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The long-standing flavor anomalies in b → slþl− and b → clν persist. In this work, we
explore a specific flavor-gauged two-Higgs-doublet model (FG2HDM) extended by a scalar singlet,
with an imposed Uð1Þ flavor symmetry. Compared to the standard model (SM), four additional scalars
and one neutral gauge boson Z0 are added to the particle spectrum. The special Yukawa coupling
matrices, due to the Uð1Þ symmetry, lead to flavor-changing neutral Higgs interactions uniquely
occurring in the down-type quark sector, while the new gauge boson Z0 induces flavor-changing neutral
current interactions in the down-type quark sector as well. The two distinct types of anomalies can be
accommodated simultaneously in such a model. Incorporating scalar and vector contributions to
b → slþl−, Bs → μþμ−, and B0

s − B̄0
s mixing, charged Higgs contributions to b → clν, along

with electroweak precision observables and Higgs fermionic decays, we investigate the parameter
space in FG2HDM and find substantial room in the solution space. Specifically, in the SM-like
model setup, the data suggest that mZ0 < 450 GeV, tan β < 28, and g0=mZ0 > 3.5 × 10−4 GeV−1, while
there are fewer constraints on heavy scalars, which can be further tested by a combination of other
observables.

DOI: 10.1103/fsn2-rndj

I. INTRODUCTION

Although the anomalies in B meson decays have
persisted for over a decade, serving as an indirect way
to explore new physics (NP) beyond the standard model
(BSM) and attracting significant attention both experimen-
tally and theoretically, the effort to precisely identify these
anomalies continues.
The SM-like RKð�Þ measured by LHCb at the end of

2022 [1], and later observed with large uncertainty by
CMS as well [2], indicated that the emergence of NP in
terms of a violation of lepton flavor universality (LFU)
was not that promising. However, the possibility in binned
branching fractions and polarization observables P0

5 still
exists. LHCb performed a systematic q2 unbinned ampli-
tude analysis of B0 → K�0μþμ− at the end of 2023 [3,4]
and found the deviation of C9 from the SM to be about
1.9σ and that the nonlocal operator is not sufficient to
explain the deviation. In the latest unbinned amplitude
analysis of May 2024 [5,6], using the Breit-Wigner
improved method [7,8], LHCb obtained C9 with a 2.1σ

deviation from the SM prediction. The ongoing effort
indicates that the NP opportunity in b → slþl− has not
yet been concluded [9].
Progress has also been made in the b → clν̄ sector.

Recently, LHCb reported thatRLHCb
Dþ ¼0.249�0.043ðstatÞ�

0.047ðsystÞ, and RLHCb
D�þ ¼0.402�0.081ðstatÞ�0.085ðsystÞ,

with a correlation coefficient ρ ¼ −0.39 [10]. The exper-
imental uncertainty of RD� remains considerable, while the
error of RD decreased, pushing RD closer to the SM
prediction than previously observed [11]. On the other
hand, Belle II [12] announced their preliminary results of
RDð�Þ this year asRBelle

D� ¼ 0.262þ0.041
−0.039ðstatÞþ0.035

−0.032ðsystÞ.1 The
preliminary world averages of RDð�Þ for Moriond 2024,
offered by HFLAV [14], with the above Belle II result
included [12], are given as

Ravg
D� ¼ 0.287� 0.012; Ravg

D ¼ 0.342� 0.026; ð1Þ

with the same correlation of −0.39. Hence, the discrepancy
between the SM prediction and the averaged value is at the
level of 3.31σ [14]. In addition, the longitudinal polarization
fraction of the D� meson in B0 → D�−τþντ provides*Contact author: fanrongxu@jnu.edu.cn
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1The most recent measurements of RDð�Þ reported by Belle II in
2025, during the review process of this paper, yield a combined
result that deviates from the SM prediction by 1.7 standard
deviations, taking into account the correlation between the two
observables [13].
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complementary information to RD� and has triggered exper-
imental interest. However, the overall q2 range integrated
result reported by LHCb [15], given as FD�

L ¼ 0.43�
0.06� 0.03 by the end of 2023, was found to be SM
compatible. Recently, J=ψ has also been employed as a
supplement to Dð�Þ mesons in the b → clν process. A pre-
liminary combined result ofRJ=ψ announced by CMS colla-
boration in August 2024 gives RCMS

J=ψ ¼ 0.49� 0.09ðstatÞ �
0.25ðsystÞ, with large uncertainty that less information can
be extracted at this moment [16,17]. Therefore, RD� is still
the main player of NP in b → clν.
It is commonly known that the two types of anomalies,

occurring in b → slþl− and b → clν, are induced by
neutral current and charged current interactions, respec-
tively. This indicates that NP is encoded in distinct sectors
and can be explored separately. In addition to model-
independent global fits in b → slþl− [3–5,18–23] and b →
clν [24–27], various specific NP models have also been
discussed, including the Z0 models [28–41] and leptoquark
models [42–47], to address neutral current anomalies, and
charged Higgs [48–54] and others, such as W0 [55–58], to
address charged current anomalies. Furthermore, efforts to
accommodate both types of anomalies with model-inde-
pendent or model-dependent methods can also be found in
references, such as [53,56,59–69].
The two-Higgs-doublet model (2HDM) is a natural

extension of the SM and is commonly classified into
several types regarding its Yukawa structures. To reduce
redundancy in Yukawa coupling matrices, extra symmetry
can be introduced. Taking the 2HDM-II as an example,
it is imposed with a symmetry for its first scalar doublet
and right-handed down quarks (Φ1 → −Φ1, diR → diR),
but faces difficulty in explaining the RD� anomaly [70].
There are still efforts in variant 2HDMs, such as 2HDM-III
with Cheng-Sher ansatz [71,72], gauged 2HDM (G2HDM)
[73–75], and Branco-Grimus-Lavoura (BGL) 2HDM [76]
with special assignment of flavor symmetry, and some early
discussion can be found in the references, such as [77].
Here, we will focus on the BGL-type models, with global
flavor-symmetry-based Yukawa matrix textures introduced.
Although there exists scalar-mediated flavor-changing
neutral current (FCNC), it can be suppressed by small
off-diagonal entries of the CKM matrix [76]. Recently,
the way to localize this BGL flavor symmetry has been
proposed [78] and developed [79,80], in which a new
gauge boson corresponding to the Uð1Þ gauge group in
charge of flavor symmetry and an extra scalar singlet are
introduced, in addition to the original two doublets in
2HDM. In this work, we explore how both anomalies can

be accommodated within such a flavor-gauged 2HDM
(FG2HDM).
This paper is organized as follows. In Sec. II, we

introduce the main structure of FG2HDM. In Sec. III,
the model contributions to b → slþl−, b → clν, and B0

s −
B̄0
s mixing, as well as Z → ff̄ and h → ff̄, are calculated.

A further numerical analysis and a survey on model
parameter space are presented in Sec. IV. We summarize
the entire work in Sec. V. Some details are provided
in the Appendices, where Appendix A shows exact
quantum numbers for a workable FG2HDM, and
Appendix B gives details of rotation matrices in the model.
In Appendix C, some related phenomenology formulas are
exhibited.

II. MODEL SETUP

A. Scalar potential

The scalar potential in the FG2HDM, involving two
scalar doublets and one complex singlet, is given by

VðΦ1;Φ2; SÞ

¼ m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 þ

λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ
þm2

SjSj2 þ λSjSj4 þ κ1jΦ1j2jSj2 þ κ2jΦ2j2jSj2
þ κ3ðΦ†

1Φ2S2 þΦ†
2Φ1ðS�Þ2Þ; ð2Þ

win which Φi ¼ ðϕþ
i ; ðρi þ iηi þ viÞ=

ffiffiffi
2

p ÞT denotes the
SUð2ÞL scalar doublet, and the singlet is parametrized as
S ¼ ðvS þ s0 þ iχ0Þ=

ffiffiffi
2

p
. CP-violating phases in the vac-

uum expectation values (VEV) are neglected. Due to differ-
ent charge assignments of these doublets under the gauged
BGLsymmetry, the termsm12 and λ5 vanish. Themass of the
physical pseudoscalar arises from the newly introduced
singlet after symmetry breaking. By utilizing stationary
equations (∂iV0 ≡ ∂V0

∂vi
¼ 0; i ¼ 1; 2; S) around their vacua,

ð2m2
11v1þκ1v1v2Sþκ3v2v2Sþλ1v31þλ3v22v1þλ4v22v1Þ¼0;

ð2m2
22v2þκ2v2v2Sþκ3v1v2Sþλ2v32þλ3v21v2þλ4v21v2Þ¼0;

ð2m2
SvSþ2λSv3Sþκ1v21vSþκ2v22vSþ2κ3v1v2vSÞ¼0;

