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Abstract: This work examines the 7 — Zy and h — yy decays in the flavor-gauged two Higgs doublet model
(FG2HDM), which augments the Standard Model (SM) with an additional scalar doublet, a singlet, and a U(1)" fla-
vor gauge symmetry. Beyond the SM spectrum, the FG2HDM predicts five additional physical scalars and a new

neutral gauge boson, Z’. We demonstrate that while both decay channels are sensitive to charged Higgs loops,

h — Zy is uniquely modified by fermion-antifermion-Z (ffZ) vertex corrections. These vertex corrections further

impact top-quark observables and the flavor-changing neutral current (FCNC) process b — s¢*¢~. Our analysis

identifies a viable parameter space (mpy+ > 200 GeV and A,5+y- < 0) consistent ' with current 1o~ experimental lim-

its, where the signal strength uy, remains the primary constraint on scalar sector parameters. Regarding the f 7z

couplings, we delineate the allowed regions in the Q7. -Q;r plane by evaluating the leading top-quark contributions,

revealing that b — s¢* ¢~ imposes the most stringent bounds. Finally, we highlight that the 14% projected precision
for uz, at the High-Luminosity LHC (HL-LHC) will significantly enhance the sensitivity to the FG2ZHDM.
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I. INTRODUCTION

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

One of the attractive extensions is to add to the SM
with an additional Higgs doublet, which was first pro-
posed by T. D. Lee to introduce the spontaneous CP viol-
ation [4], and is now dubbed as the two Higgs doublet
model (2HDM). However, a major drawback of the gen-
eric 2HDM is that it typically introduce the tree-level fla-
vor-changing neutral currents (FCNCs) in Yukawa inter-
actions that are unexpected in a model construction. To
suppress the generation of FCNCs, various modified
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2HDMs are raised to control the two Yukawa interac-
tions including by, imposing different Z, charges for the
two scalars [5, 6], aligning the two Yukawa matrices
[7-9], or making the two Yukawa interactions propor-
tional to off-diagonal elements of the Cabibbo—Kobay-
ashi-Maskawa (CKM) matrix [10, 11]. The last one is
usually called Branco-Grimus-Lavoura (BGL) model,
named after the authors of this model [12]. A flavor
gauged version of BGL model, i.e., FG2HDM, was first
proposed in Ref. [13], and was further developed in Refs.
[14—16]. The FG2HDM extends the original 2HDM by
incorporating a scalar singlet field and an additional
U(ly flavor gauge symmetry. Compared to the SM
particle spectrum, the FG2HDM features five additional
physical scalars and one neutral gauge boson Z’.
Recently, the ATLAS and CMS collaborations repor-
ted initial evidence for the # — Zy decay. The observed
signal strength' 1, was measured at the 68% confid-
ence level (CL) to be 2.0} by ATLAS [17], 2.4+0.9 by
CMS [18], and 2.2+0.7 in their combined analysis [19].
Such a signal strength deviates from the SM prediction
=1 by 1.90, motivating many possible explanations
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from two distinct perspectives. First, as # — Zy is a loop-
induced process, higher-order corrections to the leading-
order (LO) amplitudes from one-loop amplitudes are cru-
cial.” These include two-loop QCD corrections [21-24],
providing a 0.3% increase, and two-loop electroweak cor-
rections [25, 26], yielding a 7% enhancement. Clearly,
these next-to-leading-order (NLO) corrections alone can-
not account for the 1.90 excess. Alternatively, the devi-
ation may stem from BSM contributions, a possibility ex-
tensively explored in the literature (e.g., [27—44]).
However, integrating the most recent ATLAS measure-
ment (uz, = 0.9707) [45] with previous results yields a re-
vised signal strength of sz, = 1.37)¢, bringing the obser-
vation into agreement with SM expectations. While this
reduces the immediate tension, analysing & — Zy within
specific BSM frameworks still requires a simultaneous
consideration of the 42 — yy channel. This is due to the in-
herent correlation between the two, as both are mediated
by the same charged loop-particles [46, 47]. Given that
the current experimental value p,, =1.10£0.06 [48],
highly accords with the SM, it imposes stringent con-
straints on the FG2ZHDM parameter space, effectively
narrowing the regions permitted by the u, data.

