
 

New contributions to b → sγ in the minimal G2HDM*

Che-Hao Liu (劉哲豪)1†    Van Que Tran (陳文桂)2,3‡     Qiaoyi Wen (温侨毅)4§     
Fanrong Xu (徐繁荣)4♮     Tzu-Chiang Yuan (阮自強)1♯

1Institute of Physics, Academia Sinica, Nangang, Taipei 11529, China
2Tsung-Dao Lee Institute & School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

3Phenikaa Institute for Advanced Study, Phenikaa University, Yen Nghia, Ha Dong, Hanoi 100000, Vietnam
4Department of Physics, College of Physics & Optoelectronic Engineering, Jinan University, Guangzhou 510632, China

b→sγ

H±
W D

m±H ≲ 250 mD ≲ 100

Abstract: We study  flavor-changing  bottom quark  radiative  decay  induced  at  the  one-loop  level  within  the
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I.  INTRODUCTION

pT pT

The  discovery  of  a  Higgs  boson  near  the  vicinity  of
125 GeV [1, 2] in 2012 completed the building blocks set
up  in  the  Standard  Model  (SM).  Well-known un-
answered  questions  in  the  SM,  such  as  the  neutrino
masses for neutrino oscillations, dark matter and dark en-
ergy  problem  for  the  cosmic  energy  reserve  in  standard
ΛCDM cosmology,  and  gauge  hierarchy  problem  con-
cerning  the  stability  of  the  electroweak  scale  under
quantum fluctuations, must be faced by new physics (NP)
beyond  the  SM  (BSM).  With  the  direct  search  limits  of
new particles at the Large Hadron Collider (LHC) reach-
ing  the  multi-teraelectronvolt level,  many  simple  exten-
sions of  the  SM are  either  severely  constrained  or  com-
pletely ruled out. At this stage, all available experimental
data must be scrutinized to explore where NP may still be
hiding from us. Thus, indirect probes of NP from loop-in-
duced rare processes provide a unique opportunity in this
endeavour.  Rare B-meson decays  can play  a  crucial  role
as  both  low-  and  high-  searches  at  the  LHCb  and
LHC, respectively, which are accumulating more precise

and complementary data for the indirect probes.
b→sγ

SU(2)H ×U(1)X

SU(2)H

In this paper, we focus on the one-loop process 
in  the  minimal  gauged  two-Higgs-doublet  model
(G2HDM) advocated  by  some  of  us  [3, 4].  The  original
model  [5]  was  motivated  by  gauging  the  popular  inert
two-Higgs-doublet  model  (I2HDM)  [6−11]  for  scalar
dark matter, augmented by an extended gauge-Higgs sec-
tor  of  with  a  hidden  Higgs  doublet  and
hidden Higgs triplet.  Thus,  the complete Higgs sector  of
the original model is quite rich but rather complicated to
analyze.  Nonetheless,  various  refinements  [12, 13]  and
collider implications [14−18] were pursued with the same
particle content as the original model. As demonstrated in
[3, 4, 19, 20], we can exclude the hidden Higgs triplet of
the  extra  without  jeopardizing  the  symmetry
breaking  pattern,  and  realistic  mass  spectra  can  also  be
achieved  for  phenomenological  studies.  The  interplay
between  gravitational  wave  and  dark  matter  signals  [21]
and the global structure of the G2HDM gauge group [22]
have  also  been  studied  without  the  hidden  Higgs  triplet.
Furthermore, omitting  the  hidden  Higgs  triplet  signific-
antly  simplifies  the  scalar  potential  by  eliminating  six
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parameters. We will refer this as the minimal G2HDM, or
simply G2HDM, in this paper.

H1 H2

SU(2)H

H2

H2

W ′±

SU(2)H

W(p,m)

W± W(p,m)

Z2

Because  the  two  Higgs  doublets  and  in
I2HDM are  lumped  into  an  irreducible  representation  of
the  hidden  in  G2HDM,  new  Yukawa  couplings
occur  between  the  SM  and  hidden  heavy  fermions  with
inert  Higgs  doublet .  Both  the  charged  and  neutral
components  of  can  couple  one  SM  fermion  in  one
generation and one hidden heavy fermion in another gen-
eration. The  latter  yields  a  flavor  changing  neutral  cur-
rent (FCNC) Higgs interaction between one SM fermion
and  one  hidden  heavy  fermion  in  different  generations.
Furthermore,  unlike  the  extra  gauge  boson  in  left-
right  symmetric  models  [23, 24],  gauge  boson

,  one  of  the  dark  matter  candidates  in  G2HDM,
carries  no  electric  charge  and  hence  does  not  mix  with
SM .  also results  in  an  FCNC  gauge  interac-
tion via a right-handed current formed by one SM fermi-
on  and  one  hidden  heavy  fermion.  All  other  neutral
particles  in  G2HDM,  such  as  the  photon, Z,  SM  Higgs
and  its  hidden  sibling,  and  dark  photon  and  dark Z,
couple  diagonally  in  flavors  with  the  SM  fermion  pairs
and heavy hidden fermion pairs. Thus, the naturalness of
neutral  current  interactions  proposed  by  Glashow  and
Weinberg [25] can be fulfilled in G2HDM with regard to
the SM sector. Regarding this, we note the following fine
point:  In  [25],  a  discrete  symmetry  was  imposed  by
hand in the scalar potential of the general 2HDM to for-
bid unwanted  FCNC  Higgs  interactions  with  SM  fermi-
ons at the tree level. However, G2HDM contains an acci-
dental h-parity  [17] in  the  model  to  guarantee  the  ab-
sence of SM particles coupling to an odd number of new
particles,  with  the  odd h-parity  coming  from  the  hidden
sector.

b→sγ
b→sγ

b→sl+l− l = e

All low  energy  FCNC  processes  must  then  be  in-
duced by quantum loops in G2HDM. This motivates our
interest  in  rare B meson  decays,  in  particular ,  in
this study. We focus on  as a warm up and reserve
the more complicated penguin process  with 
or μ for a future effort. These processes are of significant
interest  in  the B-physics  community.  For  their  detailed
studies in the popular 2HDM, see, for example, [26, 27].

b→s(γ,g)

The  remainder  of  this  paper  is  organized  as  follows.
In Section II, we provide a succinct review of the minim-
al G2HDM. The  relevant  G2HDM interaction  Lagrangi-
ans  for  the  loop  computations  are  given  in  Section  III,
followed  by  a  discussion  of  the  Wilson  coefficients  that
govern the amplitudes of  in Section IV. Relev-
ant  flavor  phenomenology  including  renormalization
group running  effects  is  discussed  in  Section  V.  In  Sec-
tion VI, after a brief discussion of the scanning methodo-

logy, we present our numerical results. We draw our con-
clusions in VII. Some analytical formulas are relegated to
three appendices.  Appendix A gives  the detailed expres-
sions of the loop amplitudes entered in the Wilson coeffi-
cients, Appendix B lists the Feynman parameterized loop
integrals  with  all  internal  and  external  masses  retained.
Finally, in Appendix C, we discuss the recasting of LHC
direct search limits of the squarks in the SUSY model to
obtain the limits for the hidden quarks in G2HDM. 