ð3Þ

we can derive the mass terms for the scalars,

Lϕ� ¼ 1

2

�
v1v2λ4 þ κ3v2SÞ

�
ϕ−
1 ; ϕ−

2

�� v2
v1

−1

−1 v1
v2

��
ϕþ
1

ϕþ
2

�
;
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Lη ¼
1

4
κ3v2S

�
η1; η2; χ0

�
0
BB@

v2
v1

−1 − 2v2
vS

−1 v1
v2

2v1
vS

− 2v2
vS

2v1
vS

4v1v2
v2S

1
CCA
0
B@

η1

η2

χ0

1
CA;

Lρ ¼ −
1

2

�
ρ1; ρ2; s0

�
0
BB@

λ1v21 − 1
2
κ3

v2
v1
v2S λ34v1v2 þ 1

2
κ3v2S vSðv1κ1 þ v2κ3Þ

λ34v1v2 þ 1
2
κ3v2S λ2v22 − 1

2
κ3

v1
v2
v2S vSðv2κ2 þ v1κ3Þ

vSðv1κ1 þ v2κ3Þ vSðv2κ2 þ v1κ3Þ 2λSv2S

1
CCA
0
B@

ρ1

ρ2

s0

1
CA; ð4Þ

where λ34 ¼ λ3 þ λ4. Assuming CP-even neutral scalar mass terms are block diagonal, i.e., −κ3 ¼ κ1v1=v2 ¼ κ2v2=v1, as
adopted in [81], we have

Lρ ¼ −
1

2

�
ρ1; ρ2; s0

�
0
BB@

λ1v21 − 1
2
κ3

v2
v1
v2S λ34v1v2 þ 1

2
κ3v2S 0

λ34v1v2 þ 1
2
κ3v2S λ2v22 − 1

2
κ3

v1
v2
v2S 0

0 0 2λSv2S

1
CCA
0
B@

ρ1

ρ2

s0

1
CA; ð5Þ

giving the CP-even scalars masses

m2
h;H ¼ 1

2

h
ðmþ nÞ ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm − nÞ2 þ 4l2

q i
; m2

HS
¼ 2λSv2S; ð6Þ

where m, n, and l are defined as

m ¼ λ1v21 −
1

2
κ3

v2
v1

v2S; n ¼ λ2v22 −
1

2
κ3

v1
v2

v2S; l ¼ λ34v1v2 þ
1

2
κ3v2S: ð7Þ

Likewise, the mass and gauge eigenstates of other scalar fields can be related via rotation matrices,

�
G�

H�

�
¼ U1

�
ϕ�
1

ϕ�
2

�
;

0
B@

G0

G00

HA

1
CA ¼ U2

0
B@

η1

η2

χ0

1
CA;

0
B@

H

h

HS

1
CA ¼ U3

0
B@

ρ1

ρ2

s0

1
CA; ð8Þ

where U1, U2, and U3 matrices are detailed in Appendix B. We present the squared masses of the CP-odd mode and
charged Higgs explicitly as

m2
G� ¼ m2

G0 ¼ m2
G00 ¼ 0; m2

HA
¼ −

1

2
κ3

�
4v1v2 þ

v2v2S
v1v2

�
; m2

H� ¼ −
1

2

�
λ4v2 þ

κ3v2v2S
v1v2

�
: ð9Þ

The Goldstone theorem is preserved, and hence the masses
of Goldstone bosons naturally vanish, as shown above.

B. Gauge interactions

The kinetic terms for the scalar fields in the Lagrangian
are given by

LGS¼ðDμΦ1Þ†ðDμΦ1ÞþðDμΦ2Þ†ðDμΦ2ÞþðDμSÞ†ðDμSÞ;
ð10Þ

where the gauge covariant derivatives to the scalar fields are
defined as

DμS¼
�
∂μ− ig0XSẐ

0
μ

�
S;

DμΦj¼
�
∂μ− ig1YjBμ− ig0XΦj

Ẑ0
μ− ig2

τ⃗

2
·W⃗μ

�
Φj; ð11Þ

with hypercharge under Uð1ÞY denoted as Y1 ¼ Y2 ¼ 1
2
.

The quantum numbersQj ofΦj, encoded in XΦj
, under the

Uð1Þ0 group are detailed in Appendix A.

1. Gauge boson mass

After spontaneous symmetry breaking, the mass terms
for the gauge bosons are expressed as
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LG
m ¼ �

B W3 Ẑ0 �M̃
0
B@

B

W3

Ẑ0

1
CA ¼ �

A Z Z0 �Md

0
B@

A

Z

Z0

1
CA; ð12Þ

where the M̃ matrix takes the form

M̃ ¼ 1

8
ðg21 þ g22Þv2

0
B@

sin2θW − sin θW cos θW 2 sin θWΔ
− sin θW cos θW cos2θW −2 cos θWΔ

2 sin θWΔ −2 cos θWΔ 4δ

1
CA: ð13Þ

In particular, the notations Δ and δ are defined as

Δ ¼ sin ξðQ1 cos β2 þQ2 sin β2Þ;
δ ¼ sin2ξðQ2

1cos
2β þQ2

2sin
2β þR2

vQ2
sÞ; ð14Þ

with R2
v ¼ v2S

v2, sin θW ¼ g1ffiffiffiffiffiffiffiffiffi
g2
1
þg2

2

p , and sin ξ ¼ g0ffiffiffiffiffiffiffiffiffi
g2
1
þg2

2

p . The determinant of M̃ is zero, implying that one eigenvalue

(corresponding to the photon) is zero. The rotation matrix U connecting the mass eigenstates and gauge eigenstates is
given by

0
B@

A

Z

Z0

1
CA ¼ U

0
B@

B

W3

Ẑ0

1
CA; U≡ UT

ẐẐ0UT
AẐ

¼

0
B@

cos θW sin θW 0

− sin θW cos θ02 cos θW cos θ02 sin θ02
sin θW sin θ02 − cos θW sin θ02 cos θ02

1
CA; ð15Þ

with the matrices UẐẐ0 and UAẐ detailed in Appendix B. The diagonalized mass matrix Md is then given by

Md ¼
1

8
ðg21 þ g22Þv2

0
B@

0 0 0

0 μ−Z 0

0 0 μþZ0

1
CA; ð16Þ

where μ∓
Zð0Þ ¼ 1

2

�
1þ 4δ ∓ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð4δ − 1Þ2 þ 16Δ2
p �

. Here, we have assumed Rv is sufficiently large, making the Z0 boson
heavier than the SM Z boson.

2. Fermion kinetic terms

The interactions of the new gauge bosons with fermions are obtained from

LFG ¼ L̄0
Liγ

μDμL0
L þ Q̄0

Liγ
μDμQ0

L þ ē0Riγ
μð∂μ − ig1YBμ − ig0XlRẐμÞe0R

þ ū0Riγ
μð∂μ − ig1YBμ − ig0XuRẐμÞu0R þ d̄0Riγ

μð∂μ − ig1YBμ − ig0XdRẐμÞd0R; ð17Þ

where fermion fields with superscript 0 denote fields in the gauge eigenstate. The neutral current terms in the mass basis are
then given by

LFG ¼ eQfAμf̄γμf þ g2 cos θ02
cos θW

Zμf̄½ðIf3 −Qfsin2θWÞγμPL −Qfsin2θWγμPR�f

−
g2 sin θ02
cos θW

Z0
μf̄½ðIf3 −Qfsin2θWÞγμPL −Qfsin2θWγμPR�f þ g0 sin θ02Zμf̄½QfLγ

μPL þQfRγ
μPR�f

þ g0 cos θ02Z
0
μf̄½QfLγ

μPL þQfRγ
μPR�f; ð18Þ

where f ¼ u; d; ν;l, If3 is the weak isospin third component, and Qf is the electric charge. The couplings to fermions of
different chiralities are determined by the Uð1Þ0 charges, given generally as
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QfL ¼ U†
fLXfLUfL;

QfR ¼ U†
fRXfRUfR; ð19Þ

where XfR structures are discussed in Appendix A, and
UfLðRÞ are rotation matrices connecting fermions in the
mass eigenstate and weak eigenstate via

f0LðRÞ ¼ UfLðRÞfLðRÞ: ð20Þ
Hence, the CKM and Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrices are defined as

V ≡ VCKM ¼ U†
uLUdL; U ≡ VPMNS ¼ U†

νLUlL; ð21Þ
which play crucial roles in gauge interactions and fermion-
scalar interactions.

C. Yukawa interaction

The Yukawa interactions in FG2HDM, including both
quark and lepton sectors, are generally in the form of

−LY ¼ Q0
LðYd

1Φ1 þ Yd
2Φ2Þd0R þQ0

LðYu
1Φ̃1 þ Yu

2Φ̃2Þu0R
þ L0

LðYl
1Φ1 þ Yl

2Φ2Þe0R þ L0
LðYν

1Φ̃1 þ Yν
2Φ̃2Þν0R

þ H:c:; ð22Þ
where the superscripts denote the fermion fields in the
aforementioned gauge eigenstate. Generically, there exist
eight 3 × 3 Yukawa matrices in total, including the two
related to neutrino, which provide Dirac neutrino mass.