Building upon our previous work [49], where specif-
ic Yukawa matrix textures in the FG2ZHDM-were pro-
posed to explain the long-standing B anomalies, the
present study investigates whether the model's parameter
space remains viable under current experimental con-
straints on uz, and pu,,. While the'7— Zy and h— yy
channels have been explored in other frameworks like the
complex 2HDM (C2HDM) [50] using earlier data [51,
52] the recent updates from ATLAS and CMS [17-19,
45] necessitate a more refined numerical and theoretical
analysis. In the FG2HDM, both decay modes receive
loop-level contributions from charged Higgs bosons; fur-
thermore, h — Zy is modified by corrections to the ffZ
vertex. Consequently, this work aims to identify the per-
mitted FG2ZHDM parameter space for u, and u,,, while
accounting for the constraints on the ffZ vertex from
top-quark measurements and the b — s¢*¢~ FCNC pro-
cess.

The rest of the paper is organized as follows. In Sec.
I1, we provide a brief overview of the key features of the
FG2HDM. In Sec. III, we calculate the one-loop amp-
litudes for h— Zy and h— yy decays in the unitary
gauge. The numerical analysis and subsequent discus-
sions are detailed in Sec. IV. Our conclusion is presented
in Sec. V. For convenience, the relevant Lagrangian and
the corresponding Feynman rules are prepared in Ap-
pendix A. Additionally, the explicit expressions for the

scalar functions obtained from one-loop calculations are
listed in Appendix B, along with the kinematics for Higgs
decays in Appendix C.

II. THE MODEL

The FG2HDM is a specific 2HDM comprising two
SU(2), scalar doublets, ®; and ®,, and a scalar singlet S,
and endowing with an additional U(1)’ flavor gauge sym-
metry. Here, the U(l) charges, denoted as X;
(i=Lg,---,S), are assigned to ensure the U(1)" gauge in-
variance. The detailed relationships among these U(1)
charges for various fields are elaborated in Appendix A
of Ref. [49]. In the presence of the new U(1)’ gauge sym-
metry, one should further consider the gauge anomaly
constraints. Note that a variety of anomaly-free
FG2HDMs have been surveyed and studied in Refs.
[14-16].

For convenience, we collect the quantum representa-
tions ; for various fields in FG2HDM under the
SUQR),xU(l)yxU(1)Y symmetries in Table 1. With these
assignments, the total Lagrangian of the FG2HDM can be
expressed as [49]

L=Ls+ Lo+ Lp, (1

where subscripts S, G, and F denote respectively for the
scalar, gauge, and fermion components of the total Lag-
rangian:”
Ls = D'®D,®, + D'®}D,®,
+D"S*D,S - V(D,D,,5), (2)
1 a apy 1 LV 1 Zr Gy
Lo == Wo W~ BB~ 22" 3)
LF = QLZD#’)/,I QL + Z,LI.D},’)/#LL + IT{RZ.D#’}/'UMR
+ L?Rl.D”’y#dR + éRiD”y”eR
= [0L(Y D, + YDy )dg + Qu(Yi Dy + Yy Dy )ug
+ Lo(Y{®, + Yi®y)er +hee.] .
4)
where L; = (vi,er)” and Qp = (ug,d;)T represent separ-

ately for the left-handed lepton and quark SUQ2),
doublets, while eg, uz, and dr denote the right-handed

1) Refer to Ref. [20] for an estimated magnitude of leading non-perturbative QCD corrections (1075).

sine

2) In principle, Eq. (3) could include a gauge-symmetry-allowed kinetic mixing term, —TB;NZ/W, which would primarily result in a redefinition of the U(1)
p p q gauge-sy. Ty g P y

charges. However, since its effect is to shift the constraints from the original U(1)" charges to these redefined ones, without altering the numerical results or physical

predictions of the model, we can safely neglect this term for simplicity.
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Table 1. The quantum numbers of different fields under the

SUQB)cxSUR)LxU(l)y xU(1) symmetries.

Fields Ly €R or UR dg (o) (02 S
SU@B)c 1 1 3 3 3 1 1 1
SUQ). 2 1 2 1 1 2 2 1

O N A

uay X, X Xop  Xg  Xap  Xoy  Xo, Xs

lepton, up-type quark, and down-type quark SU(2), sing-
lets, respectively. The physical significance of each com-
ponent is elaborated as follows.

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

V(D,D,,5) = m%lq)Tq)l +m§2®;¢)2
@0+ 2@y’
+ A3(D]D)(DID,) + A4(D] D )(D] D)
+m3|S P+ A5 IS[* + k1 [@1 IS + ko | DS [
+3 (O]D,S % + DD, (S7)?) ,
)

where my 2.5, d12345, and k3 denote the coupling con-
stants of various interaction terms. The two doublets and
the singlet in the flavor basis are parametrized as:

