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B anomalies in a two-Higgs-doublet model with flavor symmetry
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The long-standing flavor anomalies in b — s¢t¢~ and b — cfv persist. In this work, we
explore a specific flavor-gauged two-Higgs-doublet model (FG2HDM) extended by a scalar singlet,
with an imposed U(1) flavor symmetry. Compared to the standard model (SM), four additional scalars
and one neutral gauge boson Z’ are added to the particle spectrum. The special Yukawa coupling
matrices, due to the U(1) symmetry, lead to flavor-changing neutral Higgs interactions uniquely
occurring in the down-type quark sector, while the new gauge boson Z’ 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—stt¢~, By — uty~, and BY— BY mixing, charged Higgs contributions to b — c£v, 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 m, < 450 GeV, tanf < 28, and ¢//my, > 3.5 x 107 GeV~!, 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 Ry, 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 P still
exists. LHCb performed a systematic ¢ unbinned ampli-
tude analysis of B — K*%u*u~ at the end of 2023 [3,4]
and found the deviation of Cy from the SM to be about
1.9 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 Cy with a 2.1¢
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deviation from the SM prediction. The ongoing effort
indicates that the NP opportunity in b — s£*#~ has not
yet been concluded [9].

Progress has also been made in the b — c£T sector.
Recently, LHCb reported that REFCP = 0.249 £0.043 (stat) +

0.047(syst), and REHC® =0.4024-0.081(stat) £0.085(syst),
with a correlation coefficient p = —0.39 [10]. The exper-
imental uncertainty of Rp- remains considerable, while the
error of Rp decreased, pushing Rp closer to the SM
prediction than previously observed [11]. On the other
hand, Belle II [12] announced their preliminary results of
Ry this yearas RBSIe = 0.26210-041 (stat) *0-035 (syst).' The
preliminary world averages of R for Moriond 2024,
offered by HFLAV [14], with the above Belle II result
included [12], are given as
RpE =0.287 £ 0.012, Rp® = 0.342 + 0.026, (1)
with the same correlation of —0.39. Hence, the discrepancy
between the SM prediction and the averaged value is at the
level of 3.316 [14]. In addition, the longitudinal polarization
fraction of the D* meson in B® — D*~z%y, provides

'"The most recent measurements of R pw reported by Belle IT 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 R+ and has triggered exper-
imental interest. However, the overall ¢> range integrated
result reported by LHCb [15], given as FP" =0.43 +
0.06 = 0.03 by the end of 2023, was found to be SM
compatible. Recently, J/y has also been employed as a
supplement to D*) mesons in the b — c£v process. A pre-
liminary combined result of R, announced by CMS colla-
boration in August 2024 gives RGYS = 0.49 =+ 0.09(stat) +

0.25(syst), with large uncertainty that less information can
be extracted at this moment [16,17]. Therefore, Rp- is still
the main player of NP in b — cZv.

It is commonly known that the two types of anomalies,
occurring in b — s£7¢~ and b — cfv, 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 fitsin b — s£+¢~ [3-5,18-23]and b —
c?v [24-27], various specific NP models have also been
discussed, including the Z" models [28-41] and leptoquark
models [42-47], to address neutral current anomalies, and
charged Higgs [48-54] and others, such as W’ [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 (®; - —®,, di — d),
but faces difficulty in explaining the Rp- 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 U(1) 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
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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 — s£#*¢~, b — c£v, and BY —
BY mixing, as well as Z — ff and h — ff, are calculated.
A further numerical analysis and a survey on model
parameter space are presented in Sec. I[V. 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 FG2ZHDM, involving two
scalar doublets and one complex singlet, is given by

V(CDI’ q>27 S)

A A
= m}, @] @, + m3, 0D, + 31 (@) + 52 (DD,)?

+ 13 (D] @) (D)D) + Ay (D] D) (P D))
+ m3[S|* + As|S|* 4 1| Dy [*|S|* + ko |D,[?[S]?
+ K3 (@] D, 5% + DL, (5%)2), (2)

win which ®; = (¢;", (p; + in; + v;)/v/2)" denotes the
SU(2), scalar doublet, and the singlet is parametrized as
S = (vg + so + iyg)/V/2. CP-violating phases in the vac-
uum expectation values (VEV) are neglected. Due to differ-
ent charge assignments of these doublets under the gauged
BGL symmetry, the terms n11, and A5 vanish. The mass of the
physical pseudoscalar arises from the newly introduced
singlet after symmetry breaking. By utilizing stationary

equations (9;V, = % =0,i=1,2,5) around their vacua,

(2m2,v; + k10,03 + k30,02 + 4,03 + 3030, + A4030,) =0,
(2m3,0y + Ky 0203 + K301 02+ 103 + A303 05 + A4 03 0,) =0,
(2m§v5 —Q—ZASvg —|—K11)%115+K2v§115 +2K30,v,05) =0,

(3)

we can derive the mass terms for the scalars,

V2

2

U2
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where 434 = 43 + 44. Assuming CP-even neutral scalar mass terms are block diagonal, i.e., —k3 = kv /vy = K0,/ vy, as

adopted in [81], we have

| /117}%—%1('31;—?7}§ ﬂ34UIU2+%K3U§ 0 P1
E/):_E(plvpbs()) /134711112+%K371§ /12”%—%'%%7}% 0 P2 | (5)
0 0 2A5v% 50
giving the CP-even scalars masses
2 1 2 2 2 2
M= ) F\fm—nP+4R] mi = 22003, (6)

where m, n, and [ are defined as

1 v 1 v 1
= 0} — iy =02, =} ——iks—vd, =2 ~ k302, 7
m=hvi =K . Vg n= oty = 5K " v 340 U +2K3vs (7)
Likewise, the mass and gauge eigenstates of other scalar fields can be related via rotation matrices,
+ 4 0 m H P1
G ¢1 0