1. Fermion mass and Yukawa matrices

After spontaneous symmetry breaking, fermion mass
terms take the form

−Lm ¼ ūLMuuR þ d̄LMddR þ lLMllR þ ν̄LMννR þ H:c:;

ð23Þ
whereMf (f ¼ u;d;l;ν) are diagonal mass matrices, expli-

citly givingMu¼diagðmu;mc;mtÞ,Md¼diagðmd;ms;mbÞ,
Ml ¼ diagðme;mμ; mτÞ, and Mν ¼ diagðmν1 ; mν2 ; mν3Þ.
Note the physical fermion mass is rotated from generally
nondiagonal M̃f as

Mf ¼ U†
fLM̃fUfR; ð24Þ

M̃f ¼
1ffiffiffi
2

p ðv1Yf
1 þ v2Y

f
2Þ: ð25Þ

It is convenient to introduce the auxiliary matrices,
defined as

Nf ¼ 1ffiffiffi
2

p U†
fLðv1Yf

2 − v2Y
f
1ÞUfR; ð26Þ

for the description of flavor-changing processes involving
scalars. Since two types of Yukawa matrices, Y1 and Y2, in
FG2HDM are involved, the form ofNf is hence determined

by the formats of Yf
i , which further can be regarded as a

consequence of flavor symmetry in this work. Without loss
of generality, the Nf matrices can be connected to mass
matrices via

Nf ¼ −
v2
v1

Mf þ
v2ffiffiffi
2

p
�
v2
v1

þ v1
v2

�
U†

fLY
f
2UfR: ð27Þ

Note that the Yukawa coupling matrices have not yet
received restrictions so far, and hence keep their most
general structure. We will show in the following that the
desired FCNC or flavor changing charged current con-
trolled by the CKM matrix can be achieved by special
texture of Yukawa coupling matrices, which is a natural
consequence of special flavor symmetries.

2. The specific texture for Yukawa coupling matrices

Assigned specific Uð1Þ0 quantum numbers detailed in
Appendix A, we obtain the following texture for quark
Yukawa matrices:

Yu
1 ¼

0
B@

� � 0

� � 0

0 0 0

1
CA; Yu

2 ¼

0
B@

0 0 0

0 0 0

0 0 �

1
CA; Yd

1 ¼

0
B@

� � �
� � �
0 0 0

1
CA; Yd

2 ¼

0
B@

0 0 0

0 0 0

� � �

1
CA; ð28Þ

where “�” denotes a nonzero arbitrary number. This structure of Yukawa matrices leads to the form of Nf as

Nu ¼ −
v2
v1

diagðmu;mc; 0Þ þ
v1
v2

diagð0; 0; mtÞ;

ðNdÞij ¼ −
v2
v1

ðMdÞij þ
�
v2
v1

þ v1
v2

�
ðV†

CKMÞi3ðVCKMÞ3jðMdÞjj; ð29Þ

where the dummy index is not summed. Clearly, a tree-level FCNC interaction induced by scalars does not occur in the up-
type quark sector.
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Likewise, by imposing the following lepton Yukawa textures:

Yl
1 ¼

0
B@

0 0 0

0 � 0

0 0 �

1
CA; Yl

2 ¼

0
B@

� 0 0

0 0 0

0 0 0

1
CA; Yν

1 ¼

0
B@

0 0 0

0 0 0

� � �

1
CA; Yν

2 ¼ 0; ð30Þ

we find the coupling matrices among leptons and scalars to be diagonal, giving

Nν ¼ −
v2
v1

Mν;

Nl ¼ −
v2
v1

diagð0; mμ; mτÞ þ
v1
v2

diagðme; 0; 0Þ: ð31Þ

Apparently,Nd uniquely introduces tree-level flavor-changing scalar-mediated interactions for down-type quarks among all
the interactions between fermions and scalars.

3. The interactions between fermions and scalars

We have learned from Sec. II A that after spontaneous symmetry breaking (SSB), five physical scalar particles (h,H,HS,
HA, andH�) remain in the FG2HDM. In themass basis, the interaction among fermions and physical scalars can bewritten as

−L ¼
ffiffiffi
2

p

v
Hþ½ūðVCKMNdPR − N†

uVCKMPLÞdþ ν̄ðVPMNSNlPR − N†
νVPMNSPLÞl� þ H:c:

þ 1

v
½sinðα − βÞMf − cosðα − βÞNf�hf̄f −

1

v
½cosðα − βÞMf þ sinðα − βÞNf�Hf̄f

þ i
v
½U21

γ Nd�HAd̄γ5d −
i
v
½U21

γ Nu�HAūγ5uþ i
v
½U21

γ Nl�HAlγ5l: ð32Þ

The CP-even scalar block mass matrix in Eq. (5) determines the absence of HS, while HA enters through rotation. These
interactions lay the groundwork for further phenomenological discussions.

III. PHENOMENOLOGY

The semileptonic processes within the B meson system provide crucial windows for investigating NP. The multiple
scalars emerged in FG2HDM take part in various interactions at high energy. For instance, the charged Higgs plays a role in
b → clν, while neutral scalars may contribute to the b → sll process. In this section, we will explore in detail the NP
contribution to semileptonic B decays, as well as B0

s − B̄0
s mixing.

A. b → clν

By integrating out the heavy scalar, the quark-level decay b → clν can be depicted by the following effective
Hamiltonian [27,82]2:

H ¼ 2
ffiffiffi
2

p
GFVcb½ð1þ CVL

ÞOVL
þ CVR

OVR
þ CSLOSL þ CSROSR þ CTOT � þ H:c:; ð33Þ

with four effective operators given by

OVL;R
¼ ðc̄γμPL;RbÞðlγμPLνÞ; OSL ¼ ðc̄PLbÞðlPLνÞ;

OSR ¼ ðc̄PRbÞðlPLνÞ; OT ¼ ðc̄σμνPLbÞðlσμνPLνÞ: ð34Þ

Note that all coefficients here represent pure NP contributions since contributions from the standard model (SM) have
already been factorized out. In FG2HDM, the contribution from exotic charged Higgs Hþ is naturally generated at tree

2The adopted Hamiltonian form is for the convenience of extensions to incorporate interactions induced by right-handed neutrinos
[83,84].
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level, while the other contributions from new Z0 and neutralH emerge from loop level and have been neglected. Hence, only
scalar operators can be generated here, and Wilson coefficients at the electroweak (EW) scale are explicitly given as

Cτ3
SL

¼ −
2

v2m2
H�

ðN†
uVCKMÞ23ðNlÞ†τ3=ð−2

ffiffiffi
2

p
GFVcbÞ ¼

1

m2
H�

�
−
v2
v1

mc

��
−
v2
v1

mτ

�
¼ mcmτ

m2
H�

tan2β;

Cτ3
SR

¼ 2

v2m2
H�

ðVCKMNdÞ23ðNlÞ†τ3=ð−2
ffiffiffi
2

p
GFVcbÞ ¼ −

mbmτ

m2
H�

tan2β: ð35Þ

By retaining Cτ3
SR
, an additional contribution via Cτ3

SL
enters compared to the early estimation of 2HDM-II [85]. For the

comparison with the complete 2HDM-II [86] result, a significant difference exists in the relative sign between Cτ3
SR

and Cτ3
SL
.

This alleviates the tension between the 2HDM (especially 2HDM-II) and the RDð�Þ measurement [87]. In order to calculate
low-energy observables, QCD renormalization group (RG) evolution of CSL;R in the leading approximation is considered.
Running from Λ ¼ 100 GeV to μ ¼ mb, we have the Wilson coefficients at low energy,

CSL;RðμÞ ¼
	
αsðmtÞ
αsðmbÞ



−8=ð2βð5Þ

0
Þ

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
λc

CSL;RðΛÞ; ð36Þ

with the one-loop β-function βðnÞ0 ¼ 11 − 2n=3, λc ≈ 1.41, as adopted in [88,89].
Observables related to the b → clν process, associated with Wilson coefficients evaluated at the μ ¼ mb, have the

following numerical forms [90]:

RD ¼ RSM
D ½1þ 1.07jCτ3

SL
þ Cτ3

SR
j2 þ 1.528ℜ½Cτ3�

SL
þ Cτ3�

SR
��;

RD� ¼ RSM
D� ½1þ 0.043jCτ3

SL
− Cτ3

SR
j2 − 0.113ℜ½Cτ3�

SL
− Cτ3�

SR
��;

FD�
L ¼ FD�

L;SM

�
RD�

RSM
D�

�
−1

× ð1þ 0.099jCτ3
SL

− Cτ3
SR
j2 − 0.263ℜ½Cτ3�

SL
− Cτ3�

SR
�Þ;

PD�
τ ¼ PD�

τ;SM

�
RD�

RSM
D�

�
−1

× ð1 − 0.082jCτ3
SR

− Cτ3
SL
j2 þ 0.218ℜ½Cτ3�

SL
− Cτ3�

SR
�Þ;