1 71 (p +in + ) 2 71 (p +in, + )
mn v 1 1%
\/_ 1 1 1 \/_ ) mn 2

S = %(SOWLL\/O‘FVS),
(6)

where the vacuum expectation values (VEVs) v; and v,
combine to form the SM  Higgs VEV
v=1/(V2Gp)'* = \/A? +V3 ~ 246 GeV, with G being
the Fermi constant. The singlet VEV vy is introduced to
spontaneously break the U(1) symmetry. Rotating to the
mass basis yields:

G’ m
Gi ¢T 70
= U] N G = UZ 772 )
H* s
H, X0
H P1
h = U3 P2 s (7)
HS S0

where U,, U,, and U; are the rotation matrices defined

as:

U, = cosfS sinf U= 1 0 Uu 0 ’
—sin8 cosfB 0 U, 0 1
—cosa -—-sina O

Us = sin¢ —cosa O ()

0 0 1

Here, a and f are the rotation angles, and U, and tan2a
are respectively given by:

AR —VVg
U - VAW A+
VT Vg 2vivy ’
VAhEaz o a2
2
tan2q = , ()]
m—n
where
m= v 1K Vzvz n=24v; Kvlv2
=S4V K3 Vs, =MV, — oKz Vs,
1Tk 27 RS
L
= Azvivy + §K3VS . (10)
After spontaneous symmetry breaking, the four un-

desired Goldstone bosons G*, G° and G in Eq. (7) are
'eaten' to give masses to the W*, Z, and Z’ gauge bosons,
respectively. This leaves us with six physical scalars: two
charged Higgs H*, three neutral scalars H, s, and Hy, and
one neutral pseudoscalar H,. Their masses are separately

given by
2 1 = 2 2
mh,Hzi{(m+n)+\/(m—n) +472|,

2 _ 2
my, =2A5vs,

1 V22
2 s
my, = —5K3 (4v1v2 + —wvz) s
1 ( ngzvz)
2 2 K3V
===\ 4 —_— . 11
my 7\ Vivs (11)

Among the four neutral particles, 4, H, and Hs are CP-
even, while H, is CP-odd. Specially, the scalar 4 is iden-
tified as the Higgs boson discovered at the LHC in 2012
[1-3].

In Egs. (2) and Eq. (4), the covariant derivatives for
the SU(2), doublets and singlets are defined respectively
as follows:

Dy = 0,—ig | YiB, —ig' X2, —igr = W,

5 (12)
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D, =08,-ig\YB,—ig'X.Z), (13)

where 7 (a =1,2,3) is the Pauli matrix, and B,, Z, and
Wy the U(l)y, U(1) and SU(2), gauge bosons, respect-
ively. Here, g1, g’, and g, are the corresponding coupling
constants, while ¥; and X; denote separately the hyper-
charge and U(1)’ charge of the fields. After spontaneous
symmetry breaking, the gauge bosons acquire their
masses. The transformation from the flavor basis to the
mass basis is achieved through the mixing matrix:

A B
z |=U| W |,
z 7
cos Oy sin By, 0
U= —sinfycos#, cosbycost, sind , (14)
sinfysin@, —cosfysind; cosé,

where 6y is the Weinberg angle, and ¢, the mixing-angle
between Z and Z’. In the limit where 6, approaches zero,
the mixing restores to the case in the SM. This arrange-
ment introduces the tree-level FCNCs in the down-type
quark sector, which can account for the anomalies ob-
served in B physics [49]. Additionally, it generates off-di-
agonal interactions, with Higgs and Z boson couple to
charged Higgs and W boson, and new cotrections to the
ffZ couplings, rendering that FG2HDM contribute more
to h — Zy rather than to & — yy.

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

Armed with the Lagrangian of the FG2HDM, we can
derive the relevant Feynman rules. In this context, we
concentrate solely on the crucial terms indispensable for
computing the one-loop amplitudes of the & — Zy and
h — yy decays. These vital terms, together with their cor-
responding Feynman rules are cataloged in Appendix A.

III. ONE-LOOP AMPLITUDES

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

we can express the amplitudes for the processes

h(p) = Z(p))y(p2) and h(p) — y(p1)y(p,) in the following
form:

X=2Zy,yy,
(15)

My = (php} = pr-p2g) Tx €(pES(P2),

where ¢, represents the polarization vector of the Z bo-
son or photon, and Tx denotes the one-loop functions to
be determined. In the presence of NP, the function Tx can
be written as Ty = T3M + TXF, and the signal strength py is
defined as

TNP 2

1+ 22 . (16)

Mx = T)S(M

Utilizing the Feynman rules for vertices and propagators
outlined in Figure Al of Appendix A, we can determine
the one-loop Feynman diagrams for the decays h — Zy
and h — yy, as depicted in Figures 1 and 2. We have
omitted the diagrams containing off-diagonal fermions in
the loops, given the strong suppression of the FCNCs.
Upon examining the Feynman diagrams for 4 — Zy and
h — yy, an additional class of diagrams with off-diagon-
al couplings to the Higgs and Z boson is observed for
h — Zy (i.e., the last row of Figure 1),” which suggests a
greater contribution of the FG2HDM to h — Zy relative
to h — yy. Furthermore, the novel corrections to the ffZ
couplings offer an alternative pathway to enhance the
contribution to h — Zy, as previously discussed in Sec. 1.
The one-loop functions Ty can then be extracted by

Fig. 1.