H* =U, s ) G | =Ux| m |, h | =Us| pa|. (8)

? Hy Xo Hyg 5o

where U;, U,, and U3 matrices are detailed in Appendix B. We present the squared masses of the CP-odd mode and

charged Higgs explicitly as

2 _ 2 2
Moy = Moo = Mo = 0, >

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

Lis=(D,®)"(D'®,) + (D, ®,)" (D*®,) + (D,S)" (D*S),
(10)

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

1 v? 03 1 202
m%‘IA ___K3<4U1U2+—S>’ mili —_§<A4U2+u> (9

~—

V10, V10,

[
D,S=(d,-igXsZ,)S,

. . s T

D”(DJ: <6ﬂ—1g1 YjBﬂ—lg/Xq>jZ;l—lg2§

-vi/’”)q)j, (11)

with hypercharge under U(1), denoted as Y, =Y, =1.
The quantum numbers Q ; of @;, encoded in X, > under the
U(1)" 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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B A
LS=(B W3 Z)M| W |=(A z Z)M,| Z |. (12)
A 7
where the M matrix takes the form
] sin?0y, —sin@y cosfy  2sinfyA
M = 3 (@2 + g5)v*| —sinOy cos by cos’y, —2cosOyA |. (13)
2sin Oy A —2cos Oy A 46

In particular, the notations A and 6 are defined as

A = sin&(Q, cos f* + Q, sin f?),

8 = sin’E(Q3cos?f + Qsin?f + R2Q?), (14)
2 / ~
with R? = %, sinfy = -‘i‘+ =, and siné = Z+ =. The determinant of M is zero, implying that one eigenvalue
9,19, 979

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

A B cos Oy sin Oy 0
Z|=U VE/3 , U=UL, U, = | —sinfycosd cosfycosy sind; |, (15)
VA VA sinf@y sinf,  —cosBysind cosb)

with the matrices U, and U,; detailed in Appendix B. The diagonalized mass matrix M, is then given by

1 0 0 0
My=g(gi+g)v*| 0 pz O | (16)
0 ul

where p7, =3 (1445 F /(46 — 1)? + 16A?]. Here, we have assumed R, is sufficiently large, making the Z' boson
heavier than the SM Z boson.

2. Fermion kinetic terms

The interactions of the new gauge bosons with fermions are obtained from
Lrg = LYiy"D,LY + QViy* D, 0% + eQiy*(9, — igi YB, — ig X sz Z,) €%
+ Uiy (0, = ig1 Y B, = ig X2, )y + dyir* (9, = ig1 YB, = ig XarZ,,) . (17)

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

- grcosty _ - _ '
Lro = eQpAfY' [ + zTngZufWg — Qgsin* Oy )" P, — Qsin®Oyy* Pglf
9 Sing,Z 1 71(1f . 9 . 5 -
~osOy Z,fI(I5 = Qssin®Oy )y P, — Qssin®Owy" Prlf + ¢ sin04Z, f| Qs v Pr + Qsry" Prlf
+ ¢ cos 9’2Z/’4]_‘[QfLyHPL + QfR}’”PR]f, 18)

where f = u,d,v, 7, I]; is the weak isospin third component, and Q is the electric charge. The couplings to fermions of
different chiralities are determined by the U(1)’ charges, given generally as
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Qp =UpXpUp,

O = U‘;RX‘)"R Uyr, (19)

where Xyp structures are discussed in Appendix A, and
Uyp(r) are rotation matrices connecting fermions in the
mass eigenstate and weak eigenstate via

Fy = Usnw) frm)- (20)

Hence, the CKM and Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrices are defined as

V=Vekm = UILUdLv U= Vpuns = UZLUva (21)

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 = QTZ(YEZ‘IH + Y4D,)dY + @(Y?él + V4D, )ufy
+ LY (Y{® + Y5Dy)el + L (Y1, + Y5d,)0}
+H.c., (22)

where the superscripts denote the fermion fields in the
aforementioned gauge eigenstate. Generically, there exist
eight 3 x 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

—Em = IZLMMMR + aLMddR + ?LMffR + DLMDUR + H.C.,
(23)

where My (f = u, d,?,v) are diagonal mass matrices, expli-
|

citly giving M, =diag(m,,,m.,m;), M ;= diag(mgy,my,my),
M, = diag(m,,m,,m.), and M, = diag(m, ,m,, m,,).
Note the physical fermion mass is rotated from generally
nondiagonal M ras

My = U} MUy, (24)

. 1
Mf:—(l)lyjlr‘i‘UzY]zC)

V2

It is convenient to introduce the auxiliary matrices,
defined as

(25)

1 , :
Ny =—=Uj (1Y} = 0,Y])Upp,

V2

for the description of flavor-changing processes involving
scalars. Since two types of Yukawa matrices, Y and Y5, in
FG2HDM are involved, the form of N f 1s hence determined
by the formats of Y{ , which further can be regarded as a
consequence of flavor symmetry in this work. Without loss
of generality, the N, matrices can be connected to mass
matrices via

(26)

v v v v -
1 2

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 U(1)" quantum numbers detailed in
Appendix A, we obtain the following texture for quark
Yukawa matrices:

* k0 0 0 0 * k% 0 0 0
Yi=1]% % 0], Yi=|0 0 0|, Yi=|x = x|, vi=[0 0 0], (28)

0 0 O 0 0 = 0 0 0 * k%

where “#” denotes a nonzero arbitrary number. This structure of Yukawa matrices leads to the form of N, as
N, = — 2 diag(m,, m,,0) + L diag(0,0,m,),
U L)

o (%) Uy (1 + )
(Nd)ij__v_l(Md)ij+ U—1+U—2 (Verm)is(Verm)sj (M) ;55 (29)

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:

0 0 O x 0 0 0 0 O
Yi=(0 x 0], Yy=(0 0 0], YY=10 0 0], Yy =0, (30)
0 0 =x 0 0 O EE
we find the coupling matrices among leptons and scalars to be diagonal, giving
Nv:_&Mw
vy
Uy .. vy ..
N, = ——diag(0, m,, m,) + —diag(m,,0,0). (31)
U Uy

Apparently, N, 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, Hy,
H 4, and H*) remain in the FG2HDM. In the mass basis, the interaction among fermions and physical scalars can be written as

V2 o _
-L= TH+[”(VCKMNdPR — NiVegmPL)d + 0(VeunsN ¢ Pr — NS VeynsPL )] + Hee.

+ % [sin(a — )M — cos(a — B)NJhf f — % [cos(a — f)M ; + sin(a — B)N [JHF f

i - i i —
+3 [U}' N H adysd — > [U}' N JH pitysu + > [U}'N/JH (E75C . (32)

The CP-even scalar block mass matrix in Eq. (5) determines the absence of Hg, while H, 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 FG2ZHDM take part in various interactions at high energy. For instance, the charged Higgs plays a role in
b — c?v, while neutral scalars may contribute to the b — s£¢ process. In this section, we will explore in detail the NP
contribution to semileptonic B decays, as well as BY — B mixing.

A.b - ctv

By integrating out the heavy scalar, the quark-level decay b — c¢Zv can be depicted by the following effective
Hamiltonian [27,82]":

H = ZﬁGFVLh[(l + CVL)OVL =+ CVROVR + CSL OSL + CSROSR =+ CTOT] =+ H.C., (33)
with four effective operators given by

Ov, = (EVMPL-Rb)(?}’uPLV)v Os, = (ePLb)(€PLv),
Os,, = (EPRb)(?PLU)’ Or = (EG/WPbe?G;wPLV)' (34)

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 H™ is naturally generated at tree

*The 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 Z’ and neutral H 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

1 v v m.n,
C§3L == (NZVCKM)23(NL”)13/(_2\/EGFVCh) =— <__2mc> <__2m7> = tan’p,
VI my. Uy U1 my.
2 4 my,m,
5 = 2 (VermNa)(N) 3/ (=2V2GpV ) = — mbz tan’3. (35)
H* H*

By retaining Cgi, an additional contribution via C§3L 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 Cgfe and C§3L.

This alleviates the tension between the 2HDM (especially 2HDM-II) and the R ) measurement [87]. In order to calculate
low-energy observables, QCD renormalization group (RG) evolution of Cy, . in the leading approximation is considered.
Running from A = 100 GeV to y = m;,, we have the Wilson coefficients at low energy,

a,(m,

Csu) = [

Ae

} RN (36)

with the one-loop fS-function ﬂé") =11-2n/3, 1. = 1.41, as adopted in [88,89].
Observables related to the b — cZv process, associated with Wilson coefficients evaluated at the u = m,, have the
following numerical forms [90]:

Rp = RY[1 4 1.07|C§ + Cg > + 1.528R[CE*
Rp = RP[1 4+ 0.043[C5 — CF > - 0.113R[C5"

. . (Rp\™!
FP' = FPy, (R%) x (140.099|C% - C5 > = 0.263R[C5* — C5*)),
SK

3%
+C570l,
3%
- G50l

. . (Rp\"!
PP’ = PPy, (ﬁ) x (1 - 0.082|C5 - CF > + 0.218R[CE" — C5)),
SN

Rypy = R x (1+0.043|C - CE[2 = 0.113R[CF" - C5)),
Ry, = RM x (1 +0.321(|CF |> + |CE *) 4 0.334R[CF*] + 0.497R[CT*] + 0.513R[CF CF]),
B(B, — t0) = B(B, — t0)gy x |1 —4.35(C5 — C5)[%,
B(B, — t0) = 9.30[1 + 3.85 x (C§ — CF)|,,> x 107, (37)

where (CT3 CT3)|ub in the last equation indicates that the ~ [94], has been incorporated.” For the leptonic decay

quark flavor in Eq (35) should be adjusted accordingly,
with u assigned to C§ and b to Cg . Although the b — ufv
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 — D™ form factors [91,92] have led to updated esti-
mates of semileptonic decays of B — D*) [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 ¢ range, combining the
latest calculations from both lattice QCD in the low-recoil
region and light-cone sum rules in large hadronic recoil

B. — v, 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 — st?

The effective Hamiltonian to describe b — s£7¢~ 1is
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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4Gy
V2

where the effective operators are defined as

2
H = VisVis 1o Z(c,o,- +ClO) +Hec., (38)

0, =" (50, Prb) P, Oy ="2(56,,P b)F",
e e
Oq :gfe ™2 (56, T*Prb) G g:%(mﬂyw Lb)GL,