II.  MINIMAL G2HDM - A SUCCINCT REVIEW

SU(3)C ×SU(2)L ×SU(2)H ×U(1)Y ×U(1)X

In  this  section,  we  briefly  review  the  minimal
G2HDM. The quantum numbers of the matter particles in
G2HDM under 
are 1)

Scalars: 

H = (H1 H2)T ∼
Å

1,2,2,
1
2
,
1
2

ã
,

 

ΦH =
(
Gp

H Φ
0
H

)T ∼
Å

1,1,2,0,
1
2

ã
.

SU(2)L H1 H2

H = (H1 H2)T

SU(2)H U(1)X +1/2

We  note  that  the  two  doublets  and  are
grouped  together  as  to  form  a  doublet  of
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Although  the  lepton  sector  is  not  relevant  in  this
work, it is shown below for completeness.

Leptons
 

LL = (νL eL)T ∼
Å

1,2,1,−1
2
,0
ã
,
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(
νR ν
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(
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R eR
)T ∼
Å
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ã
,

νH
L ∼ (1,1,1,0,0) , eH

L ∼ (1,1,1,−1,0) .
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1) The last two entries in the tuples are the Y hypercharge and X charge of the two  factors. Note that the  charges of  of the some fields in our earlier
works [5, 12−18] had been changed to  here. This makes the interaction terms for the hidden X gauge field look similar to those of the B gauge field associated
with the hypercharge. The anomaly cancellation remains intact with these changes.
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SU(2)L ×U(1)Y

SU(2)H ×U(1)X

The  most  general  renormalizable  Higgs  potential,
which  is  invariant  under  both  and

, can be expressed as follows: 

V =−µ2
H

(
HαiHαi

)
−µ2

ΦΦ
†
HΦH +λH

(
HαiHαi

)2
+λΦ

(
Φ
†
HΦH

)2

+
1
2
λ′Hϵαβϵ

γδ
(
HαiHγi

)(
Hβ jHδ j

)
+λHΦ

(
H†H

)(
Φ
†
HΦH

)
+λ′HΦ

(
H†ΦH

)(
Φ
†
H H
)
,

(1)

SU(2)L SU(2)H

Hαi = H∗αi H†H = HαiHαi(
H†ΦH

)(
Φ
†
H H
)
=
(
HαiΦHα

)(
Φ∗HβHβi

)
where (i, j) and (α, β, γ, δ) refer to the  and 
indices, respectively, all of which range from 1 to 2. We
denote ;  therefore,  and

.
To  study  spontaneous  symmetry  breaking  (SSB)  in

the model,  we parameterize  the  Higgs  fields  linearly  ac-
cording to standard lore: 

H1 =

Ö
G+

v+hSM√
2
+ i

G0

√
2

è
, H2 =

(
H+

H0
2

)
, (2)

 

ΦH =

Ö
Gp

H

vΦ+ϕH√
2
+ i

G0
H√
2

è
, (3)

vΦ
H1

ΦH v = 246
vΦ

H2 ⟨H2⟩ = 0

where v and  are  the  only  non-vanishing vacuum  ex-
pectation  values  (VEVs)  in  the  SM doublet  and hid-
den  doublet  fields,  respectively;  GeV  is  the
SM VEV and  is a hidden VEV at the teraelectronvolt
scale.  is  the  inert  doublet  with .  In  essence,
the  scalar  sector  of  the  minimal  G2HDM  is  a  special
tailored 3HDM. 

III.  G2HDM INTERACTIONS

b→s(γ,g)

In  this  section,  we  provide  the  relevant  interaction
Lagrangians and other information for the computation of

 at one-loop order in the minimal G2HDM. We
will  primarily  follow  the  convention  in  Peskin  and
Schroeder 1).

In  addition  to  introducing  the  CKM  unitary  mixing
matrix, 

VCKM ≡
(
UL

u

)†UL
d =

Ü
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

ê
, (4)

which diagonalizes  the  mass  matrices  of  SM quarks,  we

must  also  introduce  the  following  two  unitary  mixing
matrices  that  diagonalizes  the  mass  matrices  of  heavy
new quarks in G2HDM: 

VH
u ≡

(
UR

u

)†UR
uH , (5)

 

VH
d ≡

(
UR

d

)†UR
dH . (6)

 

W±A.    Photon, gluon, and  interactions
For the photon, the relevant interaction Lagrangian is 

Lγ ⊃− ie
(
H+

↔
∂µ H−

)
Aµ+ e

ï
Qu

∑
q=u,c,t

Ä
q̄γµq+qHγµqH

ä
+Qd

∑
q=d,s,b

Ä
q̄γµq+qHγµqH

äò
Aµ

+ ie
ï(
∂µW+

ν −∂νW+
µ

)
Wµ−Aν−

(
∂µW−

ν −∂νW−
µ

)
Wµ+Aν

+
1
2
(
∂µAν−∂νAµ

)(
Wµ+W−ν−W−µW+ν

)ò
,

(7)

(a
↔
∂µ b) ≡ a∂µb−b∂µa Qu = 2/3 Qd = −1/3where , , and .

For the gluon, we have 

Lg ⊃ gs

∑
q=u,d,s,c,b,t

Ä
q̄T aγµq+qHT aγµqH

ä
Gµa , (8)

T a SU(3)C

Gµa a = 1, · · · ,8
where  denotes  the  generators  of  color  group 
associated with gluon fields  for .

The SM charged current interaction for the quarks is 

LW ⊃ g

2
√

2

∑
i, j

ū j (VCKM) ji γ
µ (1−γ5)diW+

µ +h.c. (9)

VCKM i, j

b→s(γ,g)
V −A

t→c(γ,g)

where  is  defined  in  (4)  with  being the  genera-
tion indices. Because the effective Lagrangian describing
rare  FCNC  decays  is  given  by  the  chirality
flipped transition dipole operators, the chiral  struc-
ture of  SM  interaction  (9)  implies  that  the  loop  amp-
litudes  can  enjoy  the  enhancement  by  two  internal  top
quark  mass  insertions,  in  addition  to  the  mass  insertion
from either  side  of  the  external  lines  owing to  the  equa-
tion of  motion.  This is  to be compared with similar  pro-
cesses  in  which  the  SM  contribution  results
from the Hermitian conjugate of (9) and, hence, involves
two bottom quark  mass  insertions  instead.  This  distinct-
ive  feature  is  reflected  in  the  SM  branching  ratios  of

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)

1) M. E. Peskin and D. V. Schroeder, “An Introduction to quantum field theory,” Addison-Wesley, 1995, ISBN 978-0-201-50397-5
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b→sγ t→cγ ∼ 3×10−4

∼ 10−14
 and , which are about  [28, 29] and

 [30], respectively. 