One-loop Feynman diagrams for 2 — Zy.

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

couple to the charge-conjugate fields, d; = iTz(Df.

2) Note that such diagrams have ever appeared in other Higgs models, see, e.g., Refs. [46,53].
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s A the h — Zy process are depicted in Figure 1. We have in-
h< ! h< f tentionally omitted the external legs self-energy dia-
Loy () Lcrnnnn 7y (1) grams for this decay mode because they lack the Lorentz

e o1 () e e (1) - 7 structure specified in Eq. (15), and the divergences
o - e - h{:}< present in the calculations of the Feynman diagrams in
v e o each row of Figure 1 are found to cancel each other out (a

] pattern that also applies to & — yy). These diagrams are
PO O o " categorized into four distinct classes (one row, one class),
o ; < each corresponding to a type of particle involved in the

internal lines. Consequently, the total one-loop function
T, is decomposed of the following four distinct compon-
ents:

ey (p2) iy (1)

Fig.2. One-loop Feynman diagrams for z — yy.

matching onto the calculations of the one-loop Feynman
diagrams. In this work, we will calculate these diagrams
with the help of the Package-X [54], details are as fol-
lows.

Tz =T}, +Th+TH +TH, (17)
corresponding to contributions from fermions, W boson,
A. h—Zy charged Higgs, and mixed W boson and charged Higgs

The one-loop Feynman diagrams that contribute to loops, respectively. Specifically,
|

;o e82QrNemy 8 > i . .
7= 162my (m2 — m3)? a(lf ~2Qysy) cosby+ &' Q1 +Qyr)sin; | X [sin(a—B)M; —cos(a —B)Ny]

X {4m§ [AGzmy.mp) = Amimy,mp)] +2(m3 = m2) 2+ Am’: =} + m2)Com3, 0,m3 m?, ni?, m?)] } , (18)

egicw sin(a —p)cos 6,

Tz, = Ty p— { (12023, — 23y m2 + w2y — )] X [ — i) + i (A myg) — NG g, myy) |
w h A
+2ml, (m;, —m%) X (12myy+6ma,m%—2my —6myms, +momz)Co(ms, 0, m, nisy, mév»m%v)} i
(19)
TH = devAug+p- &2 81 0+ (sin’ BQ 2 500V’ sing! 2 Ao
Zy = —W[(Ecw—zsmcos )+ (sin” BQ +cos” fQ,)g’ sin 2]x mz{ (my;mps,mg:)
— Ay )| + (2= ) [+ 2 om0 2 s e )| } , 20)
TWH=egzg'(Qz—Ql)cos(a—,B)Sin,fa’cosﬁsint%X{z(mz_m2 +m2){ m’ (A2 )= A2 e )
z 1672my (m; —m3) W 2 — ho M=, My 75 M=, My
2 2 2
i W
— 2 i+ iy — iy~ 2m§)co(o,m,2,,mé,mzv,mgv,mgg} .
21)

In Eq. (18), we have summed over the contributions from fermions, ®;, and ®,, respectively. The definitions of
all the fermions, and the color factor N¢ is 3 for quarks My, N¢ (Eq. (18)) and the coupling Auy+p- (Eq. (20)) are
and 1 for leptons. The symbols Q. ¢, Qsr, Q;, Q, denote provided in Appendix A. The analytical expressions for
the U(1) charge of left-handed fermions, right-handed the scalar functions A(m?;m,,m.), Co(m%,0,m>,m?,m*,m?),
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and Co(0,mj,my,m7,m?,m3) in Egs. (18)-(21) are listed in
Appendix B. Note that similar expressions for Ty can
also be found in Ref. [50]. It is worth emphasizing the
novel contribution 7,7, which arises from the W*H*Z
coupling and is uniquely present in the FG2ZHDM, distin-
guishing it from other conventional 2HDM:s.