Og=(57,PLb)(¢y"?),
O10=(57,PLb)(Zy"y5?).
Os=my,(5Prb)

Op =m,(5Pgb)

o= (57,Prb)(£1"€),

Ol = (57,Prb)(Zr"75t),
(¢¢). Os=m,(5P.b)(¢¢),

(€rs¢),  Op=my(5P.b)(¢yst).  (39)
It is known that the decay branching fraction only receives
contribution from O g ¢ ;¢ in the SM, while more operators
may contribute in NP models. In FG2HDM, Wilson

coefficients of g, receive modifications due to the
|

ACS = ACY
1 2V2GEV Vi 1
N sin2p my  mi
1 2v2G RV, Vi,
ACh = —ACY = - TP B (212N, o

N m} sin2p

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
Cy 1o running from high-energy to m,; 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. B, - B, mixing

The mixing in the B? system provides complementary
information to semileptonic decay b — s£" ¢~ in view of
|

OyiL = ( PL‘I)(bV”PL‘])
OI{R ( PL‘I)(bV”PRCI)
OSLL ( )(bPLQ)
Oy = (l_’ PLq)(bo* PLq),

L G2 M3, (V, V)2

and the constant is Npp = 7

FCNC interaction induced by neutral vector bosons, giving

ACg — _l |: Asz’ BZ’t’f + Asz Bsz:|
N mZ

1
ACy = ——[

N Asz’ BZ’ff 4+ AszBfo:| (40)
m

7!

with N = 2v2GV,, Vi e?
BzWﬁ

(1672). The parameters A2Z"

, and BZ"7?, summarized in Appendix C, represent
the corresponding vertices mediated by Z/Z' with P; on
the quark side, and y* and y”ys on the lepton side,
respectively. The absence of AC, and AC), can be
interpreted as a consequence of diagonal O .

In addition to a modification of the Oy, 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

i L2> sin?(a — )N + sin(a — ) cos(a— M) + N f}’
m "

1 2V2GpV,, Vi

“Ny. 41
"N my, sin2f3 g (41)

|
pure quark transition b — s. Constraints on bs(Z'/H)
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

Heré = NBBZCi (M)Oh (42)

where the four-quark operators are defined as

Ovrr = (E}/ﬂPRq)(By”PRq)’
O%R = (BPLQ)(Z’PRQ),
OSRR - (bPRCI)(BPRCI>

OSRR = (ba PRCI><bGWPRQ) (43)

In FG2HDM, new contributed Wilson coefficients to calculate the mass split AM, = 2|M,| = 2|(B°|HEE|B%)|,
generated by integrating out heavy particles, are calculated to be
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g? (sin%é, coszé" X
ACyLL == < 5 2+ (AQ)*(V;,Vis)* /N,
4 my Z,
1 [cos*(a—p) sin*(a—p) [U]
ACL, =AClyp = ——
SLL SRR = T3 ( m’ + 2,

ACty =-—

2 2 + 2 + 2

mp my my,

with AQ = (Q,R - QuR). 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 y;, = m;, have been presented.

For completeness, here, we also exhibit the SM matrix
element

( )
4 5 (s)
<BO|Heff |B®)sm = 5 Nas [a(s )(Mb)] 511 —|— bl
3 4r
x mg N5 B1So(x;), (45)

where the QCD factor is 7 = 0.5510, J5 = 1.627 in the
naive dimensional regularization (NDR) scheme [98], and
loop function Sy(x,) is extracted from [99]. The evolution
of Wilson coefficients, running from A to u,, can be
depicted by the following evolution matrix [98]:

2 1
- yz > (2 2
my, tan”f

5 (Cosz(a —B) sin’(a—p) [Uﬁl]z) (2

zﬂ) < (V5 V s/ Ny,

1
tanzﬁ 2:6) m%( ?bvts>2/NBBv (44)

|
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
(/s ® my) 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

gi = If — QfSil’lzew, gia( = Ig,

[’/]('ub’A)}VLL 0 0 5gf——51n02 QfR+QfL)/Ng,
Ul A) = 0 [Nk 0
6g’ sm92 (Q Q:1)/N,, (47)
0 0 [’7(/"/7 s A)]SLL fR ™ =fL g
(46)
|
GfE(gﬁj)z+(g§)2, 5Gf_2 5g1)+g 5gf
6F ;=Y N6G;. 6F,=> NG, F;=> NG, F,=Y NG, 8)
7 7 7 -

where the prefactor is N, = ecos /(2 sinfy cosby).
The corresponding Z-pole formulas are given below [106]:

amy S/ Mz _NTs
ol'znp = 2e %V W5]:f, 5FZ.NP 2e 2 N Gf,
(49)
122G, F, (6G, OF oF
0000 np = m—% 2 . (G— + & - 2—-7:f > (50)
e q

2((9)* - (g4)*]

Ay ===

(ghdgl — ghogl).  (51)

s [3dhghl(g0)? e
(52)
5F, Fy0G,
6G. G, 6.7-"
SR \p = N"( > (53)
F,

With these formulas in hand, we can systematically
construct the corresponding yZwpos- Additionally, the
formulas for SM predictions and the effective weak mixing
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. . Up.D . .
angles sin@% and sing. 2" 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 i f f 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

o; Bf

Hif ="SM _ 128M > (54)
> Bf

0;

where i represents a given initial production mode," and
f = bb, c¢, 77, and pji 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

Doy _ |9 Nyl
i = || = [sin(@=p) —cosla=p) LI (53)
nif - 1 9nff i

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 )(%Iiggs.