RJ=ψ ¼ RSM
J=ψ × ð1þ 0.043jCτ3

SL
− Cτ3

SR
j2 − 0.113ℜ½Cτ3�

SL
− Cτ3�

SR
�Þ;

RΛc
¼ RSM

Λc
× ð1þ 0.321ðjCτ3

SL
j2 þ jCτ3

SR
j2Þ þ 0.334ℜ½Cτ3�

SL
� þ 0.497ℜ½Cτ3�

SR
� þ 0.513ℜ½Cτ3

SL
Cτ3�
SR

�Þ;
BðBc → τν̄Þ ¼ BðBc → τν̄ÞSM × j1 − 4.35ðCτ3

SL
− Cτ3

SR
Þj2;

BðBu → τν̄Þ ¼ 9.30j1þ 3.85 � ðCτ3
SR

− Cτ3
SL
Þjubj2 × 10−5; ð37Þ

where ðCτ3
SR

− Cτ3
SL
Þjub in the last equation indicates that the

quark flavor in Eq. (35) should be adjusted accordingly,
with u assigned to Cτ3

SL
and b to Cτ3

SR
. Although the b → ulν

process slightly deviates from the main focus of this
subsection, we discuss it later due to its relevance
to H�.
Recent advances in lattice QCD calculations of the

B → Dð�Þ form factors [91,92] have led to updated esti-
mates of semileptonic decays of B → Dð�Þ [90,93]. These
developments refine earlier versions of numerical formulas
quoted in [27,48]. In this work, we adopt the results
presented in [90] since the full q2 range, combining the
latest calculations from both lattice QCD in the low-recoil
region and light-cone sum rules in large hadronic recoil

[94], has been incorporated.3 For the leptonic decay
Bc → τν̄, we still cite the formula adopted in [27]. The
other theoretical predictions and experimental measure-
ments have been summarized and can be found in Sec. IV.

B. b → sll

The effective Hamiltonian to describe b → slþl− is
given as

3Some of the relevant numbers in Eq. (37), which are not yet
publicly available in the current version of the paper, have been
provided through private communications with the authors and
will appear in their forthcoming update.
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H ¼ −
4GFffiffiffi

2
p VtbV�

ts
e2

16π2
X
i

ðCiOi þ C0
iO

0
iÞ þ H:c:; ð38Þ

where the effective operators are defined as

O7¼
mb

e
ðs̄σμνPRbÞFμν; O0

7¼
mb

e
ðs̄σμνPLbÞFμν;

O8¼
gsmb

e2
ðs̄σμνTaPRbÞGμν

a ; O0
8¼

gsmb

e2
ðs̄σμνTaPLbÞGμν

a ;

O9¼ðs̄γμPLbÞðl̄γμlÞ; O0
9¼ðs̄γμPRbÞðl̄γμlÞ;

O10¼ðs̄γμPLbÞðl̄γμγ5lÞ; O0
10¼ðs̄γμPRbÞðl̄γμγ5lÞ;

OS¼mbðs̄PRbÞðl̄lÞ; O0
S¼mbðs̄PLbÞðl̄lÞ;

OP¼mbðs̄PRbÞðl̄γ5lÞ; O0
P¼mbðs̄PLbÞðl̄γ5lÞ: ð39Þ

It is known that the decay branching fraction only receives
contribution fromO7;8;9;10 in the SM, while more operators
may contribute in NP models. In FG2HDM, Wilson
coefficients of O9;10 receive modifications due to the

FCNC interaction induced by neutral vector bosons, giving

ΔC9 ¼ −
1

N

	
1

m2
Z0
AbsZ0

L BZ0ll þ 1

m2
Z
AbsZ

L BZll



;

ΔC10 ¼ −
1

N

	
1

m2
Z0
AbsZ0

L BZ0ll
5 þ 1

m2
Z
AbsZ

L BZll
5



; ð40Þ

withN ¼ 2
ffiffiffi
2

p
GFVtbV�

tse2=ð16π2Þ. The parametersAbsZð0Þ
L ,

BZð0Þll, and BZð0Þll
5 , summarized in Appendix C, represent

the corresponding vertices mediated by Z=Z0 with PL on
the quark side, and γμ and γμγ5 on the lepton side,
respectively. The absence of ΔC0

9 and ΔC0
10 can be

interpreted as a consequence of diagonal QdR.
In addition to a modification of the O9;10 contribution,

scalar and pseudoscalar-type operators can be generated at
leading order. Due to the interaction in Eq. (32), the flavor-
changing neutral Higgs (FCNH) information is encoded in
Wilson coefficients of the forms

ΔCl
S ¼ ΔC0l

S

¼ 1

N
2

ffiffiffi
2

p
GFVtbV�

ts

sin 2β

��
1

m2
H
−

1

m2
h

�
½sin2ðα − βÞNl þ sinðα − βÞ cosðα − βÞMl� þ

1

m2
h

Nl



;

ΔCl
P ¼ −ΔC0l

P ¼ −
1

N
2

ffiffiffi
2

p
GFVtbV�

ts

m2
HA

sin 2β
½U21

γ �2Nl ≈ −
1

N
2

ffiffiffi
2

p
GFVtbV�

ts

m2
HA

sin 2β
Nl: ð41Þ

The Wilson coefficients of scalar and pseudoscalar
operators should have the same anomalous dimension as
quark masses, as stated in [95], indicating that the renorm-
alization group evolution (RGE) equation (36) is also
applicable here. In principle, the RGE correction of
C9;10 running from high-energy to mb scale should be
taken into account. However, such a correction is not
sizable from the work in [96], and hence is neglected in the
following numerical analysis.

C. Bs − B̄s mixing

The mixing in the B0
s system provides complementary

information to semileptonic decay b → slþl− in view of

pure quark transition b → s. Constraints on bsðZ0=HÞ
vertices in FG2HDM are aimed to be extracted from
experimental data.
Within the state-of-the-art effective Hamiltonian

approach, the Hamiltonian in Buras-Misiak-Urban (BMU)
basis [97,98] is given by

HBB̄
eff ¼ NBB̄

X
i

CiðμÞOi; ð42Þ

where the four-quark operators are defined as

OVLL ¼ ðb̄γμPLqÞðb̄γμPLqÞ; OVRR ¼ ðb̄γμPRqÞðb̄γμPRqÞ;
O1

LR ¼ ðb̄γμPLqÞðb̄γμPRqÞ; O2
LR ¼ ðb̄PLqÞðb̄PRqÞ;

O1
SLL ¼ ðb̄PLqÞðb̄PLqÞ; O1

SRR ¼ ðb̄PRqÞðb̄PRqÞ;
O2

SLL ¼ −ðb̄σμνPLqÞðb̄σμνPLqÞ; O2
SRR ¼ −ðb̄σμνPRqÞðb̄σμνPRqÞ; ð43Þ

and the constant is NBB̄ ≡ 1
16π2

G2
FM

2
WðV�

tbVtsÞ2.
In FG2HDM, new contributed Wilson coefficients to calculate the mass split ΔMs ¼ 2jM12j≡ 2jhB0jHBB̄

eff jB̄0ij,
generated by integrating out heavy particles, are calculated to be
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ΔCVLL ¼ g02

4

�
sin2θ02
m2

Z
þ cos2θ02

m2
Z0

�
ðΔQÞ2ðV�

tbVtsÞ2=NBB̄;

ΔC1
SLL ¼ ΔC1

SRR ¼ −
1

v2

�
cos2ðα − βÞ

m2
h

þ sin2ðα − βÞ
m2

H
−
½U21

γ �2
m2

HA

��
2þ 1

tan2β
þ tan2β

�
×m2

sðV�
tbVtsÞ2=NBB̄;

ΔC2
LR ¼ −

2

v2

�
cos2ðα − βÞ

m2
h

þ sin2ðα − βÞ
m2

H
þ ½U21

γ �2
m2

HA

��
2þ 1

tan2β
þ tan2β

�
m2

sðV�
tbVtsÞ2=NBB̄; ð44Þ

with ΔQ≡ ðQtR −QuRÞ. The nonperturbative matrix ele-
ments can be parametrized by bag parameters, which are
detailed in Appendix C. In Table II, a summary of numerical
values of bag parameters at μb ¼ mb have been presented.
For completeness, here, we also exhibit the SM matrix

element

hB0jHBB̄
eff jB̄0iSM ¼ 4

3
NBB̄½αð5Þs ðμbÞ�−

6
23

	
1þ αð5Þs ðμbÞ

4π
J5




×mBs
ηBf2Bs

B1S0ðxtÞ; ð45Þ

where the QCD factor is ηB ¼ 0.5510, J5 ¼ 1.627 in the
naive dimensional regularization (NDR) scheme [98], and
loop function S0ðxtÞ is extracted from [99]. The evolution
of Wilson coefficients, running from Λ to μb, can be
depicted by the following evolution matrix [98]:

Uðμb;ΛÞ¼

0
B@
½ηðμb;ΛÞ�VLL 0 0

0 ½ηðμb;ΛÞ�LR 0

0 0 ½ηðμb;ΛÞ�SLL

1
CA:

ð46Þ

The VRR and SRR sectors share the common values as the
above VLL and SLL ones. Numerical values of related
parameters have been summarized in Table III.