B. h—vyy

The one-loop Feynman diagrams responsible for the
h — yy process are illustrated in Figure 2. In the depic-
tion of the first and second diagrams in each row, distinct
momenta p; and p, are assigned to differentiate the two
identical photons in the final state. Paralleling the ap-
proach for & — Zy, the total one-loop function T, is de-
composed into three distinct parts:

— ' w H
Ty, =T, +T)+T), (22)
with each term explicitly given by:
4eg,Ne Q2m (sin(a — B)M s — cos(a — B)N
Tf = Z 82Nc Qymy(sin( ,32) 7 (@—=PB)Ny)
4 7 1672 mimy
X [2+ (4m} —m;)Co(0,0,my, m7, m7,m3)]
(23)
—2eg, sin(a — )
w _ 2 2 4
TV = oty [} + 6y + (121},
— 6mim},)Co(0,0,m2, m3y, miy.m3)| (24)
4€2V/th+H7
T}Z’ = —sz% [] +2m§_11C0(0,O,mi,mzi,méi,mzi)} .

(25)

The analytical expressions for the scalar function
Co(0,0,m?,m?,m?,m?) in Egs. (23)-(25) can also be found
in Appendix B. Unlike in the 2 — Zy process, there is no
T}/ contribution because the W*H7y interaction is for-
bidden in FG2HDM, as it is in other conventional
2HDMs and the SM.

IV. NUMERICAL ANALYSIS

In this section, we perform a numerical analysis to as-
sess whether the parameter spaces of FG2HDM can sim-
ultaneously accommodate the current measured p, and
W,y. For ease of reference, the input parameters used in
the numerical analysis throughout this work are summar-
ized in Table 2. It should be noted that the fine structure
constant, a = e*/4n, is scale dependent and is related to
the electroweak gauge coupling g, via the relation
e = g,sinfy . Additionally, we do not adopt the experi-

Table 2. Relevant input parameters used in our numerical
analysis.
sin2 @y = 0.23129(4) [48] my =80.3692(133) GeV  [48]
a(0)=1/137.036 [48] mz=91.1880(20) GeV  [48]
a(mz) = 1/127.944(14) [48] my, = 125.20(11) GeV [48]
T =4.07749% MeV [55]  m=172.57(29)GeV  [48]
Gr =1.1663788x 107> GeV2  [48] me = 1.77693(9) GeV [48]
myp =4.183(7) GeV [48] me = 1.2730(46) GeV [48]
mg = 93.5(8) MeV [48]  m,=105658MeV  [48]
mg = 4.70(7) MeV. [48] me = 0.511 MeV [48]
[

my, = 2.16(7) MeV 48]

mental value for T, from the particle data group (PDG),
which has a relatively large uncertainty (IF°¢ =3.771%
MeV) [48], but rather, we cite the value with smaller un-
certainty from Ref. [55]. Our strategy in this section ini-
tially involves calculating the SM LO contributions for
the decays h — Zy and h — yy, the numerical values of
which provide valuable insights for NP model buildings.
We then incorporate the corrections from the FG2HDM
in details.

A. SM prediction
The expressions in Egs. (18)-(21) and (23)-(25) re-
vert to the SM formulas upon setting 6, -0 and
sin(a —B) — 1. The numerical results for 7, (in the unit
of GeV~!) in the SM are then given by:

Ty™M=-5866x10", THM=3.115x107°,
T3 = -6.685x 107 +3.762 x 107,

c,SM __
Tz, =

—9.797x107° +3.864 x 107%,

THM =-1.731x 107 +7.452x 107", (26)

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

Ty™M=-3912x107, TiM=8.619x107°,
TP™M = —1.123%x 1077 +1.485x 1074,
ToM =—-9.103x 107 +7.462x 107,

ToM = —1.107x 107+ 1.011 x 1077i. (27
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With the kinematics formula derived in Appendix C, the
SM predictions for 4 — Zy and h — yy are given separ-
ately by

B(h — Zy)sm = (1.536£0.018)x 1072, (28)

B(h — yy)sm = (2278 £0.023)x 107, 29

which are respectively in good agreements with those
given in Ref. [55]: B(h— Zy)=(1.5+0.1)x107*, and
B(h — yy) = (2.27+0.07)x 1073,

B. Constraining FG2ZHDM parameters

The h— yy decay imposes stringent constraints on
the FG2HDM parameters, as the SM prediction of u,,
aligns well with its measurement. This implies that we
should have sin(e—g) ~ 1 (or equivalently, cos(a—8) ~0)
to ensure that T{y and Tyv; are close to their SM values,
and the contribution from the charged Higgs loops should
be minimal. Additionally, we should have cos6, ~ 1. (or
equivalently, sin#), ~ 0) to ensure that the ZW*W~ coup-
ling does not deviate too much from its SM value.