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 U(1)’
charges Q,, and Q, , along with ¢, sin &5, saﬂ,s tan /3, and
the masses of four new particles: my, my, my+, and my ,
with a focus on the aforementioned flavor observables.

A. Input parameters and experimental status

With more data accumulated on the decay related to
b — cfv since the first report of R, anomaly in 2012,
|

0.858
Cs5=0.009"53s.

Ch=0.124703%,

Cj=-0.306"1 1%,

1.376
Cy=—1.837+137¢

in its S-IV scenario involving as general as 20 Wilson
coefficients. The around 46 and 36 deviations in Cj and C§,
respectively, as well as other Wilson coefficients will be
taken as inputs of numerical analysis in this work.

SM

‘Here, we follow the CMS assumption o; = o3™ when

extracting ps [111].

tensions still exist up to now. For the R,) problem, there
still retains a discrepancy of 3.31¢ after recent updates
[12,115]. Two additional LFU observables, R,y =B(B. -
J/¥0)/B(B.—J/¥Yur) and Ry =B(A,—=A1D)/
B(B.— A uv), supplement the b — czi current [116-118].
For the 7 longitudinal-polarization asymmetry P?" [119] in
D* and the fraction of the D* longitudinal mode F fk [119],
the latest observations are maintained by BELLE [120] and
LHCb [15], respectively. All the observations related to
b — cfv, except R, are within 26 errors of the SM
predictions. Besides, we do not include PP and Ry(3s) in
the numerical analysis, due to the lack of experimental data
for PP and the absence of scalar Wilson coefficients for
Ry (35, as reported in Ref. [27]. The latest experimental
status of aforementioned observables is summarized in
Table I.

The Ry released in December 2022 [1] were finally
found to be compatible with SM prediction, indicating that
the long expected LFU anomalies in b — s£"¢~ 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 Cy, can accommo-
date data. Recently, the unbinned amplitude analysis with
improved Breit-Wigner function [3-5] also showed a
deviation of Cy (without a discrimination of lepton flavor
species) from SM of about 2¢. Incorporating around 200
observables related to b — s£T£~, including the latest
Ry values, the recent model-independent global fit of NP
parameters [20] indicates that

ACE=-0872+0215,  ACS=—1511103!

ACY, = 01715051, ACS, = 0.3837)37, (56)
and

C¥=0.0127083, C¢=-0.803]7%,,

ClH=0.038"080, Cs=-1.65213%, (57)

|

For the consideration of NP in the BY — BY system, we
take AM, 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],

*Here, $qp denotes sin(a — f).
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TABLE L.
and Rp- is —0.39 after Moriond 2024.

Summary of current experimental values and SM predictions related to the b — ¢£v process. The correlation between R,

RD RD* PTD*

FY Ry Ry

¢

SM 0.302(8) [90] 0.257(5) [90]  —0.518(6) [90]
Exp.  0.342(26) [14]  0.287(12) [14]

-0.38(122) [120]

0.430(7) [90] 0.258(4) [90,121]
0.49(5) [27] 0.61(18) [27]

0.332(10) [90]
0.271(72) [27,122]

AMPPS = 17.765 £ 0.005 ps~!, (58)

as well as theoretical prediction in SM AMSM = 18.23 &+
0.63 ps~! [125], the NP effect can be discriminated from
the SM and parametrized [126,127] as

AMS?
~ T = 0974£0.034,  (59)

L
AM?

SM
M12

leading to

NP
—0.094 < —L2

2 <0.042 (60)

12
within 20 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 B; 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.

TABLE II. The averaged bag parameters f%sB,- (in the unit of
GeV?) adopted in the calculation of BY — BY mixing, at u, = in,,
and in the MS-NDR scheme [126].

i 1 2 3 4 5
/3.B; 0.0452(14) 0.0441(17) 0.0454(27) 0.0544(19) 0.0507(17)

TABLE III. The inputs for evaluating evolution matrix
U(py, A) in Eq. (46), with A =100 GeV at y; scale, and a;

is taken as ') = 0.1179 [98].

lvie molir [m2lir 2k W2zl odsee [melsie [r21]sin i22lsic
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 o; = 6™, in

which Gaussian error approximation has been adopted [111,128].

f bb cc 77 Uuj
My 1.05(22) 9.4(203) 0.85(10) 1.21(45)

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 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
A, and A, 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.

SM NP
Observables Measurements predictions  corrections
myz [GeV] 91.1876(21) [123] 91.1884

I, [GeV] 2.4955(23) [100,101] ~ 24946  Eg. (49)
o0, [nb]  41.4802(325) [100,101] 414922 Eq. (50)
R, 20.804(50) [101] 20.733

R, 20.785(33) [101] 20.733 Eq. (53)
R, 20.764(45) [101] 20.780

Al 0.0145(25) [101] 0.0163

AL 0.0169(13) [101] 00163  Eg. (52)
Al 0.0188(17) [101] 0.0163

R, 0.21629(66) [101] 0.21584

R, 0.1721(30) [101] 0.17222  Eq. (53)
Aby 0.0996(16) [101] 0.1035

Aly 0.0707(35) [101] 0.0739  Eg. (52)
Ap 0.923(20) [101] 0.935

A, 0.670(27) [101] 0.668 Eq. (51)
A, 0.1516(21) [101] 0.1476

A, 0.142(15) [101] 0.1476  Eq. (51)
A, 0.136(15) [101] 0.1476

A, 0.1498(49) [101] 0.1476

A, 0.1439(43) [101] 0.1476  Eq. (51)
A, 0.895(91) [101] 0.936

Al 0.0976(114) [101] 0.1036  Eq. (52)
Ruc 0.166(9) [123] 0.1722  Eq. (53)
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TABLE VI. Basic input parameters in the numerical analysis.