D. Electroweak and Higgs physics

Various high-precision measurements around the Z pole
(

ffiffiffi
s

p
≈mZ) provide an excellent testing ground for NP.

Most of these measurements were conducted by LEP1 and
SLC [100–105] with remarkable precision, and they are
summarized in Table V. Rather than elaborating on their
extensive history, we refer interested readers to the cited
references and instead focus on their connection to new
physics through

gfv ¼ If3 −Qfsin2θW; gfa ¼ If3 ;

δgfv ¼ g0

2
sin θ20ðQfR þQfLÞ=Ng;

δgfa ¼ g0

2
sin θ20ðQfR −QfLÞ=Ng; ð47Þ

Gf≡ðgfvÞ2þðgfaÞ2; δGf≡2ðgfvδgfvþgfaδg
f
aÞ;

δF f¼
X
f

Nf
cδGf; δF q¼

X
q

Nq
cδGq; F f¼

X
f

Nf
cGf; F q¼

X
q

Nq
cGq; ð48Þ

where the prefactor is Ng ¼ e cos θ02=ð2 sin θW cos θWÞ.
The corresponding Z-pole formulas are given below [106]:

δΓZ;NP ¼
αmZ

12c2Ws
2
W
δF f; δΓf

Z;NP ¼
αmZ

12c2Ws
2
W
Nf

cδGf;

ð49Þ

δσ0had;NP ¼
12π

m2
Z

GeF q

F 2
f

�
δGe

Ge
þ δF q

F q
− 2

δF f

F f

�
; ð50Þ

δAf;NP ¼ −
2½ðgfvÞ2 − ðgfaÞ2�

G2
f

ðgfaδgfv − gfvδg
f
aÞ; ð51Þ

δA0;f
FB;NP¼−

	
3gfvg

f
a½ðgevÞ2−ðgeaÞ2�
GfG2

e
ðgeaδgev−gevδgeaþe↔fÞ



;

ð52Þ

δR0
l;NP ¼ Nl

c

�
δF q

Gl
−
F qδGl

G2
l

�
;

δR0
c;NP ¼ Nq

c

�
δGc

F q
−
GcδF q

F 2
q

�
: ð53Þ

With these formulas in hand, we can systematically
construct the corresponding χ2EWPOs. Additionally, the
formulas for SM predictions and the effective weak mixing
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angles sin θb;leff and sin θUp;Downeff used in our numerical
analysis can be found in [107,108]. These results have
been adopted and rigorously benchmarked by the ZFIT-
TER group and its successors [109,110].
Beyond the Z-pole observables, the hff̄ vertices are also

constrained by current flavor-conserving Higgs experi-
ments [111,112]. These constraints are typically derived
by performing a fit to the signal strengths, defined as

μif ≡ σi · Bf

σSMi · BSM
f

; ð54Þ

where i represents a given initial production mode,4 and
f ¼ bb̄; cc̄; ττ̄, and μμ̄ correspond to various decay chan-
nels. Under the Born approximation [113,114], the partial
width of Higgs boson decays into fermion pairs can be
simplified as

ΓNP
hff

ΓSM
hff

¼
���� g

NP
hff

gSMhff

����
2

¼
���� sinðα − βÞ − cosðα − βÞNf

mf

����2: ð55Þ

We do not include constraints from light quark or lepton
Yukawa couplings due to the lack of available measure-
ments. However, we incorporate the correlation matrix
from CMS [111] in the construction of χ2Higgs.

IV. NUMERICAL ANALYSIS

In this section, we perform a numerical analysis of the
FG2HDM. Our primary objective is to efficiently identify
viable solutions after extending the particle spectrum and
interactions beyond the SM. In the following analysis, we
explicitly examine the parameter space for the two Uð1Þ0
charges QdR and QμR , along with g0, sin θ02, sαβ,

5 tan β, and
the masses of four new particles: mZ0 , mH, mH� , and mHA

,
with a focus on the aforementioned flavor observables.

A. Input parameters and experimental status

With more data accumulated on the decay related to
b → clν since the first report of RDð�Þ anomaly in 2012,

tensions still exist up to now. For the RDð�Þ problem, there
still retains a discrepancy of 3.31σ after recent updates
[12,115]. Two additional LFU observables, RJ=Ψ≡BðBc→
J=Ψτν̄Þ=BðBc→J=Ψμν̄Þ and RΛc

≡BðΛb→Λcτν̄Þ=
BðBc→Λcμν̄Þ, supplement the b → cτν̄ current [116–118].
For the τ longitudinal-polarization asymmetry PD�

τ [119] in
D� and the fraction of the D� longitudinal mode FD�

L [119],
the latest observations are maintained by BELLE [120] and
LHCb [15], respectively. All the observations related to
b → clν, except RDð�Þ , are within 2σ errors of the SM
predictions. Besides, we do not include PD

τ and Rϒð3SÞ in
the numerical analysis, due to the lack of experimental data
for PD

τ and the absence of scalar Wilson coefficients for
Rϒð3SÞ, as reported in Ref. [27]. The latest experimental
status of aforementioned observables is summarized in
Table I.
The RKð�Þ released in December 2022 [1] were finally

found to be compatible with SM prediction, indicating that
the long expected LFU anomalies in b → slþl− have
faded way. However, the NP opportunity has not been
excluded in the binned branching fractions and particular
components of angular distributions. All the binned global
fit works [18–23] in recent years exhibit the common
behaviors that, allowing a deviation of C9, can accommo-
date data. Recently, the unbinned amplitude analysis with
improved Breit-Wigner function [3–5] also showed a
deviation of C9 (without a discrimination of lepton flavor
species) from SM of about 2σ. Incorporating around 200
observables related to b → slþl−, including the latest
RKð�Þ values, the recent model-independent global fit of NP
parameters [20] indicates that

ΔCμ
9 ¼ −0.872� 0.215; ΔCe

9 ¼ −1.511þ0.561
−0.533 ;

ΔCμ
10 ¼ 0.171þ0.157

−0.175 ; ΔCe
10 ¼ 0.383þ0.840

−0.424 ; ð56Þ

and

Cμ
S¼0.009þ0.858

−0.845 ; Ce
S¼−0.806þ1.900

−1.238 ; C0μ
S ¼0.012þ0.858

−0.862 ; C0e
S ¼−0.803þ1.861

−1.194 ;

Cμ
P¼0.124þ0.902

−0.910 ; Ce
P¼−1.837þ1.376

−0.930 ; C0μ
P ¼0.038þ0.894

−0.913 ; C0e
P ¼−1.652þ1.200

−0.979 ; ð57Þ

in its S-IV scenario involving as general as 20 Wilson
coefficients. The around 4σ and 3σ deviations in Cμ

9 andC
e
9,

respectively, as well as other Wilson coefficients will be
taken as inputs of numerical analysis in this work.

For the consideration of NP in the B0
s − B̄0

s system, we
take ΔMs as the typical observable in this analysis.
Combing the recent updated PDG value [123] with an
inclusion of the latest value measured by LHCb [124],

4Here, we follow the CMS assumption σi ¼ σSMi when
extracting μf [111]. 5Here, sαβ denotes sinðα − βÞ.
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ΔMPDG
s ¼ 17.765� 0.005 ps−1; ð58Þ

as well as theoretical prediction in SM ΔMSM
s ¼ 18.23�

0.63 ps−1 [125], the NP effect can be discriminated from
the SM and parametrized [126,127] as

����1þ MNP
12

MSM
12

���� ∼ ΔMexp
s

ΔMSM
s

¼ 0.974� 0.034; ð59Þ

leading to

−0.094 ≤
MNP

12

MSM
12

≤ 0.042 ð60Þ

within 2σ standard deviations. The range in Eq. (60),
together with Tables II and III, serve as experimental and
theoretical respective inputs in the following numerical
calculations of the Bs mixing system.
Much more has been learned about the properties of the

Higgs boson in the decade since its discovery. In this work,
we focus on its fermionic decay modes, which are of
particular interest in the following numerical analysis. The
latest results, based on partial Run-2 datasets from CMS
[111,128] and ATLAS [112], are summarized in Table IV.

Extensive measurements of EW observables have been
conducted over decades, providing a robust foundation for
precision tests of the SM and searches for NP. In this
section, we present a systematic compilation of key
observables near the Z pole, including their experimental
values, SM theoretical predictions, and corresponding NP
corrections in the working model of the current paper.
These quantities are organized in Table V and serve as
inputs in the subsequent analysis.
In addition to the essential physical observables men-

tioned above and their associated parameters, Table VI
provides a summary of other basic input parameters
required for the subsequent theoretical calculations.

TABLE I. Summary of current experimental values and SM predictions related to the b → clν process. The correlation between RD
and RD� is −0.39 after Moriond 2024.