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

To estimate the magnitude of T)/* given in Eq. (21),
we need to endow values for cos(a—f) (or equivalently,

45x1078
4.x108 -
35x1078

3.x1078 -

Ty [Gev

25x1078

2.x1078 -

P R P R P R
400 600 800

mpy+ [GGV]

200

1000

sin(@—pP)), g, & —Qy, cosp (or equivalently, sing), and
sin@,. However, as we do not have the exact values for
these parameters, we can only make some rough but reas-
onable estimates. As discussed in the first paragraph of
this subsection, to ensure that 7/, and 7}, do not deviate
too much from their SM predictions, we should have
cos(@—B)~0 and sind, ~0. What is more, the con-
straints from the B observables in our previous work sug-
gest that tan8 <28 and g’ > 1072 [49]. The large upper
limit of tangB suggests that cosB should be small, whereas
g’ 1s expected to remain sufficiently small to preserve the
perturbative nature of the U(1) gauge theory. Further-
more, it is reasonable to assume that @Q, - Q, is of O(1)
under the consideration of naturalness. While satisfying
these conditions and simultaneously hoping that 7)/" to
be as large as possible, we assume that cos(a—p)~
cosf ~sind, ~0(107") and g ~(Q,-Q)) ~O(1). With
these assumptions, we can conservatively estimate:

a=g(Q—Q)cos(a—p)sinBcosBsind ~ O(1073).
(30)

To make a maximum estimate on TZ“;H , let us assume that
la| is close to the margin of O(1072), say, |a| = 0.01. With
this entry, we plot the magnitude of 7} as a function of
my- in the left panel of Figure 3. Obviously, 7" de-
creases as my: increases, and the magnitude of which can
only reach O(10%) GeV~!, comparable to that of the b
quark loops in the SM (cf. the value of Tﬁ;SM in Eq. (20)),
which is one and two orders of magnitude smaller than
that of the ¢ quark loops and W loops, respectively. There-
fore, the contribution from the W*-H* mixing diagrams

——
200 /

100

AhH+H-
o

-100

-200 1,

1
800 1000

mpg= [Ge\/]

Fig. 3. (color online) Left: The magnitude of TZ“; H as a function of my= with input || = 0.01. Right: the 1o and 20 allowed regions for

mpy= and A,g+ - with constraints from uz, (blue) and uy, (red).
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is negligible. Below, we merely consider the contribu-
tions from the pure charged Higgs diagrams.

In the right panel of Figure 3, we present the 1o~ and
20 allowed regions for the parameters my: and A,y+y-,
with constraints derived from uz, (blue) and p,, (red). It
is clear from this plot that in the parameter regions where
my=>200 GeV and Auy+u- <0, both the measured u,
and pu,, can be accommodated within the 1o level. Inter-
estingly, the bound on the charged Higgs mass obtained
in this work is also consistent with that from the con-
straints of B observables in Ref. [49], see the right panel
of Figure 1 of that reference. As discussed above, since
U,y 18 better than uz, on the consistency between the SM
prediction and measurement, the overlapped parameter
regions allowed by the two observables in the right panel
of Figure 3 are mainly narrowed down by the former.

The remaining contribution comes from the fermion
loop diagrams, in which the FG2HDM influence & — Zy
decay through correcting the ffZ couplings. As shown in
the Feynman diagrams depicted in Figures 1 and 2, such
corrections only influence u7, and leave ., entirely un-
affected, as the latter does not involve any ffZ vertex at
all. By the way, although the ffZ vertex corrections also
influence h — ZZ* decay, yet since there involves two
ffZ vertices in such a process, the impacts to-which are
small with respect to that to 4 — Zy decay, as the latter
contains only one ffZ vertex. Therefore, we do not in-
voke h — ZZ* in the numerical constraints.

Note that the total f£Z coupling in Eq. (42) has been
projected into the left-handed part CJ and right-handed
part CJ, with

g2cos L
cl = 72(1;;— Qys3) +¢'sindQy,,
. cosé, .
ch=-% - 20,55 +¢ sin0,Qyz. (31)

In the limit cos® ~ 1 (sin#, ~0), the above expressions
restore to the ones in the SM. Given the dominant role of
the top quark in contributions from fermion loops, partic-
ular emphasis is placed on the correction from the #Z
vertex. Using I’ =1/2 and Q, = +2/3 for the top quark,
along with the values of sy and a(mz) from Table 2, we
obtain C;*™ ~0.256 and C;™ ~ —0.114. Notice that in Eq.
(18) the contribution from top loops depends on the sum
of C} and C%, i.e., the vector coupling Ci, = (C% +C%)/2.
Therefore, the deviation AC} = (AC} + AC%)/2, where

AC! = g'sin6,Qyr, ACL = g'sin6,Qyz, (32)
measures deviation from the SM, i.e., the contribution
from FG2ZHDM. The measurement of u, can impose a

constraint on AC},, which subsequently can be translated

into the bounds on the parameters of FG2HDM.