Parameters Values Parameters Values

my 4.18(73) GeV [123] m, 173.50(30) GeV [123]
m, 1.27(2) GeV [123] my 93(*1') MeV [123]
my 4.67(1%) MeV [123] m, 2.16(75%) MeV [123]
m, 0.5109989461(31) MeV [123] m, 105.6583745(24) MeV [123]
m, 1776.86(12) MeV [123] My, 80.377(12) GeV [123]
my 91.1876(21) GeV [123] my, 125.12(17) GeV [123]
i, (7m;) 163.53(83) GeV [123] my, < 107" GeV

mg, 5279.34(12) MeV [123] g, 1.638(4) ps [123]
S, 190.0(13) MeV [123] mg, 5366.92(10) MeV [123]
Gr 1.1663787(6) GeV~2 [123]

ag(my) 0.1179(9) [123] az(my) 1/127.944(14) [123]
sin® @y 0.23121(4) [123] So(x,) 2.322(18) [99]

2 0.22500(67) [123] A 0.826(*%) [123]

p 0.159(17) [123] i 0.348(19) [123]

B. Numerical results

The decays b — c¢Zv and b — s¢ ¢~ 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 — cZv 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 C’ and C§’ at the
confidence levels (CL) of 68% and 95% are exhibited on
the top left, incorporating data in Table 1. The best-fit point
(C¥.C3) = (=0.35,0.42) indicates that a negative C§
and positive C?R are preferred by data at the 95% CL. This
shows clearly why 2HDM-II is not preferred since the signs

— 68% CL
1.0 F— 95% CL
A Best fit *

—-= Combined s

T3
(OF54
fe=)
e
T

—-= Combined R4

Combined s 7

of the two corresponding coefficients in 2HDM-II are
identical. Though not measured yet, a future measurement
of decay B. — v will further discriminate the parameter
space. By conjecturing that B(B, — tv) < 15%(5%, 1%),
the solution region (dot-dashed contours) moves down to
the right entirely, with a possibility to flip the sign of C§3L at
the 20 level. The magnitude of the coefficients also
decreases, leading to even larger charged Higgs mass
and relative smaller tanf, as shown with the dashed
contours in the left panel as well. This change can be well
interpreted from the allowed region of B(B, — 7v) marked
in light green in the same plot. It is noticed that the
measured  branching ratio  B(B, — 1), = (1.09 £

0.24) x 10~ [123] is indeed smaller than that of the
B. — v process, as assumed above. The right panel of
Fig. 1 illustrates that the decay process B, — 7v can offer
complementary information within the framework of the

1000
<L Excluded @95% CL

—-:= Combined 68% CL
800 [- —:= Combined 95% CL

— B, — 7 68% CL
— B, — 7 95% CL

Z 600 |
¢ -
H | T - -1
£ 400 PR
200 p gt Z= T
O n n n n 1 n n n n 1 n n n n 1 n n n n
10 20 30 40 50

FIG. 1. The allowed parameter space by the b — c£v process: left: model-independent Wilson coefficients Cgi and C?R, and right:
model-dependent allowed regions for tan f as well as my=, where the excluded areas are extracted from ATLAS [129] for reference.
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sinf, = 0.03, AQ = Q;, — Qu,
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ed ¢ Q
Ao e=e? | e =1
1071 g 20 c<<¥ N0 < = TET ]
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e I

> 1072 -7

= 10%g" /my =13

—=- 10%g'/my =3.2

\A llowed

——- AM;(20) allowed

——- AM;(30) allowed
— AM,(20) allowed

sinf = 0.10, AQ = Q,,, —

Qupg

107 ¢

& 1072

= 10%g' /my = 1.3
=== 10%g'/my = 3.2
s 20 excluded by C.
10 3L y C9,10

¢ 30 excluded by Co 10

——- AM;(20) allowed
——- AM(30) allowed
— AM;(20) allowed
— AM,(30) allowed

10—3 L A=y 20 excluded by C9 10
~=¢ 30 excluded by Cg 19— AMs(30) allowed
102 200 300 400 500 103
mz [GeV]

102 200 300 400 500 10?

myz [GeV]

FIG. 2. Solution space constrained by the new Z’-boson-mediated b — s£# and B, — B, mixing: the region with green (purple) shade
represents the 2(3)o survival area provided by Cy ;o. The boundary with red (blue) and its filling side represents the 2(3)o requirement of
AM; at fixed AQ. The solid (dashed) boundary represents AQ = 4(1). The value of sin ) holds 0.03 (0.10) in the left (right) panel.