B.    G2HDM interactions

D H± W(p,m)

b→s(γ,g)
D

H0
2 Gm

H

G2HDM  has  three  new  charged  (electric  charge  or
dark charge) current interactions mediated by dark Higgs

,  charged  Higgs ,  and  that  can  produce
 at one-loop order. The first contribution is from

dark Higgs , which is a linear combination of two odd
h-parity components  and  1) 

D = cosθ2H0
2 + sinθ2Gm

H , (10)

θ2where  is a mixing angle giving by 

tan2θ2 =
2vvΦ

v2
Φ− v2

. (11)

DThe mass of  is 

m2
D =

1
2
λ′HΦ

(
v2+ v2

Φ

)
. (12)

D
di

dH
j

The relevant interaction Lagrangian for dark boson 
interacts  with  SM  down-type  quarks  and  new  heavy
down-type quarks  in G2HDM is given by
 

LD ⊃
∑

i, j

dH
j

î(
SDd
)

ji+
(
PDd
)

ji γ5

ó
diD∗+ h.c. (13)

SDd PDdwhere Yukawa couplings matrices  and  are given
by 

(SDd ) ji =

√
2

2v
cosθ2

(
VH †

d Md
)

ji+

√
2

2vΦ
sinθ2

(
MdH VH †

d

)
ji ,

(14)
 

(PDd ) ji = −
√

2
2v

cosθ2
(
VH †

d Md
)

ji+

√
2

2vΦ
sinθ2

(
MdH VH †

d

)
ji ,

(15)

VH
dwith  defined in (6) and 

Md = diag(md,ms,mb) , (16)

 

MdH = diag(mdH ,msH ,mbH ) . (17)

Note  that  the  ordering  of  the  mass  and  mixing  matrices

vΦ VH
d

θ2
Md

MdH vΦ≫ v D
D

t→c(γ,g)

are important in the Yukawa couplings (14) and (15). Ad-
ditionally, fixing v, ,  and ,  for small (large) mixing
angle ,  these  Yukawa  couplings  are  suppressed  (en-
hanced)  by  down-type  quark  (heavy  quark)  mass 
( ).  For ,  the  contributions  from  are expec-
ted  to  be  minuscule.  Similar  small  effects  from  have
also been observed in  [31].

b→s(γ,g)
H±

W±H∓γ W±H∓Z W±H∓h

The second contribution to  is from the dark
charged  Higgs ,  which  is  quite  peculiar  in  G2HDM
compared  with  another  multi-Higgs doublet  model  be-
cause  it  has  odd h-parity.  Thus,  the  following  vertices

, ,  and  are  all  nil  in  the  model.
The mass of the charged Higgs is given by 

m2
H± =

1
2
(
λ′HΦv2

Φ−λ′Hv2
)
. (18)

The  relevant  interaction  Lagrangian  for  the  charged
Higgs exchange is 

LH ⊃
∑

i, j

uH
j

î(
yHu
)

ji (1−γ5)
ó

diH++ h.c. (19)

yHuwhere Yukawa coupling matrix  is given by 

(yHu ) ji =

√
2

2v
(
VH †

u MuVCKM
)

ji ,
(20)

VCKM VH
uwith  and  defined  in  (4)  and  (5),  respectively,

and 

Mu = diag(mu,mc,mt) . (21)

yHu
Mu

b→s(γ,g)
D

t→c(γ,g)
yHd =

√
2(VCKMMdVH

d )/2v
Md

Because  Yukawa coupling  is  proportional  to  up-type
quark mass matrix , we expect that the charged Higgs
contribution to  from the third generation heavy
fermions is more relevant than the  contribution. This is
to  be  compared  with  the  charged  Higgs  contribution  to

,  where  the  corresponding  Yukawa  coupling
 is  proportional  to  down-type

quark  mass  matrix  and, therefore,  has  a  smaller  im-
pact [31].

b→s(γ,g)
W(p,m)

The third contribution to  is from the vector
dark matter  assumed to be the lightest h-parity odd
particle in the minimal G2HDM, with mass given by 

mW =
1
2

gH

»
v2+ v2

Φ . (22)

WThe relevant interaction Lagrangian for  is given by 

Che-Hao Liu, Van Que Tran, Qiaoyi Wen et al. Chin. Phys. C 49, 083107 (2025)

G̃ = −sinθ2H0
2 + cosθ2Gm

H
W(m,p)

1) The other orthogonal combination is , which together with its complex conjugate, are the Goldstone bosons absorbed by the longitud-
inal components of .
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LW ⊃ gH

2
√

2

∑
i, j

dH
j

î(
VH †

d

)
ji γ
µ(1+γ5)

ó
diWp

µ +h.c. (23)

W

gH

b→s(γ,g)
W

t→c(γ,g)

Note  that  the  dark  matter  gauge  boson  couples  to  a
right-handed current formed by one SM fermion and one
hidden  heavy  fermion.  However,  from  our  previous
works,  we  know  hidden  gauge  coupling  is con-
strained to be small, of order one percent or less; thus, we
expect the contribution to processes  from dark
matter  to not be significant, too. A similar result was
found for  [31].

LD LH LWInteraction  Lagrangians , ,  and  given  by

b→s(γ,g)
W± LW

D H± W

b→sγ
W± D H± W(p,m)

b→sg

(13), (19),  and (23),  respectively,  are the three new con-
tributions from the minimal G2HDM that can induce one-
loop FCNC  decays  computed  with  those  from
the  SM  boson  contributions  from  given  by  (9).
Note  that  the  mediation  of , ,  and  always in-
volve an SM fermion and a new hidden heavy fermion in
G2HDM. Feynman diagrams contributing to  from

, , , and  are depicted in Figs. 1, 2, 3, and
4,  respectively.  For  the  gluon case , we simply re-
place  the  photon  line  attached  to  the  colored  quarks  in
these diagrams by the gluon appropriately; hence, we will
not depict it here. 

 

b→sγ W±Fig. 1.    Contributions to  from the SM  loop in the unitary gauge.

 

b→sγ DFig. 2.    Contribution to  from the  loop.

 

b→sγ H±Fig. 3.    Contributions to  from the  loop.

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)
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b→s(γ,g)IV.  WILSON COEFFICIENTS FOR 

b→s(γ,g)As mentioned earlier, processes  can be de-
scribed by the following effective Lagrangian: 

Leff = −
1

32π2
emb sσµν

(
AM + iγ5AE

)
b Fµν

+
1

32π2
gs mb sσµνT a

(
CM + iγ5CE

)
bGµνa , (24)

AM(CM) AE(CE)

Fµν(Gµνa )

where  and  are  the  transition  (chromo)
magnetic and  (chromo)electric  dipole  form  factors,  re-
spectively,  and  is  the  electromagnetic  (gluon)
field strength.  Our task is  to compute and evaluate these
form  factors  for  the  on-shell  photon  at  one-loop  order
from the SM W boson loop, as well as the three new con-
tributions in  the  minimal  G2HDM,  as  described  in  Sec-
tion III.

li→l jγ

b→sγ

The  computation  is  similar  to  charged  lepton  flavor
violation proces s  presented in [32]; therefore, we
can simply recycle our previous formulas. The total con-
tribution for  in minimal G2HDM is given by 

A(M,E) = A(M,E)(W)+∆A(M,E) , (25)

where 

∆A(M,E) = A(M,E)(D)+
(
A(M,E)

1 (H)+A(M,E)
2 (H)

)
+A(M,E)(W) .