Besides uz,, AC}, also subjects to constraints from the
following two primary sources: i) top quark observables,
and ii) the FCNC process b — s¢*¢~. Regarding the
former, both the CMS [56] and ATLAS [57, 58] collabor-
ations have conducted precise measurements of the dif-
ferential and/or inclusive cross section of top quark pair
production in association with a Z boson at the LHC. AT-
LAS has also measured the production of single top quark
and anti-top quark‘via the #-channel exchange of a W bo-
son [59]. These measurements align well with their SM
predictions and can be leveraged to establish limits on the
Wilson coefficients of the SM effective field theory
(SMEFT) [60—62].-By invoking the matching between
AC}, and the SMEFT Wilson coefficients [63]:

ng2
2A2%cy

ACy = Re [-Cih,—Cha” +Cia] . (33)

where Cy,,, C;})Q, and CS)Q denote respectively the Wilson
coefficients of the following SMEFT operators,

PR d
Op, =(H'i D ,H)(ity"u),

R _
Olip =(H'iD ,H)(0'Q),

P _
04y =(H'i D , 7' H)(Qy"1'Q), (34)
we can delineate the permissible range for ACY,. Adopt-
ing the 95% CL intervals provided by ATLAS [58]:

Ciel-22,1.6],  Cyp” e[-1.4,0.84],

Ci> €[-0.95,2.0], (35)

which are obtained with A =1 TeV and when one coeffi-
cient at a time is assumed to be non-zero, we obtain
AC}, € [-0.076,0.126]. Regarding the b — sf*¢~ con-
straint, the anomalous coupling AC}, contributes to this
FCNC process via the insertion of the #7Z vertex into the
Z-penguin diagram. This modification affects the Wilson
coefficients Cy and Cy, which are associated with the op-
erators Oy = (5y,PLb)(ly"€) and Oy = (5y,PLb)(Cy"ysl)

(PL= —T)/s)’ respectively. Beyond these loop-level ef-

fects, the FG2HDM introduces additional tree-level
FCNC amplitudes that contribute to Cy and Cy,. These
contributions depend on the same set of model paramet-
ers as AC},. Consequently, our numerical strategy begins
with a comprehensive parameter scan to identify the al-
lowed ranges of the model parameters. These results are
then used to determine the viable range for AC}. The
total corrections to Cy and C)y are expressed as [64]:
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1 1 - 1
ACy = —— ( bsZ' BZ l(’+ szBZN) , 36
TN \m, A m’ A (36)
AC o = _l ( 1 ﬂsz’BZ’ﬂ’ + 1 ﬂszBZN> (37)
10 N\mi & 7> my~ b T )

where N =2 \/EGFV,,,V,*Sa/(M), and mz (mz) denotes the
mass of the Z (Z’) boson, representing the contributions
from Z-exchange (Z’-exchange) diagrams. The functions
A; and B, depend on the FG2HDM parameter set
{8, Qe Qup-sinds}, for which detailed expressions are
provided in Ref. [49]. By fixing sin#, = 0.1, requiring
mz <450 GeV, and incorporating the established con-
straints, our scan reveals that AC}, is constrained within
[-0.05,0.05] at the 30 level.

Fixing g'=1 and sin#, =0.1," and designating Q@
and Qi as the two independent parameters that need to be
restricted, the constraints on which from uz, (blue), top
quark observables (orange), and b — s¢*¢~ (purple) are
shown in Figure 4. It is clear from this plot that there is
an overlapped region for Q,; and Q; to simultaneously
reconcile the three observables. However, due to the rel-
atively large uncertainty, the constraint from i, is weak-
er than that from top quark observables and b — s€*¢~. It
is also observed that up to date the most stringent bound
in this respect is taken from low-energy process
b — st decay.

By utilizing the parameters derived above, we evalu-
ate the contributions of different 7" functions to uz, and
Hyy- The results show that 7)), and T)} are of the order
1073 GeV~!, consistent with the SM, whereas T}, T,
and T, are around 10° GeV~'. Due to this clear hier-
archy, the W-boson contributions dominate the amp-
litudes. Interference terms involving W are sub-dominant,
and all remaining cross-terms are effectively negligible.
This justifies our approach of analysing the constraints
from each T function separately rather than accounting
for their combined interference effects.