FG2HDM. Especially, when compared to the combined
constraints from the b — ¢ transitions, it provides even
stronger bounds on the parameter space of (tan 3, my- ). 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 Z’
sector by combing the restrictions on ACy 1y and ACy;.
As shown in Egs. (40) and (44), the interaction strength is
determined by the mixing angle sin@, and two U(1)
charges Q,, and Q, . Two conjectures on mixing, SM-like
(with sin @) = 0.03) and SM-deviated (with sin &, = 0.10),
are made to carry out further numerical analysis. For the
consideration of naturalness, the two free U(1)’ charges are
set to be within the range Q, . Q,, €[-1.1], leading to
AQ € [-4,4]. In practical calculation, we choose AQ = 4
and 1 as two typic test options. The remaining task is then
to capture the allowed regions in the (¢, m,) plane. The
survival space allowed by b — s£ £~ is obtained from the
2*(Cy. Cy) constructed by a combination of Cg¥, while

the allowed region for BY 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 — s£#T¢~ and AM, 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 g,/m; = e¢/my =
3.8 x 1073 GeV~! in the SM, we also plot two lines,
d/my =1.3(0.32) x 107* GeV~!, in black in each panel
of Fig. 2. Apparently, data favor the small AQ case since no
overlapping region exists for the AQ = 4 scenario in the
left panel. Therefore, with the condition of AQ <1 and
g /my > 1.3 x 1074, the solution space for (¢, mz) 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 Z' mass, which will receive more strict
examination from collider physics.

The parameters (my, my,, tanf, s,5 and U2') are
related to scalar contribution to b — s processes from
Egs. (41) and (44). Assuming a heavy scalar singlet, as
already adopted in this work, the relevant U, entry is close
to unity, U2' ~ 1. The yet-to-be measured rotation between
the Higgs basis is conjectured as s,z =0.99 and 0.95,
respectively. Hence, a contribution from the observed
neutral scalar £ is negligible. Without loss of generality,
we fix the pseudoscalar mass as my, = 500 GeV to
explore the behavior of the remaining heavy neutral
Higgs. After setting the above parameters, we present
numerical relations between tanf and my in Fig. 3. As
illustrated in the left panel of Fig. 3, although large tan f is

supported by AC(S/‘)P constrained from b — s£Z¢~, AM,
with a less constrained neutral scalar mass prefers smaller
tan . Hence, the overlapping area, mainly originated from
AM,, suggests a strong preference for tan f < 28, while the
range of heavy quark mass my remains broad, extending
from hundreds of GeV to TeV as long as the tanjp is
sufficiently small. For the SM-deviated (s,3 = 0.95) con-

jecture in the right panel of Fig. 3, the constraint from C .<S‘/)P

becomes more strict, while B, — B, mixing further sup-
presses the selections of value of tanf, 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, BY
mixing provides us with the basic requirements AQ < 1
and ¢ /my > 13 x10™*. When combined with the
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U2~ 1, 5,5 = 0.95
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FIG. 3.
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Solution space constrained by scalar-boson-mediated b — s£¢ and B — B mixing: the region with green (purple) shade

represents the 2(3)o allowed area provided by C(S'?P at fixed value my, = 500 GeV. The solid red (blue) boundary and its filling shade
denotes the constraint from AM; mixing at fixed value my, = 500 GeV. The dashed ones show the changes when my; is fixed at

520 GeV.
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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: v5 = 4 x 10° GeV and tan § = 15, and two typical combinations

of ¢’ and sin 8.
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FIG. 5. Profiles of Ay? = )(Iz_ﬁggs - min(;(lz{iggs) 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.

¢ = 0.1 setting in Fig. 4, the value of m is restricted to be
less than 800 GeV. Furthermore, when combined with the
limitations of Cy and Cy, the range below 500 GeV is
deemed to be more secure. Figure 4 demonstrates refined
U(1) charge assignments, and the key findings are as
follows: (1) the results of the Z-pole measurements suggest
that viable solutions for constrained U(1)’ charges exist in
both SM-like and SM-deviated scenarios, albeit within a
narrow parameter space. Within these ellipse areas, the
corresponding values of AQ 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 (Qup = 3Qdy) 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 /4;, = 3.76 indicates that
solutions that do not exceed the limits of flavor physics
my < 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 f in the vicinity of the relatively large global
minimum decreases as s, deviates further from unity.
Second, extrapolating the SM limit 5,3 — 1 suggests the
existence of a local minimum with tanf < 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 f and the Higgs mixing angle a — f 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 tanf 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 — cZv, b - s¢"¢~, and
BY — BY mixing, with all necessary FG2HDM parameters
involved.

In the SM-like conjecture with sin@, = 0.03,
Sap = 0.99, and my, = 500 GeV, the higher-dimensional
global fit is carried out based on the y? function, incorpo-
rating all previous measurements. With the best-fit point
located at )(fnin = 26.69, the 20 and 30 allowed regions for
(my, my, tanf, and ¢) 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 Z’' 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 f#, 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 ¢, my, and tan  have been found to have their
explicit boundaries

my <450 GeV,  tanf <28, ¢ >102 (61)

at the 30 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.
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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  and m 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 2(3)c. These solutions are obtained under the assumption of fixed sin &, = 0.03, 5,5 = 0.99, and my, = 500 GeV.

V. CONCLUDING REMARKS

In this work, we systematically studied a unique UV-
completed two-Higgs-doublet model extended by a scalar
singlet. Imposed with a specific U(1) flavor gauge symmetry,
the Yukawa matrices were designed with 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 Z’
arising from the gauged U(1) flavor symmetry also induced
tree-level FCNC processes in the down-type quark sector.

We investigated the processes b — cfvand b — s£¢~,
where some anomalies still exist, in conjunction with the
related and well-measured observable in B — BY 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

(i)

(iif)
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C§ and Cg generated in 2HDM-II caused tension

between 2ZHDM-II and R . This tension can be
alleviated by flipping one of the signs, which was
realized in the FG2ZHDM by integrating the charged
Higgs, as shown in Fig. 1. A combination of the
measured branching fraction, B(B, — 7v), and the
conjecture regarding the B, — zv process indicates
that the charged Higgs mass must be heavy.