RD RD� PD�
τ FD�

L RJ=Ψ RΛc

SM 0.302(8) [90] 0.257(5) [90] −0.518ð6Þ [90] 0.430(7) [90] 0.258(4) [90,121] 0.332(10) [90]
Exp. 0.342(26) [14] 0.287(12) [14] −0.38ðþ53

−55 Þ [120] 0.49(5) [27] 0.61(18) [27] 0.271(72) [27,122]

TABLE II. The averaged bag parameters f2Bs
Bi (in the unit of

GeV2) adopted in the calculation of B0
s − B̄0

s mixing, at μb ¼ m̄b,
and in the MS-NDR scheme [126].

i 1 2 3 4 5

f2Bs
Bi 0.0452(14) 0.0441(17) 0.0454(27) 0.0544(19) 0.0507(17)

TABLE III. The inputs for evaluating evolution matrix
Uðμb;ΛÞ in Eq. (46), with Λ ¼ 100 GeV at μb scale, and αs
is taken as αð5Þs ¼ 0.1179 [98].

½η�VLL ½η11�LR ½η12�LR ½η21�LR ½η22�LR ½η11�SLL ½η12�SLL ½η21�SLL ½η22�SLL
0.855 0.926−0.037−0.784 2.109 1.588 1.820 −0.006 0.577

TABLE IV. The measurements on signal strength extracted
from various decay channels with the assumption σi ¼ σSMi , in
which Gaussian error approximation has been adopted [111,128].

f bb̄ cc̄ ττ̄ μμ̄

μf 1.05(22) 9.4(203) 0.85(10) 1.21(45)

TABLE V. Principal Z-pole observables, their SM predictions,
and NP formulas. Measurements not separated by horizontal lines
are correlated through correlation matrices [101]. The first set of
Ae and Aτ measurements are extracted from the combination of
leptonic polarization and left-right asymmetry at SLD, while the
second set follows from the LEP-1 experiments.

Observables Measurements
SM

predictions
NP

corrections

mZ [GeV] 91.1876(21) [123] 91.1884
ΓZ [GeV] 2.4955(23) [100,101] 2.4946 Eq. (49)
σ0had [nb] 41.4802(325) [100,101] 41.4922 Eq. (50)
Re 20.804(50) [101] 20.733
Rμ 20.785(33) [101] 20.733 Eq. (53)
Rτ 20.764(45) [101] 20.780
A0;e
FB

0.0145(25) [101] 0.0163

A0;μ
FB

0.0169(13) [101] 0.0163 Eq. (52)

A0;τ
FB

0.0188(17) [101] 0.0163

Rb 0.21629(66) [101] 0.21584
Rc 0.1721(30) [101] 0.17222 Eq. (53)
Ab
FB 0.0996(16) [101] 0.1035

Ac
FB 0.0707(35) [101] 0.0739 Eq. (52)

Ab 0.923(20) [101] 0.935
Ac 0.670(27) [101] 0.668 Eq. (51)

Ae 0.1516(21) [101] 0.1476
Aμ 0.142(15) [101] 0.1476 Eq. (51)
Aτ 0.136(15) [101] 0.1476
Ae 0.1498(49) [101] 0.1476
Aτ 0.1439(43) [101] 0.1476 Eq. (51)
As 0.895(91) [101] 0.936
A0;s
FB

0.0976(114) [101] 0.1036 Eq. (52)
Ruc 0.166(9) [123] 0.1722 Eq. (53)
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B. Numerical results

The decays b → clν and b → slþl− are, respectively,
attributed by charged current and neutral current inter-
actions. Hence, separated analyses are performed as the
first step. Although it appears that the two processes are less
correlated, they can be connected in certain specific UV-
completed NP models. Such a correlation within the
framework of the FG2HDM will be explored below.
We first take b → clν alone to put constraints on NP

parameters in terms of both model-independent and de-
pendent ways, as presented in Fig. 1. In the left panel, best
fits of model-independent coefficients Cτ3

SL
and Cτ3

SR
at the

confidence levels (CL) of 68% and 95% are exhibited on
the top left, incorporating data in Table I. The best-fit point
ðCτ3

SL
; Cτ3

SR
Þ ¼ ð−0.35; 0.42Þ indicates that a negative Cτ3

SL
and positive Cτ3

SR
are preferred by data at the 95% CL. This

shows clearly why 2HDM-II is not preferred since the signs

of the two corresponding coefficients in 2HDM-II are
identical. Though not measured yet, a future measurement
of decay Bc → τν will further discriminate the parameter
space. By conjecturing that BðBc → τνÞ < 15%ð5%; 1%Þ,
the solution region (dot-dashed contours) moves down to
the right entirely, with a possibility to flip the sign of Cτ3

SL
at

the 2σ level. The magnitude of the coefficients also
decreases, leading to even larger charged Higgs mass
and relative smaller tan β, as shown with the dashed
contours in the left panel as well. This change can be well
interpreted from the allowed region of BðBc → τνÞ marked
in light green in the same plot. It is noticed that the
measured branching ratio BðBu → τνÞexp ¼ ð1.09�
0.24Þ × 10−4 [123] is indeed smaller than that of the
Bc → τν process, as assumed above. The right panel of
Fig. 1 illustrates that the decay process Bu → τν can offer
complementary information within the framework of the

TABLE VI. Basic input parameters in the numerical analysis.

Parameters Values Parameters Values

mb 4.18ðþ3−2Þ GeV [123] mt 173.50(30) GeV [123]
mc 1.27(2) GeV [123] ms 93ðþ11

−5 Þ MeV [123]
md 4.67ðþ48

−17 Þ MeV [123] mu 2.16ðþ49
−26 Þ MeV [123]

me 0.5109989461(31) MeV [123] mμ 105.6583745(24) MeV [123]
mτ 1776.86(12) MeV [123] mW 80.377(12) GeV [123]
mZ 91.1876(21) GeV [123] mh 125.12(17) GeV [123]
mtðmtÞ 163.53(83) GeV [123] mνi < 10−11 GeV
mBu

5279.34(12) MeV [123] τBu
1.638(4) ps [123]

fBu
190.0(13) MeV [123] mBs

5366.92(10) MeV [123]
GF 1.1663787ð6Þ GeV−2 [123]

αsðmZÞ 0.1179(9) [123] αeðmZÞ 1=127.944ð14Þ [123]
sin2 θW 0.23121(4) [123] S0ðxtÞ 2.322(18) [99]

λ 0.22500(67) [123] A 0.826ðþ18
−15 Þ [123]

ρ 0.159ðþ10
−10 Þ [123] η̄ 0.348ðþ10

−10 Þ [123]

FIG. 1. The allowed parameter space by the b → clν process: left: model-independent Wilson coefficients Cτ3
SL

and Cτ3
SR
, and right:

model-dependent allowed regions for tan β as well as mH� , where the excluded areas are extracted from ATLAS [129] for reference.
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FG2HDM. Especially, when compared to the combined
constraints from the b → clν transitions, it provides even
stronger bounds on the parameter space of ðtan β; mH�Þ. We
also put a direct search bound provided by ATLAS [129] in
the right panel, and the corresponding recasting will be
combined in a separate work.
The b → s observables receive contributions from both

vector and scalar operators generated from neutral gauge
bosons and neutral scalars. Here, we firstly focus on the Z0
sector by combing the restrictions on ΔC9;10 and ΔCVLL.
As shown in Eqs. (40) and (44), the interaction strength is
determined by the mixing angle sin θ02 and two Uð1Þ0
chargesQdR andQμR . Two conjectures on mixing, SM-like
(with sin θ02 ¼ 0.03) and SM-deviated (with sin θ02 ¼ 0.10),
are made to carry out further numerical analysis. For the
consideration of naturalness, the two free Uð1Þ0 charges are
set to be within the range QdR;QμR ∈ ½−1; 1�, leading to
ΔQ∈ ½−4; 4�. In practical calculation, we choose ΔQ ¼ 4
and 1 as two typic test options. The remaining task is then
to capture the allowed regions in the ðg0; mZ0 Þ plane. The
survival space allowed by b → slþl− is obtained from the
χ2ðC9; C10Þ constructed by a combination of Ce;μ

9;10, while
the allowed region for B0

s mixing originates from Eq. (60).
Numerical results for the two conjectures with specific
charge assignments are presented in Fig. 2. Taking the
SM-like conjecture (left panel of Fig. 2) as an example,
the permitted areas for b → slþl− and ΔMs occupy the
upper left and lower right portions, respectively. The
overlapping space of these areas represents the desired
survival region. To provide complementary information by
a comparison with charge-mass ratio g1=mZ ¼ e=mW ¼
3.8 × 10−3 GeV−1 in the SM, we also plot two lines,
g0=mZ0 ¼ 1.3ð0.32Þ × 10−4 GeV−1, in black in each panel
of Fig. 2. Apparently, data favor the smallΔQ case since no
overlapping region exists for the ΔQ ¼ 4 scenario in the
left panel. Therefore, with the condition of ΔQ ≤ 1 and
g0=mZ0 > 1.3 × 10−4, the solution space for ðg0; mZ0 Þ will

be allowed. In the conjecture of the SM-deviated case, as
shown in the right panel, the solution space could exist but
with smaller Z0 mass, which will receive more strict
examination from collider physics.
The parameters (mH, mHA