(26)

A(M,E)(W)
A(M,E)(D̃) A(M,E)

1,2 (H) A(M,E)(W)
SM  contributions  and  new  contributions

, ,  and  are given  in  Ap-
pendix A.

b→sgSimilarly, the total contribution to  is given by 

C(M,E) =C(M,E)(W)+∆C(M,E) , (27)

where 

∆C(M,E) =C(M,E)(D)+C(M,E)(H)+C(M,E)(W) , (28)

with
 

C(M,E)(W) = A(M,E)
2 (W)/Qu , (29)

 

C(M,E)(D) = A(M,E)(D)/Qd , (30)

 

C(M,E)(H) = A(M,E)
2 (H)/Qu , (31)

 

C(M,E)(W) = A(M,E)(W)/Qd . (32)

b→s(γ,g)In the B-physics community, processes  are fre-
quently described by the effective Hamiltonian as [33]
 

Heff = −
4GF√

2
e2

16π2
VtbV∗ts

[
C7(µ)O7(µ)+C′7(µ)O′7(µ)

+C8(µ)O8(µ)+C′8(µ)O′8(µ)
]
+h.c. , (33)

with operators
 

O7 =
mb

e
sσµνPRbFµν , O′7 =

mb

e
sσµνPLbFµν , (34)

 

O8 = gs
mb

e2
sσµνT aPRbGµνa , O′8 = gs

mb

e2
sσµνT aPLbGµνa ,

(35)

PL,R = (1∓γ5)/2
GF C(′)

7,8(µ)
where  are the chiral projection operators,

 is the Fermi constant, and  denotes the dimen-
sionless  Wilson  coefficients  at  scale μ.  These  Wilson
coefficients contain two parts:
 

C(′)
7,8(µ) =C(′)

7,8 SM(µ)+∆C(′)
7,8(µ) . (36)

Heff

(−Leff)
C(′)

7,8(M)

Comparing  effective  Hamiltonian  in  (33)  with
 in  (24),  we  can  read  off  Wilson  coefficients
 at high mass scale M where the heavy particles in

G2HDM are integrated out. Explicitly, for the SM W con-
tribution, we find
 

(
C7 SM(M),C′7 SM(M)

)
= −
Å

8GF√
2

ã−1 (
VtbV∗ts

)−1

×
(
AM(W)+ iAE(W),AM(W)− iAE(W)

)
, (37)

 

 

b→sγ W(p,m)Fig.  4.    Contribution  to  from  the  loop  in  the
unitary gauge.

Che-Hao Liu, Van Que Tran, Qiaoyi Wen et al. Chin. Phys. C 49, 083107 (2025)
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(
C8 SM(M),C′8 SM(M)

)
= +

Å
8GF√

2

ã−1 (
VtbV∗ts

)−1

×
(
CM(W)+ iCE(W),CM(W)− iCE(W)

)
, (38)

and the new contributions from G2HDM: 

(
∆C7(M),∆C′7(M)

)
=−
Å

8GF√
2

ã−1 (
VtbV∗ts

)−1

×
(
∆AM + i∆AE ,∆AM − i∆AE

)
,

(39)

 (
∆C8(M),∆C′8(M)

)
=+

Å
8GF√

2

ã−1 (
VtbV∗ts

)−1

×
(
∆CM + i∆CE ,∆CM − i∆CE

)
,

(40)

∆A(M,E) ∆C(M,E)where  and  are  defined  in  (26)  and  (28),
respectively.

µ = mb b→s

In practice, we would set high mass scale M to be the
W boson mass and use QCD renormalization group equa-
tions  (RGEs)  to  evolve  the  Wilson  coefficients  down  to

 to evaluate the hadronic matrix elements for 
transitions. 

V.  FLAVOR PHENOMENOLOGY

B(B→Xsγ)

Both inclusive and exclusive decays are considered in
the  following  analysis.  For  the  inclusive  decay,

 can be calculated through the following semi-
analytic linearized expression [34]: 

104B(B̄→Xsγ) = (3.40±0.17)−8.25∆C7−2.10∆C8 . (41)

The unprimed effective coefficients can be evaluated via
the RGE evolution 

µ
dC⃗eff(µ)

dµ
= γT C⃗eff(µ) , (42)

γ =
∑
n=0
γn

Å
αs(µ)

4π

ãn+1

γn

Ceff
7,8 =C7,8+

6∑
j=1

y(7,8)
j C j y(7)

j =

Å
0,0,−1

3
,−4

9
,−20

3
,−80

9

ã
where  the  anomalous  dimension  matrix  is  defined  as

 with  of  next-to-leading  order
(NLO)  [35, 36]  and  next-to-next-to-leading  order
(NNLO)  [37−39].  For  the  effective  coefficients  [35, 40,
41]  at  the  electroweak  scale,  here  we  adopt  convention

 with 

y(8)
j =

Å
0,0,1,−1

6
,20,−10

3

ã
O1,...,6

µW µt

C′eff7,8

and . Note that,  in the practic-
al  calculation,  we  have  neglected  NP  contributions  to
four-quark  operators .  Because  new  particles  in
G2HDM  should  not  emerge  between  and ,  the
primed  coefficients  share  the  common  evolution
equations with their chiral-flipped counterparts [42−44].

B→Vγ
The  branching  fraction  of  exclusive  radiative  decay

 can be generally expressed [45] as 

B
(
Bq→Vγ

)
= τBq

αeG2
Fm3

Bq
m2

b

32π4

Å
1− m2

V

m2
B

ã3

× |λt |2
(
|Ceff

7 |2+ |C′eff7 |2
)

T1(0) , (43)

T1(0)

K∗0 K∗±

where  the  final  state  dependent  form  factors  are
taken  from  [45]  based  on  a  combination  with  the  light-
cone sum rule and Lattice QCD. Here, V denotes a vector
meson such as ϕ, , and .

Bs→VγIn the normalized CP asymmetry for , assum-
ing  its  parametrization  obeying  generic  time  dependent
form 1), the observables are defined [46] as 

CVγ =
|AL|2+ |AR|2− |ĀR|2− |ĀL|2
|AL|2+ |ĀL|2+ |AR|2+ |ĀR|2

,

S Vγ = 2ℑ
ñ q

p (ĀLA∗L+ ĀRA∗R)

|AL|2+ |ĀL|2+ |AR|2+ |ĀR|2

ô
,

A∆Vγ = 2ℜ
ñ q

p (ĀLA∗L + ĀRA∗R)

|AL|2+ |ĀL|2+ |AR|2+ |ĀR|2

ô
, (44)

AL(R) =NC(′)eff
7 T1(0)

ĀL(R) ≡A(B̄s→VγL(R)) N = λt

 
G2

Fαem3
B

32π4

Å
1− m2

V

m2
B

ã3

ĀL(R)

AL(R)Å
q
p

ã
s
=

∣∣∣∣ qp
∣∣∣∣

s
e−iϕs

∣∣∣∣ qp
∣∣∣∣

s
= 1

in  terms  of  amplitudes  and

 with .
In particular,  can be derived straightforwardly from

 by taking weak phase as conjugated while keeping
the  strong  phase  unchanged.  The  defined  ratio  is

 and  has been utilized to derive

Eq. (44) 2).
B(0,+)→K∗(0,+)γ

B→ϕγ Bs→ϕγ
To  date,  the  branching  fractions  of ,

,  and  CP  asymmetry  parameters  of  have
been measured,  which  are  taken  as  inputs  in  the  follow-
ing numerical analysis. 