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.

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 U(1)’ charge and establishing
the value of tan  to be approximately O(10).
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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 Z' mass was found to be
450 GeV, while the upper bound for tan  was 28.
On the other hand, the lower bound of the coupling
constant of the new U(1) interaction was 1072,
leading to a lower bound on the charge-mass ratio
¢ /my of around 3.5 x 107%,

By simultaneously accommodating the flavor anomalies
existing in both b — ¢Zv and b — s£ "¢~ processes, the
survival parameter space of the FG2ZHDM 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 Z’ 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 Egs. (28) and (30) is
ensured by the subtle symmetry introduced by an additional
U(1) transformation. Under this extended U(1) group, the
transformation behaviors of all relevant fields are given by

¢ — ¢ =g, (A1)
where the U(1) charges required to maintain the desired
Yukawa structures are chosen as follows:

. Qu, + Qg Qi
Xg, = 3 Qu, + Qu, X, = Qup .
Qi + Qu, Q,
Q
. dr o, | Xa 1 Qi — Quy ’ X, _l(Xq, Xo.).
‘ ‘ 2 Q, - O, 2 e
Qu,
2, Q.
Xy, = Q ) Xep = O J Xy, = 0. (A2)
Q., Qx
The U(1)’ charge matrices for different types of fermions are given by
| Qup + Quy
Q. = 5 QuR + QdR s
Q, + Qu,
X 1 | le1)? ciey cies Q.
Qu = E(QMR + Qdk) 1 + ) (QtR - Quk) c5Cy |CZ|2 363 | Qur = Qu, g
1 ciey ey sl Qe
1 Q, Q,,
Qur = 9y, 1 , Qu = Q. ) Qur = Qe .
1 Q, Q,
(Qu)iy = Qo ViVey + Qu ViV + ViV, ij =123,

Qur =0, (A3)

where ¢; =V,;,i = d, s, b,and d = U,,, |3;. To obtain the above charges coupling to Z’, we have made use of the structures

of U, and U,
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* %k x Xk

0
UuL = (U UMR = ’ (A4)
1

- O O

* * * *
0 0 0 0
and
Upp =Upr =1, (AS)
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:

Qi =0 =3Q Q=40 20,
0=t g% Q=20
0 =20~ Dy Q=20 +5Q,

0 4

er - 7QdR - g QﬂR' (A6)

above relations leave only two degrees of freedom,

cos@y —sinfy O
Uyy; = | sin@y cosOy 0 |, Usp =
0 0 1

denoted as QdR and Qﬂk. The results presented here are
consistent with those found in [78] by interchanging e and 7.

APPENDIX B: SUMMARY OF ROTATION
MATRIX

The detailed rotation matrices between the mass basis and
the interaction basis in Higgs potential are summarized as

__ [ cosf sinf B 1 0 U, 0
Ul:(—sinﬁ cosﬂ)’ Uz:(o Uy><o 1)’

—cosa —sina 0O

Us;=| sina —cosa 0 |,

0 0 1

(B1)

where the 2 x 2 matrix U, and tan 2a have the explicit forms

20,0, —V0g
\/41)2112+1;2 v2 \/41;2112+v2 v2
12 s Y2 s
U,= . tan2a= (B2)
VU 2010, m—n

22 L0202 2,21 2,2
\/41)11)2+b v \/4LIL2+L v

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

1 0 0

o ain g y 4 A|
0 cos#, —sin€¢; |, and tan20) = 51" (B3)
0 sin@, cost,

APPENDIX C: FURTHER DETAILS ON PHENOMENOLOGY

The coefficients for the bsZ") and Z)¢¢ vertices, extracted from Eq. (18) and utilized in Eq. (40), are summarized as

follows:

AZSZ = ¢'sin6,Qqp.,
!
ApP? = ¢ cos0,Qq1,

1[gycos6, [ 1 . .
BZ — 5 %:os 9W2 <—§ + 2s1n29W) + ¢ sin 0, (Qpp + ka)] .
1[gycos0y [ 1 .
, 1[—g,sin6,’ 1 )
BZ ‘e 5 % <_§ + 251n2(9w> + g/ CcoS 92/(9,/4 + QfR):| s
L w
: 1[—gsind, [ 1
BZ = 3 CZTN <_E) + g cos 6, (Qs — QfR)]- (CD)
L w

Here, it is noteworthy that the FCNC part A% from the SM bsZ vertex is modified by the U(1)’ down-type charges due to

mixing effects with the bsZ’ vertex.
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Regarding the bsZ/Z' vertex in B, — B, oscillations, in the SM only the single operator Oy is present at the loop level.
In the FG2HDM, from discussions involving Cy o, it is inferred that no right-handed Oyrg or O} ; operators are generated
due to the diagonal Q . These matrix elements in AM; can typically be parametrized as bag parameters [126],

B _ 1
(BY|Oyrr|BY) = (BY|Oyy1|BY) = gmB.yf%.‘Bl’

- 1
<BQ|OLR1|BQ> = —ERBSf%SBSv

= 1
<B?|OLR2|B(S)> = ZRBSf%SBAh

_ _ 5
<B?|OSRR1|B(S)> = <B(S)|OSLL1|B(S)> = __RBSfIZBJBZ’
24

- _ 5 1
(BY|Osgra| BY) = (BY|OsL12|BY) = —ERB,\.fZBSBz + gRB.\f%xB& (C2)

3

where R = AL

"bs represents the generic factorized evolution of density-density operators.
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