, tan β, sαβ, and U21
γ ) are

related to scalar contribution to b → s processes from
Eqs. (41) and (44). Assuming a heavy scalar singlet, as
already adopted in this work, the relevant Uγ entry is close
to unity, U21

γ ≈ 1. The yet-to-be measured rotation between
the Higgs basis is conjectured as sαβ ¼ 0.99 and 0.95,
respectively. Hence, a contribution from the observed
neutral scalar h is negligible. Without loss of generality,
we fix the pseudoscalar mass as mHA

¼ 500 GeV to
explore the behavior of the remaining heavy neutral
Higgs. After setting the above parameters, we present
numerical relations between tan β and mH in Fig. 3. As
illustrated in the left panel of Fig. 3, although large tan β is

supported by ΔCð0Þ
S;P constrained from b → slþl−, ΔMs

with a less constrained neutral scalar mass prefers smaller
tan β. Hence, the overlapping area, mainly originated from
ΔMs, suggests a strong preference for tan β < 28, while the
range of heavy quark mass mH remains broad, extending
from hundreds of GeV to TeV as long as the tan β is
sufficiently small. For the SM-deviated (sαβ ¼ 0.95) con-

jecture in the right panel of Fig. 3, the constraint from Cð0Þ
S;P

becomes more strict, while Bs − B̄s mixing further sup-
presses the selections of value of tan β, similar to the
situation in the SM-like one. Nevertheless, the solution
space for SM-deviated conjecture can accommodate all the
related data as well.
A comparison of the phenomenological results from

flavor physics in Fig. 2 with the phenomenological results
from electroweak physics in Fig. 4 is both insightful and
interesting. As we discuss in the narrative of Fig. 2, B0

s
mixing provides us with the basic requirements ΔQ < 1

and g0=mZ0 > 1.3 × 10−4. When combined with the

FIG. 2. Solution space constrained by the new Z0-boson-mediated b → sll and Bs − B̄s mixing: the region with green (purple) shade
represents the 2ð3Þσ survival area provided byC9;10. The boundary with red (blue) and its filling side represents the 2ð3Þσ requirement of
ΔMs at fixed ΔQ. The solid (dashed) boundary represents ΔQ ¼ 4ð1Þ. The value of sin θ02 holds 0.03 (0.10) in the left (right) panel.
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FIG. 4. Left panel: solution space constrained by electroweak precision observables (EWPOs) at Z-pole. The red (blue) contour
represents the boundary at the 68% (95%) confidence level. Right panel: fit results and their deviations from experimental
measurements. The values are obtained under the parameter settings: vS ¼ 4 × 105 GeV and tan β ¼ 15, and two typical combinations
of g0 and sin θ02.

FIG. 3. Solution space constrained by scalar-boson-mediated b → sll and B − B̄ mixing: the region with green (purple) shade

represents the 2ð3Þσ allowed area provided by Cð0Þ
S;P at fixed value mHA

¼ 500 GeV. The solid red (blue) boundary and its filling shade
denotes the constraint from ΔMs mixing at fixed value mHA

¼ 500 GeV. The dashed ones show the changes when mHA
is fixed at

520 GeV.
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g0 ¼ 0.1 setting in Fig. 4, the value ofmZ0 is restricted to be
less than 800 GeV. Furthermore, when combined with the
limitations of C9 and C10, the range below 500 GeV is
deemed to be more secure. Figure 4 demonstrates refined
Uð1Þ0 charge assignments, and the key findings are as
follows: (1) the results of the Z-pole measurements suggest
that viable solutions for constrained Uð1Þ0 charges exist in
both SM-like and SM-deviated scenarios, albeit within a
narrow parameter space. Within these ellipse areas, the
corresponding values of ΔQ vary from −0.2 to 0.2, which
are accommodated with the results derived from the flavor
constraints in Fig. 2. (2) The elements of the correlation
matrix and the auxiliary relation (QμR ¼ 3QdR) indicate
that the BGL symmetry remains compatible with current
electroweak precision data. (3) The right panel of Fig. 4
demonstrates that the best-fit point in a SM-like situation is
consistent with the existing constraints from the Z-pole
measurements. The trial solution μþZ0 ¼ 3.76 indicates that
solutions that do not exceed the limits of flavor physics
mZ0 < 500 GeV can also exist.
The constraints on the observed Higgs properties,

derived from Fig. 5, reveal two key features. First, the
value of tan β in the vicinity of the relatively large global
minimum decreases as sαβ deviates further from unity.
Second, extrapolating the SM limit sαβ → 1 suggests the
existence of a local minimum with tan β < 1, which
could arise in regions of the parameter space where
Higgs couplings deviate significantly from SM predic-
tions. These trends highlight the interplay between
tan β and the Higgs mixing angle α − β in shaping the
phenomenological implications of the observed scalar
sector.
In the previous individual analyses (presented in

Figs. 1–3), correlations among parameters and observables
have not yet been taken into account. Given that the
FG2HDM parameter tan β influences both charged and
neutral Higgs interactions, and that b → s observables

receive contributions from both neutral Higgs and
neutral gauge bosons, correlation effects may be signifi-
cant. Therefore, we perform a combined analysis that
incorporates measurements of b → clν, b → slþl−, and
B0
s − B̄0

s mixing, with all necessary FG2HDM parameters
involved.
In the SM-like conjecture with sin θ02 ¼ 0.03;

sαβ ¼ 0.99, and mHA
¼ 500 GeV, the higher-dimensional

global fit is carried out based on the χ2 function, incorpo-
rating all previous measurements. With the best-fit point
located at χ2min ¼ 26.69, the 2σ and 3σ allowed regions for
(mZ0 , mH, tan β, and g0) are plotted in red and blue, as
presented in Fig. 6. We indeed find a proper solution space
within FG2HDM to accommodate flavor data studied in
this work. Compared with constraints given by single
observables, parameter spaces have shifted due to the
correlation effect. As displayed in the left panel of
Fig. 2, the mass of Z0 could be around 220 GeV, while
in the combined analysis this value is extended to
450 GeV, as shown in Fig. 6(a). On the other hand, the
range for some parameters, like tan β, has shrunk signifi-
cantly in the combined analysis displayed in Fig. 6(e). This
further implies that contributions to b → s, from the gauge
and scalar sectors, are in direct competition with one
another. Now, we may safely conclude that typical model
parameters g0, mZ0 , and tan β have been found to have their
explicit boundaries

mZ0 < 450 GeV; tan β < 28; g0 > 10−2 ð61Þ

at the 3σ level, while the masses of scalars are still less
constrained.
The ranges here obtained indirectly from flavor physics

are expected to be further improved by a direct search of
new particles in colliders, which will be studied separately.

FIG. 5. Profiles of Δχ2 ¼ χ2Higgs −minðχ2HiggsÞ in different scenarios. The left (right) panel corresponds to the SM-deviated (SM-like)
conjecture. The dashed red (blue) line denotes the boundary at the 68% (95%) confidence level. The insets in each subplot provide
zoomed-in views around the respective minima.
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V. CONCLUDING REMARKS

In this work, we systematically studied a unique UV-
completed two-Higgs-doublet model extended by a scalar
singlet. Imposedwith a specificUð1Þ flavor gauge symmetry,
theYukawamatrices were designedwith special structures so
that tree-level FCNC interactions, controlled by the CKM
matrix, occurred uniquely in the down-type quark sector. In
the decoupling limit, the charged and neutral scalars, except
the superheavy one from the singlet scalar, contributed to
processes of interest. The additional neutral gauge boson Z0
arising from the gauged Uð1Þ flavor symmetry also induced
tree-level FCNC processes in the down-type quark sector.
We investigated the processes b → clν and b → slþl−,

where some anomalies still exist, in conjunction with the
related and well-measured observable in B0

s − B̄0
s mixing,

EWPOs, and Higgs fermionic decays, to further explore the
FG2HDM parameter space. We found that:

(i) The FG2HDM had distinct features compared to the
general 2HDM. For example, the identical signs of

Cτ3
SL

and Cτ3
SR

generated in 2HDM-II caused tension
between 2HDM-II and RDð�Þ . This tension can be
alleviated by flipping one of the signs, which was
realized in the FG2HDM by integrating the charged
Higgs, as shown in Fig. 1. A combination of the
measured branching fraction, BðBu → τνÞ, and the
conjecture regarding the Bc → τν process indicates
that the charged Higgs mass must be heavy.

(ii) The tree-level down-type quark FCNC interactions
can be induced by both the heavy neutral scalar
and the neutral gauge boson, with competition
between each other. Constraints on individual sec-
tors can be obtained from the data, as presented in
Figs. 2 and 3.