VI.  NUMERICAL ANALYSIS

C(′)
7

C(′)
8

In  this  section,  we  present  the  numerical  results  that
include the new contributions to Wilson coefficients 
and  and the preferred regions on the model paramet-
er space for data from various low-energy flavor observ-

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)

ACP(Bs→Vγ)[t] = S sin(∆mst)−C cos(∆mst)
cosh( 1

2 ∆Γst)−H cosh( 1
2 ∆Γst) CVγ =C S Vγ = S A∆Vγ = H1) In the parametrization , we adopt the convention , ,  in this work.

ϕs = −0.010±0.0142) Here we simply adopt the experimental average value  [47] in the following numerical analysis.
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VH
u ≡ VH

d ≡ VCKM

msH = mdH mbH = mdH +∆mdH

mcH = muH mtH = muH +∆muH

ables,  as  well  as  the  constraints  derived from theoretical
conditions on the scalar potential and oblique parameters.
In  this  analysis,  we  assume  the  new  mixing  matrices

 and  fix  the  hidden  quark  masses  as
,  for  down-type  quarks  and
,  for up-type quarks. 

C(′)
7 C(′)

8

A.    New contributions to Wilson coefficients

 and 

∆C(′)
7

∆C(′)
8

Before  we  examine  the  parameter  space  within  the
model  with respect  to observations from low-energy fla-
vor experiments, we determine the relative magnitudes of
the  new  contributions  to  Wilson  coefficients  and

.
∆C7 ∆C8

∆C(′)
7 ∆C(′)

8

Figure  5 shows  the  real  part  of  and .  The
imaginary  parts  of  and ,  resulting  primarily

D W
θ2 = 0.05 θ2 = 0.15

from the new charged Higgs loop with a different mixing
matrix  in  the  Yukawa  coupling  (20)  compared  with  the
SM  CKM  factor  in  (33)  from  the  dominant  top  quark
loop, are significantly smaller. Typically, they are at least
down  by  two  orders  of  magnitude  compared  with  their
real  parts.  The top panels  present  the  contributions  from
the  loop and  loop diagrams. We depict the results
with fixed values of  rad (red lines) and 
rad (blue lines) 1).

∆C7 ∆C8

θ2
θ2 mD mW

∆C7 ∆C8

VH
d = VCKM mdH = 500 ∆mdH = 200

∆mdH = 0

D W

We  find  that  and  are  highly  dependent  on
the values of mixing angle  and the masses involved in
the loop. A smaller  and lower  or  result in di-
minished  contributions  to  both  Re[ ]  and  Re[ ].
Here, we set ,  GeV, and 
GeV.  Note  that  if ,  indicating  the  degenerate
masses  of  heavy  down-type quarks,  both  the  contribu-
tions from the  loop and  loop diagrams vanish.

 

∆C7 ∆C8 D
mD W mW VH

d = VCKM mdH = 500 ∆mdH = 200

∆C7 ∆C8 θ2 = 0.05 θ2 = 0.15
H± mH± VH

u = VCKM ∆muH = 0 ∆muH = 300

∆C7 ∆C8 muH = 300
muH = 800

Fig. 5.    (color online) Real part of the new contributions to Wilson coefficients  and . Top panels: Contribution from the 
loop as a function of  (left) and from the  loop as a function of  (right). We set , GeV, and 
GeV. The solid (dashed) blue and red lines indicate Re[ ] (Re[ ]) with fixed  rad and  rad, respectively. Bottom
panels:  Contribution from the  loop as  a  function of ,  with  and  GeV for  the  left  panel,  and 
GeV  for  the  right  panel.  The  solid  (dashed)  purple  and  green  lines  represent  Re[ ]  (Re[ ])  with  fixed  GeV  and

 GeV, respectively.

Che-Hao Liu, Van Que Tran, Qiaoyi Wen et al. Chin. Phys. C 49, 083107 (2025)

θ2 θ2 ≤ 0.151) The choice of  values adheres to the current constraints for the light mass DM candidate (  rad), as investigated in Ref. [19].
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H±

∆muH = 0

mH± muH

D W
∆C7 ∆C8 H±

∆C7

∆C8

Conversely, the contribution from  loop diagrams
does not vanish when the masses of heavy up-type quarks
are  degenerate  (i.e., ), but  it  is  enhanced  com-
pared with the nondegenerate case, as depicted in the bot-
tom  panels  of Fig.  5.  Furthermore,  the  contribution  is
more  significant  in  regions  of  lighter  and . Un-
like  the  loop  and  loop  diagrams,  which  provide
positive contributions to both Re[ ] and Re[ ], 
loop  diagrams  yield  a  positive  value  for  Re[ ]  and  a
negative value for Re[ ] in the parameter space of in-
terest.

H±
W±

W± W D H±

If we also take the up-type SM quark masses (in addi-
tional to degenerate up-type hidden heavy quark masses)
to be the same, the charged Higgs  loop diagram also
vanishes,  similar  to  the  SM  loop. All  these  null  res-
ults for the , , , and  loop contributions in the
degenerate mass scenarios are simply a manifestation of a
generalized  version  of  GIM  mechanism  [48]  in
G2HDM 1).

∆C′7 ∆C′8

∆C′7 ∆C′8

Figure 6 presents the real part  of  and ,  with
the parameter space setup identical  to that  of Fig.  5.  We
observe a similar dependence of  and  on the rel-

∆C7 ∆C8

D W ∆C′7
∆C′8

∆C7 ∆C8

H±
∆C′7 ∆C′8

∆C7 ∆C8

evant  parameter  space  as  observed  from  and .
Moreover,  for  the  loop  and  loop  diagrams, 
( ) can be approximately two orders of magnitude lar-
ger  than  ( )  within  the  same  parameter  space  of
interest.  In  contrast,  the  contribution  from  the  loop
diagrams  to  ( )  is  approximately  two  orders  of
magnitude smaller than its contribution to  ( ).

D W
H±

|Re(∆C7)| |Re(∆C′7)|
H±

D W

In Fig.  7,  taking the  viable  data  points  in  the  model,
we  show ratios  of  the  contributions  from the  and 
loop  diagrams  to  those  from  the  loop  diagrams  in

 (left  panel)  and  (right panel).  Ulti-
mately,  we find that  the  contribution from  loop dia-
grams dominates over the  loop and  loop diagrams.

C(′)
(7,8)SM

mW

For  comparisons,  we  also  show  the  leading  order
(LO)  and  NLO  [51]  SM  Wilson  coefficients  at
the  scale in Table 1. 

B.    Analysis strategy and inputs
In Bayesian analysis, the posterior function is propor-

tional to the product of likelihood function and prior, giv-
ing 

 

∆C′7 ∆C′8Fig. 6.    (color online) Similar to Fig. 5 but for  and .

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)

1) It is well-known that the SM GIM mechanism is not restricted to gauge interactions but also applied to Yukawa interactions with scalar mediators like in MSSM
(super-GIM [49]) and mirror fermion model [50].
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P(θ⃗|Oexpt.) ∝ L(O|⃗θ)π(θ⃗) . (45)

χ2
The  negative  log  likelihood  (NLL)  function  is  further
defined via  as 

−2logL(O|⃗θ) = χ2(θ⃗) = (Otheo.(θ⃗)−Oexpt.)⊤

× (Vexpt.+Vtheo.)−1(Otheo.(θ⃗)−Oexpt.) , (46)

Otheo. Oexpt.

Vtheo. Vexpt.

where  and  denote  the  theoretical  predictions
and  experimental  values,  respectively,  of  observables  of
interest. Additionally, covariance matrices  and 
incorporate their respective errors 1).

