX dΦ2where  denotes  the  amplitude,  and  is  the  two-
body decay phase space given by 

dΦ2 =
|p⃗1|

16π2mh
dΩ . (C2)

| p⃗1| = λ1/2(m2
h,m

2
1,m

2
2)/2mh

(m2
h−m2

Z)/2mh h→ Zγ mh/2 h→ γγ
dΩ = dϕ1dcosθ1 1

4π

Here, ,  which  is  equal  to
 for  and  for , respect-

ively;  is  the  solid  angle  of  particle  in
the final state, which, after integration, yields . To cal-
culate the decay width or branching ratio of the two pro-
cesses, one has to sum over the spins of the Z boson and
photon in the final state: ∑
λ1 ,λ2

|MX |2 =|TX |2(pµ2 pν1− p1 · p2gµν)(pα2 pβ1 − p1 · p2gαβ)

×
∑
λ1 ,λ2

[
ϵ∗µ(p1,λ1)ϵα(p1,λ1)

][
ϵ∗ν (p2,λ2)ϵβ(p2,λ2)

]
.

(C3)

X = ZγFor , one has 

∑
λ1 ,λ2

[
ϵ∗µ(p1,λ1)ϵα(p1,λ1)

][
ϵ∗ν (p2,λ2)ϵβ(p2,λ2)

]
=

Å
−gµα+

p1µp1α

m2
Z

ã
(−gνβ) . (C4)

Γh

h→ Zγ

Substituting this into Eqs. (C3) and (C1) and dividing by
the total Higgs decay width  yields the branching frac-
tion for , 

B(h→ Zγ) =
m3

h

32πΓh

Å
1− m2

Z

m2
h

ã3

|TZγ|2 . (C5)

X = γγSimilarly, for , one has 

∑
λ1 ,λ2

[
ϵ∗µ(p1,λ1)ϵα(p1,λ1)

][
ϵ∗ν (p2,λ2)ϵβ(p2,λ2)

]
=
(
−gµα

)
(−gνβ),

(C6)

h→ γγand the branching fraction for  reads 

B(h→ γγ) = m3
h

64πΓh
|Tγγ|2 . (C7)

1/2
In deriving Eq. (C7), since there are two identical photons
in the final state, an additional  factor is taken into ac-
count.
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