(iii) As illustrated in Figs. 4 and 5, the current constraints
imposed by the EW Z-pole observables and the
Higgs physics can be simultaneously accommodated
by setting a new tiny Uð1Þ0 charge and establishing
the value of tan β to be approximately Oð10Þ.

(a)

(b) (d)

(e) (f)(c)

FIG. 6. Solution space constrained by both the scalar sector and gauge sector together. Subplots (a)–(f) present two-dimensional slices of
the high-dimensional parameter space, each plotted with respect to a different pair of variables. For example, subplot (a) shows the slice
defined by tan β andmZ0 within the full parameter space. The regions with green (purple) shade have been explained in Fig. 2 as well as in
Fig. 3. The region formed by red (blue) data points indicates the projection of solution space into the corresponding plane at the confidence
level of 2ð3Þσ. These solutions are obtained under the assumption of fixed sin θ02 ¼ 0.03, sαβ ¼ 0.99, and mHA

¼ 500 GeV.
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(iv) Correlations established via common model param-
eters and physical observables shifted the survival
parameter space of a single observable. In the
comprehensive combined analysis, we obtained
allowed parameters in the SM-like conjecture. The
upper bound of the Z0 mass was found to be
450 GeV, while the upper bound for tan β was 28.
On the other hand, the lower bound of the coupling
constant of the new Uð1Þ interaction was 10−2,
leading to a lower bound on the charge-mass ratio
g0=mZ0 of around 3.5 × 10−4.

By simultaneously accommodating the flavor anomalies
existing in both b → clν and b → slþl− processes, the
survival parameter space of the FG2HDM was found to be
large. Preliminary explorations of the model, focusing on
electroweak physics, as well as Higgs boson fermionic
decay modes, have been conducted. Meanwhile, the
obtained mass bound of Z0 requires a further examination
from collider physics, which will be discussed separately in
further work.
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APPENDIX A: QUANTUM NUMBERS FOR
FLAVOR GAUGE SYMMETRY

The structure of Yukawa matrices in Eqs. (28) and (30) is
ensured by the subtle symmetry introduced by an additional
Uð1Þ transformation. Under this extended Uð1Þ group, the
transformation behaviors of all relevant fields are given by

ϕ → ϕ0 ¼ eiθXϕϕ; ðA1Þ

where the Uð1Þ charges required to maintain the desired
Yukawa structures are chosen as follows:

XQL
¼ 1

2

0
B@

QuR þQdR

QuR þQdR

QtR þQdR

1
CA; XuR ¼

0
B@

QuR

QuR

QtR

1
CA;

XdR ¼

0
B@

QdR

QdR

QdR

1
CA; XΦ ¼ 1

2

0
B@QuR −QdR

QtR −QdR

1
CA; XS ¼

1

2
ðXΦ1

− XΦ2
Þ;

XLL
¼

0
B@

QeL

QμL

QτL

1
CA; XlR ¼

0
B@

QeR

QμR

QτR

1
CA; XνR ¼ 0: ðA2Þ

The Uð1Þ0 charge matrices for different types of fermions are given by

QuL ¼ 1

2

0
B@

QuR þQdR

QuR þQdR

QtR þQdR

1
CA;

QdL ¼ 1

2
ðQuR þQdRÞ

0
B@

1

1

1

1
CAþ 1

2
ðQtR −QuRÞ

0
B@

jc1j2 c�1c2 c�1c3
c�2c1 jc2j2 c�2c3
c�3c1 c�3c2 jc3j2

1
CA; QuR ¼

0
B@

QuR

QuR

QtR

1
CA;

QdR ¼ QdR

0
B@

1

1

1

1
CA; QlL ¼

0
B@

QeL

QμL

QτL

1
CA; QlR ¼

0
B@

QeR

QμR

QτR

1
CA;

ðQνLÞij ¼ QeLV
�
eiVej þQμLV

�
μiVμj þQτLV

�
τiVτj; i; j ¼ 1; 2; 3;

QνR ¼ 0; ðA3Þ

where ci ≡ Vti; i ¼ d, s, b, and d≡UuR j33. To obtain the above charges coupling to Z0, we have made use of the structures
of UuL and UuR,

B ANOMALIES IN A TWO-HIGGS-DOUBLET MODEL WITH … PHYS. REV. D 111, 115024 (2025)

115024-17



UuL ¼

0
B@

� � 0

� � 0

0 0 1

1
CA; UuR ¼

0
B@

� � 0

� � 0

0 0 1

1
CA; ðA4Þ

and

UlL ¼ UlR ¼ 1; ðA5Þ

which are required by the form of mass matrices. Appa-
rently, FCNC occurs only in the down-type quark sector
with left-handed chirality.
The exact charges of specific fermions are constrained by

anomaly cancellation conditions, which yield the following
relations:

QuR ¼ −QdR −
1

3
QμR ; QtR ¼ −4QdR þ

2

3
QμR ;

QτL ¼ QdR þ
1

6
QμR ; QμL ¼ −QdR þ

5

6
QμR ;

QeL ¼ 9

2
QdR −QμR ; QτR ¼ 2QdR þ

1

3
QμR ;

QeR ¼ 7QdR −
4

3
QμR : ðA6Þ

The above relations leave only two degrees of freedom,

denoted as QdR and QμR . The results presented here are
consistent with those found in [78] by interchanging e and τ.

APPENDIX B: SUMMARY OF ROTATION
MATRIX

The detailed rotationmatrices between themass basis and
the interaction basis in Higgs potential are summarized as

U1≡
�

cosβ sinβ

−sinβ cosβ

�
; U2≡

�
1 0

0 Uγ

��
U1 0

0 1

�
;

U3≡
0
B@
−cosα −sinα 0

sinα −cosα 0

0 0 1

1
CA; ðB1Þ

where the 2 × 2matrixUγ and tan 2α have the explicit forms

Uγ ¼

0
B@

2v1v2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2

1
v2
2
þv2v2S

p −vvSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2

1
v2
2
þv2v2S

p
vvSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4v2
1
v2
2
þv2v2S

p 2v1v2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2

1
v2
2
þv2v2S

p

1
CA; tan2α¼ 2l

m−n
: ðB2Þ

The rotation matrices defined in Eq. (15) for explaining the
mass diagonalization procedure are

UAẐ ¼

0
B@

cos θW − sin θW 0

sin θW cos θW 0

0 0 1

1
CA; UẐẐ0 ¼

0
B@

1 0 0

0 cos θ02 − sin θ02
0 sin θ02 cos θ02

1
CA; and tan 2θ02 ¼

4jΔj
4δ − 1

: ðB3Þ

APPENDIX C: FURTHER DETAILS ON PHENOMENOLOGY

The coefficients for the bsZð0Þ and Zð0Þll vertices, extracted from Eq. (18) and utilized in Eq. (40), are summarized as
follows:

AbsZ
L ¼ g0 sin θ02QdL;

AbsZ0
L ¼ g0 cos θ02QdL;

BZll ¼ 1

2

	
g2 cos θ20

cos θW

�
−
1

2
þ 2sin2θW

�
þ g0 sin θ20ðQlL þQlRÞ



;

BZll
5 ¼ 1

2

	
g2 cos θ20

cos θW

�
−
1

2

�
þ g0 sin θ20ðQlL −QlRÞ



;

BZ0ll ¼ 1

2

	
−g2 sin θ20

cos θW

�
−
1

2
þ 2sin2θW

�
þ g0 cos θ20ðQlL þQlRÞ



;

BZ0ll
5 ¼ 1

2

	
−g2 sin θ20

cos θW

�
−
1

2

�
þ g0 cos θ20ðQlL −QlRÞ



: ðC1Þ

Here, it is noteworthy that the FCNC partAbsZ
L from the SM bsZ vertex is modified by the Uð1Þ0 down-type charges due to

mixing effects with the bsZ0 vertex.
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Regarding the bsZ=Z0 vertex in Bs − B̄s oscillations, in the SM only the single operatorOVLL is present at the loop level.
In the FG2HDM, from discussions involving C9;10, it is inferred that no right-handed OVRR orO1

LR operators are generated
due to the diagonal QdR. These matrix elements in ΔMs can typically be parametrized as bag parameters [126],

hB0
s jOVRRjB̄0

si ¼ hB0
s jOVLLjB̄0

si ¼
1

3
mBs

f2Bs
B1;

hB0
s jOLR1jB̄0

si ¼ −
1

6
RBs

f2Bs
B5;

hB0
s jOLR2jB̄0

si ¼
1

4
RBs

f2Bs
B4;

hB0
s jOSRR1jB̄0

si ¼ hB0
s jOSLL1jB̄0

si ¼ −
5

24
RBs

f2Bs
B2;

hB0
s jOSRR2jB̄0

si ¼ hB0
s jOSLL2jB̄0

si ¼ −
5

6
RBs

f2Bs
B2 þ

1

3
RBs

f2Bs
B3; ðC2Þ

where RBs
¼ m3

Bs

ðm̄bþm̄sÞ2 represents the generic factorized evolution of density-density operators.
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