C(′)
8 (µb)

The set of observables, including pseudo-observables
 2), are summarized as

 

O⊤ =
[
B(Bs→ϕγ), B(B→K∗0γ), B(B→K∗+γ), B(B→Xsγ),

S K∗γ, S ϕγ, Cϕγ, A∆ϕγ, C8,C′8
]
, (47)

with  the  corresponding  experimental  values  collected  in
Table  2 and predictions  summarized in Table  3.  For  our
keen  readers,  other  inputs  entered  implicitly  in  the  eight
observables in  (47)  to  perform  the  theoretical  calcula-
tions are summarized in Table 4. 

C.    Scanning results
To explore  the  remaining related parameters,  we im-

plement  the  affine-invariant  ensemble  sampler  for
Markov  chain  Monte  Carlo  (MCMC)  [57].  This  method
enables the  posterior  function  (45)  to  efficiently  con-
verge  towards  solutions  with  higher  probabilities  in  the
parameter space.

We  specify  the  following  priors  for  the  remaining
parameters in the model: 

θ⃗ =



mdH ∈ [200,1000] GeV, ∆mdH ∈ [0,500] GeV,

muH ∈ [200,1000] GeV, ∆muH ∈ [0,500] GeV,

mW ∈ [0.01,100] GeV, mD ∈ [100,1000] GeV,

mH± ∈ [100,1000] GeV, θ2 ∈ [−π
2
,
π

2
] .

(48)

gH

mW θ2

These  priors  assume  that  each  parameter  follows  a
flat prior probability (uniform distribution), which assists
in  defining  the  search  intervals.  The  coupling  is re-
lated to dark matter mass  and mixing angle , which
is explicitly given as 

 

D W H± |Re(∆C7)|
|Re(∆C′7)|

0 < θ2 ≤ 0.15

Fig. 7.    (color online) Ratios of the contributions from the  and  loop diagrams to those from the  loop diagrams in 
(left panel) and  (right panel). The scatter points are selected to satisfy the theoretical constraints on the scalar potential [3, 4]
and the bounds from oblique parameters [19]. Additionally, we impose  rad, as required by current constraints for a light-
mass dark matter candidate in the model [19].

 

mWTable  1.    LO  and  NLO  SM  Wilson  coefficients  at  the 
mass scale.

C7SM C8SM C′7SM C′8SM

LO [51] −0.1926 −0.0964 −0.0036 −0.0018

NLO [51] −0.2054 −0.1104 −0.0039 −0.0021

Che-Hao Liu, Van Que Tran, Qiaoyi Wen et al. Chin. Phys. C 49, 083107 (2025)

Vexpt. Vtheo.1) The  is constructed as a block diagonal matrix using the correlations in experiments, while the  is formed as a diagonal matrix assuming they are un-
correlated.

2) Although they are not actual observables, the information extracted from the model-independent global fit [33] is essential for imposing additional constraints on a
detailed model.
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gH =
2mW

v
×

 |sinθ2| , for θ2 > 0 ,

|cosθ2| , for θ2 ≤ 0 .
(49)

b→sγ

mH± muH

∆muH

∆muH 2σ

Figure  8 shows  the  favored  region  from  low-energy
flavor  experiments  spanned  on  sensitive  parameters.  We
found  that  the  dominant  contribution  to  the  pro-
cess is from charged Higgs diagrams, leading to signific-
ant  constraints  on  related  parameters  such  as , ,
and , as shown in Fig. 8. In particular, we can place
a lower bound on the charged Higgs mass depending on
both  the  hidden  up-type quark  mass  and  the  mass  split-
ting .  Within  the  confidence  interval,  we  find

mH± ≳ 180 muH ≃ 700 ∆muH ≃ 350 GeV  when  GeV  and 
GeV. This constraint can become even more stringent in
the lower mass range of the hidden up-type quark and for
smaller values of the mass splitting 1).

mH± ,mD
D

mD

In Fig. 9, we present the favored region delineated by
low-energy  flavor  experiments  on  the  ( )  plane.
Owing to the negligible influence of the  diagram, the
bounds  derived  from  these  experiments  exhibit  minimal
dependence on . Within the same figure, we also show
exclusion regions  (purple  regions)  from  theoretical  con-
straints of the scalar potential, which includes the criteria
for  vacuum  stability  and  perturbative  unitarity  [3, 4],
alongside constraints [19] from oblique parameters [58]2).

 

C(′)
(7,8)Table 2.    Experimental values of observables related to .

105B S C A∆

B→Xsγ 34.9±1.9 [47] − − −

Bs→ϕsγ 3.6±0.5±0.3±0.6 [52] 0.43±0.30±0.11 [53] 0.11±0.29±0.11 [53] −0.67+0.37
−0.41 ±0.17 [53]

B0
d→K∗0γ 4.5±0.3±0.2 [54] −0.16±0.22 [47] − −

B+u→K∗+γ 5.2±0.4±0.3 [54] − − −

 

Table 3.    Predictions of observables related to Table 2.

105B S C A∆

B→Xsγ 34.0±1.7 − − −

Bs→ϕsγ 3.35±0.53 0.001±0.0001 0.000±0.0001 0.029±0.0001

B0
d→K∗0γ 4.15±0.42 0.001±0.0001 − −

B+u→K∗+γ 4.47±0.45 − − −

 

Yi

yi Bs,d→Vγ

Table  4.    Input  parameters  adopted  in  theoretical  calculations  of  observables  of  interest.  In  this  table,  symbols  represent  the
Yukawa couplings, whereas  values are used to correlate measurements with theoretical predictions of  processes.

Parameters Values Parameters Values

Yb/10−2 8.21.646( )[55] Yt 0.9897(86)[55]

Yc/10−3 (91)3.646  [55] Ys/10−4 (36)3.104  [55]

Yd/10−5 (64)1.663  [55] Yu/10−6 (86)7.80  [55]
mBd 5279.72(8) MeV[56] mBs 5366.93(10) MeV[56]

mBu 5279.41(7) MeV[56] mϕ 1019.461(16) MeV[56]

mK∗± 891.67(26) MeV[56] mK∗0 895.55(20) MeV[56]

τBs 1.520(5) ps[56] τBu 1.638(4) ps[56]

τBd (4)1.517  ps[56] GF −21.1663788(6) GeV  [56]

αs(mZ ) 0.1180(9)[56] αe(mZ ) 1/127.951(9)[56]

ys 0.064(4)[56] yd 0.0005(50)[56]

sin2 θW 0.23122(4)[56] ϕs −0.010(14) [47]

sinθ12 0.22501(68)[56] sinθ13 (+90
−85)0.003732  [56]

sinθ23 0.04183(+79
−69) [56] δCP 1.147(26) [56]

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)

1) The bound on the hidden quark mass from direct searches at the LHC are shown in Appendix C.
2) The explicit expressions for the contributions of G2HDM to the oblique parameters S, T, and U can be found in Ref. [19].
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mH± mD

mH± mD
mH± ≲ 250 mD ≲ 100

These  constraints  introduce  a  significant  correlation
between  and . When these are combined with the
low-energy  flavor  experiment  constraints,  lower  bounds
can be established on both  and . Notably, the re-
gions  where  GeV and  GeV are  ex-
cluded at the 95% confidence level through a synergy of
constraints  from  low-energy  flavor  experiments,  oblique
parameters,  and  theoretical  constraints  imposed  on  the

scalar potential.

D W mdH ∆mdH

mW

We note that because of the minor contributions from
 and  diagrams, parameters such as , ,  and

 remain relatively unconstrained and are not depicted
here. 

VII.  CONCLUSIONS

b→sγ b→sg

D H±
Wp,m

In this study, we have performed computations of the
one-loop  radiative  decay  processes  for  flavor-changing
bottom  quark  transitions  and  within  the
framework  of  a  minimal  G2HDM.  Our  analysis  extends
beyond  the  SM  contributions,  traditionally  mediated  by
the W boson,  to  include  one-loop  flavor-changing pro-
cesses in the minimal G2HDM facilitated by new charged
current  interactions.  These  interactions  are  mediated  by
the  dark  Higgs  ( ),  charged  Higgs  ( ),  and  complex
dark gauge boson ( ), the latter of which is a candid-
ate  for  dark  matter,  involving  both  SM  quarks  and  new
heavy quarks in the loops.

∆C(′)
7 ∆C(′)

8

H±
D Wp,m

H±

mH±

We have derived new contributions to Wilson coeffi-
cients  and ,  with  our  numerical  results  shown
in Fig. 5 and Fig. 6. Within our parameters of interest, we
find that the contributions from  loop diagrams signi-
ficantly dominate over those from  and  loop dia-
grams. This dominance is due to the explicit mass factor
of  SM  up-type  quarks  (primarily  top  quark)  in  the
Yukawa  coupling  involving  the  charged  Higgs,  SM
down-type  quarks,  and  up-type  new  heavy  quarks,  as
shown in (20),  as well  as the requirement of mass inser-
tions  for  internal  new  heavy  quark  lines  to  induce  the
chirality flipped magnetic and electric dipole operators in
(34)  and  (35).  Additionally,  the  impact  of  the  loop
diagrams  is  more  significant  in  regions  with  lighter
masses for  and the new heavy up-type quarks.

D Wp,m

H±

Interestingly,  we  observe  that  the  contributions  from
 loop  and  loop  diagrams  diminish  when  the

masses of the three generations of new heavy quarks run-
ning in the loop are degenerate. In contrast, the contribu-
tions  from  loop diagrams  persist  under  such  condi-
tions but  also  vanish  if  the  masses  of  the  three  genera-
tions of SM up-type quarks are also set to be degenerate.

Through an  exhaustive  parameter  space  scan,  con-
strained  by  data  from various  low-energy flavor  observ-
ables, we have showcased our main results in Fig. 8. Ow-
ing to the predominant contribution of the charged Higgs
loop  diagrams  on  flavor-changing bottom  quark  pro-
cesses,  stringent  lower  bounds  have  been  placed  on  the
masses of the particles involved in the loop, including the
charged  Higgs  and  new  heavy  up-type  quarks.  Notably,
the lower  bound  on  the  charged  Higgs  mass  is  more  re-
strictive in regions with smaller masses of the new heavy
up-type quarks.

By integrating these constraints from low-energy fla-
vor experiments with those from theoretical conditions on

 

H±Fig.  8.    (color  online)  Parameter  space  associated  with 
constrained  by  low-energy  flavor  experiments.  The  solid
(dashed) boundary delineates the region of interest, with dark-
er (lighter) shading indicating areas within a 68% (95%) con-
fidence level.

 

mH± ,mD

Fig.  9.    (color online)  68%  and  95%  confidence  level  con-
tours  from  low-energy  flavor  experiments  (lighter  blue  and
darker blue regions), and exclusion regions (purple shaded re-
gions) from a combination of theoretical and oblique paramet-
ers constraints projected on the ( ) plane.
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mH± ≲ 250
mD ≲ 100

the scalar  potential  and  oblique  parameters,  we  have  es-
tablished lower bounds on the masses of both the charged
and  dark  Higgs.  Specifically,  regions  where 
GeV and  GeV are excluded at the 95% confid-
ence level based on our analysis.

SU(2)H

b→s(γ,g)
li→l jγ

∆C(′)
9 ∆C(′)

10

B→(Xs,K(∗))l+l− B→K(∗)νν̄

B

Because  of  the  peculiar  embedding  the  two  Higgs
doublets  into  a  two-dimensional irreducible  representa-
tion  of  hidden  in G2HDM,  the  Yukawa  coup-
lings of charged Higgs are highly correlated with the SM
Higgs  Yukawa  couplings.  Thus,  flavor  physics  is  quite
interesting  and  rich  in  G2HDM,  as  demonstrated  in  this
work for  in B physics, as well as in the analog-
ous  leptonic  process  of  in  [32].  Many  other  low
energy flavor  physics  can  be  explored  further.  For  in-
stance, new contributions from G2HDM to Wilson coef-
ficients  and , which are relevant to various ob-
servables  in  semileptonic  processes  such  as

 and ,  could  provide  additional
insights  into  NP.  Recent  global  fit  studies  in  LEFT [33]
and  SMEFT  [59]  suggest  that  room  remains  for  NP  in
these channels.  These  contributions  may  play  a  signific-
ant  role  in  further  constraining  the  G2HDM  parameter
space, potentially providing more stringent limits.  Simil-
ar  considerations  apply  to -meson  mixing.  Research  in
this direction is currently in progress and will be reported
elsewhere. 
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b→sγ

APPENDIX A: ONE-LOOP INDUCED AMP-
LITUDES FOR 

For the SM W boson, the unitary guage has only two
diagrams, as depicted in Fig. 1. We obtain 

A(M,E) (W) = A(M,E)
1 (W)+A(M,E)

2 (W) , (A1)

with 

AM
1 (W) = +

Å
g2

8

ã∑
j

(VCKM)∗j2 (VCKM) j3

×
î
I
(
mb,ms,mu j ,mW

)
+I
(
mb,ms,−mu j ,mW

)ó
, (A2)

 

AE
1 (W) = − i

Å
g2

8

ã∑
j

(VCKM)∗j2 (VCKM) j3

×
î
I
(
mb,−ms,mu j ,mW

)
+I
(
mb,−ms,−mu j ,mW

)ó
, (A3)

and 

AM
2 (W) = (−Qu)

Å
g2

8

ã∑
j

(VCKM)∗j2 (VCKM) j3

×
î
J
(
mb,ms,mu j ,mW

)
+J

(
mb,ms,−mu j ,mW

)ó
, (A4)

 

AE
2 (W) = (−i) (−Qu)

Å
g2

8

ã∑
j

(VCKM)∗j2 (VCKM) j3

×
î
J
(
mb,−ms,mu j ,mW

)
+J

(
mb,−ms,−mu j ,mW

)ó
.

(A5)

DFor the dark Higgs  diagram in Fig. 2, we have 

AM (D) = (−Qd)

[∑
j

(
SDd
)∗

j2

(
SDd
)

j3K(mb,ms,mdH
j
,mD)

+
∑

j

(
PDd
)∗

j2

(
PDd
)

j3K(mb,ms,−mdH
j
,mD)

]
,

(A6)
 

AE (D) = i(−Qd)

[∑
j

(
PDd
)∗

j2

(
SDd
)

j3K(mb,−ms,mdH
j
,mD)

+
∑

j

(
SDd
)∗

j2

(
PDd
)

j3K(mb,−ms,−mdH
j
,mD)

]
.

(A7)

mdH
1
= mdH

2
= mdH

3
=

mdH

In the limit where the masses of the three generations
of  heavy  quarks  are  degenerate, i.e., 

, we obtain 

∑
j

(
SDd
)∗

j2

(
SDd
)

j3 =
1

2v2v2
Φ

[(mbvΦ cosθ2+mdH sinθ2)

× (msvΦ cosθ2+mdH sinθ2)]

×
∑

j

(
VH

d

)
2 j

(
VH

d

)∗
3 j = 0 ,

(A8)
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∑
j

(
PDd
)∗
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(
PDd
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1

2v2v2
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2 j

(
VH

d

)∗
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(
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(
PDd
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1

2v2v2
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[(−mbvΦ cosθ2+mdH sinθ2)
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×
∑
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(
VH

d

)
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(
VH

d

)∗
3 j = 0 .

(A11)

AM (D) =

AE (D) = 0

Thus, in this degenerate heavy quark mass limit, 
.

H±For  charged  Higgs ,  from  the  two  diagrams  in
Fig. 3, we obtain
 

A(M,E) (H) = A(M,E)
1 (H)+A(M,E)

2 (H) , (A12)

with
 

AM
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(
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(
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, (A14)

and
 

AM
2 (H) = (−Qu)
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(
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×
î
K(mb,ms,muH
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(
yHu
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×
î
K(mb,−ms,muH

j
,mH )

+K(mb,−ms,−muH
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. (A16)

muH
1
= muH

2
= muH

3
= muH

mt = mc = mu = mq

Unlike  the  case  of  the  dark  Higgs  contribution,  the
charged  Higgs  contribution  does  not  vanish  in  the  limit
where the masses of the heavy quarks running in the loop
are  degenerate, i.e., .  However,  if
we  further  assume  that  the  up-type  SM  quarks  are  also
degenerate, , then
 ∑

j

(
yHu
)∗

j2

(
yHu
)

j3

=
1

2v2
m2

q

∑
j

(
VH†

u VCKM
)∗

j2

(
VH†

u VCKM
)

j3

=
1

2v2
m2

q

(
V†CKMVH

u VH†
u VCKM

)
23

= 0, (A17)

implying  that  the  contribution  from  the  charged  Higgs
vanishes.

W
Finally, for the contributions from dark matter gauge

boson  in  the  unitary  gauge as  depicted in Fig.  4,  we
obtain
 

AM (W) = (−Qd)
Å

g2
H

8
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d

)
2 j

(
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d

)∗
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×
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j
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. (A19)

mdH
1
= mdH

2
= mdH

3
= mdHIn the limit where , Eqs. (A20) and

(A21) respectively become
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(A21)

I J K LIn these equations, , , ,  and are the Feynman
parametrization  loop  integrals  that  can  be  determined  as
shown in Appendix B.
 

APPENDIX B: FEYNMAN PARAMETRIZATION
LOOP INTEGRALS

I
J K L

I J

K L

mi m j mk mX

s→d
I J

ms

md

For  convenience,  here,  we  collect  loop  integrals ,
, , and , which were derived in [32] (See also [60]).

Integrals  and  are entered in the vector gauge boson
exchange  diagrams,  similar  to  those  in Figs.  1 and 4,
whereas  and  are entered in the scalar exchange dia-
grams, like those in Figs. 2 and 3. We have maintained all
the external (  and ) and internal (  and ) masses
in  these  integrals.  We  have  checked  that  if  the  external
masses are small compared with the internal ones, such as
in  the  transition  from  the W exchange  diagrams,
series  expansions  of  expressions  of  and  presented
below can be used to reproduce the well-known SM res-
ults [61] of heavy quark effects to leading order in  and

.
z ≡ 1− x− yTo  avoid  word  cluttering,  we  denote  in

the following.
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IWe  note  that  this  integral  is  for  the  diagram  with
two internal  charged vector  bosons X coupled to  the  ex-
ternal  photon  computed  using  the  unitary  gauge.  The
third line of Eq. (75) is obtained from the product of the
transverse  pieces  of  the  two  vector  boson  propagators,
whereas  all  the  remaining terms are  from the  product  of
the  transverse  and  longitudinal  pieces  of  these  two
propagators.  The  product  of  longitudinal  pieces  do  not
produce the contributions for the transition magnetic and
electric dipole form factors. 
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JWe note  that  this  integral  is  for  the  diagram with
one internal charged or neutral gauge boson X exchange,
whereas  the  external  photon  couples  to  the  internal
charged fermion. The diagram is also computed using the
unitary gauge. The third line of Eq. (76) is from the trans-
verse  piece  of  the  vector  boson  propagator,  whereas  the
remaining  terms  are  entirely  from the  longitudinal  piece
of the propagator.

m j = 0
mk ≫ mX ,mi mX ≫ mk,mi

We  can  set  the  final  state  fermion  mass  and
consider the limit of either  or  for

New contributions to b → sγ in the minimal G2HDM Chin. Phys. C 49, 083107 (2025)

083107-15



I J and  to deduce 
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K L2.    Integrals  and 
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m j = 0 mk ≫ mX ,mi mX ≫ mk,mi

K L
Similarly, we can set the final state fermion mass  and consider the limit of either  or 

for  and  to obtain
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APPENDIX C: LHC CONSTRAINTS ON HIDDEN
QUARKS

W D H±

The hidden quarks in our model are color and electric
charged particles  that  can be produced singly or  in  pairs
in  a  proton-proton  collider.  Owing  to  QCD  interactions,
the  production  cross  section  of  hidden  quarks  in  such  a
collider can be significant, similar to squark production in
the SUSY  model.  After  production,  if  kinematically  al-
lowed, hidden quarks can decay into a SM quark and a h-
parity  odd  particle  such  as , ,  or . If  kinematic-
ally disallowed or if the decay width is small, the hidden
quarks may be stable or metastable. The former scenario
results  in  a  jets  plus  missing  transverse  energy  (MET)
signature,  whereas  the  latter  leads  to  a  heavy  stable
charged  particles  signature.  Both  signatures  have  been

searched  for  at  the  LHC  [62−68], but  no  significant  ex-
cess  has  been  observed,  thereby  setting  lower  limits  on
hidden quark mass.

mqH = mdH = muH ∆mdH = ∆mdH = 0
mH± = 575 mD = 500 mW = 1
θ2 = 0.05

mqH ≳ 2.4

mqH > 2.15

To  obtain  the  LHC  limits  on  hidden  quarks  in  the
G2HDM,  we  use  the  SModelS  v2.3  package  [69] inter-
faced  with  MicrOMEGAs v6.0  package  [70].  Fixing  the
parameters  to , ,

 GeV,  GeV,  GeV,  and
 rad, we find that the most stringent constraint on

hidden  quark  mass  is  TeV  from  ATLAS  data
for  jets  plus  MET searches  [63]. Additionally,  if  assum-
ing the hidden quarks  are  stable,  the  CMS data  [68]  can
constrain  the  hidden  quark  mass  to  TeV.
These  LHC  direct  search  limits  are  stronger  than  those
obtained from the B-physics flavor observable.
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