V. CONCLUSION

In this paper, we investigated the h — Zy and h — yy
decays within the framework of the FG2HDM. The
FG2HDM is a BSM model based on the
SUB)cxSUR),xU(l)yxU(l)Y gauge symmetry, ex-
tending the SM particle spectrum with five additional
physical scalars and one neutral gauge boson, Z’. We de-
rived the Feynman rules for the model and calculated the
one-loop amplitudes for both decay channels. We found
that while both channels are influenced by the charged
Higgs bosons, & — Zy is uniquely modified by correc-
tions to ffZ vertex. These vertex corrections are also

Mz
top quark observables |
b— sl

5 N,
= ok A 4
S «©
Al
.
D
L N,
.l b, |
N
h <]
r q D
X
| N |
N i
=10, P R 1 . 1 ——
-10 -5 0 5 10
Qi1

Fig. 4. (coloronline) The Q;-Q; allowed regions obtained
from pz, (blue), top quark observables (orange), and
b — st~ (purple), with ¢’ = 1 and sin6} =0.1.

subject to constraints from top-quark observables and the
FCNC process b — s¢*¢~. Our numerical analysis demon-
strated that the amplitude contributions from W=*-H*
mixing diagrams are comparable to the SM b-quark loop
contributions, which are known to be negligible. Con-
sequently, we focused our analysis on the contributions
from pure charged Higgs diagrams. We showed that a
parameter region with my: > 200 GeV and A;y+y- <0 can
simultaneously accommodate both yu, and p,, measure-
ments at the lo level. This region is primarily con-
strained by the latter due to its relatively small uncer-
tainty. regarding the constraints on the ffZ vertex correc-
tions, we considered only the dominant contribution from
the top quark. By fixing g’ =1 and sin6, = 0.1, we identi-
fied a viable region that simultaneously satisfies con-
straints from pz,, top-quark observables, and b — s¢*¢",
with the strongest constraints coming from b — s¢*¢~. In
summary, due to the currently large uncertainty associ-
ated with p,, its constraining power is limited compared
to other precision observables. Nevertheless, as dis-
cussed in the previous section, the HL-LHC with a pro-
jected integrated luminosity of 3ab™' is expected to re-
duce the relative uncertainty of uz, to 14% [65]. This im-
provement would significantly strengthen the constraints
on the FG2ZHDM.
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APPENDIX A: LAGRANGIAN AND FEYNMAN
RULES
Since there involves at least one photon in both

h— Zy and h — yy decays, the propagators of the one-
loop diagrams shall always be charged particles, see Fig-

pear and only physical particles participate the interac-
tions. After scrutinizing the total Lagrangian provided in
Ref. [49], we list the most relevant terms to calculate the
amplitudes of 7 — Zy and i — yy decays as follows,

ures 1 and 2. Therefore, to calculate the amplitudes we Ls = —Apyen-vhH H™ (A1)
should first find out all the Lagrangian that describe the
interactions between the charged particles and the Higgs,
Z boson, and photon. The formalisms of Feynman rules
depend on the choice of gauge. In this paper we work in Lop = [ 3
=—— |sin(le=B)Ms—cos(e—B)N¢| hff, A2
the unitary gauge, in which the Goldstone bosons disap- Sr v [sin(@=p)M; @=pN; [ hf T (A2)
Loo=si WW; W —ieA (' H* H*H H")+ PAAHH =i (P, - &L 0,
G =7 sin(a — ) f —ieA,( )+eA, -1 (2CW— 2 sw)cosd)
2
+(sin’ BQ, +cos’ fQy)g’ sine;}z,,(aﬂHWLI-a#H-HW—i%2 cos(a —) [ (W H W H*)
+ h(@H* W, 0" H™W)] +828'(Q, — Qi)vsinBcosfsinyZ“ (W H™ + W, H')
+ 285w [(%cw - %ISW) cosd +(sin’ BQ, +cos’ Q)8 sinth] A, 2/ H* H-
2
- %sw cos(a—BAH(H* W, + H W, (A3)
L =igrcycosty [ (8, W WHZ =0, Wi W™ Z) = (8, W, W*Z" =8, W, W"'Z") + (8,Z,W*W™ = 8,Z,WH*W*) ]
+igasw | (0. W, WHA" -0, Wi WAY) — (8, W, WHA" -8, W, W A") + (8,A,WHW™ -8,A,WHW") |
— g swewcosby Wi WHAZ, —WIW " A,ZF — W, WHA,Z'| - &35, (Wi WHAYA, - Wi WA, AY)
(A4)
cost = R .
Lrg = 82 2Z.f [(I; = Qrsy) V' PrL— Qrsy ' Pr| f+ 8 sin®Z, f [Qpry" P+ Qury Pr| f +eQrAFY'f . (A5)
The first Lagrangian L, which describes the interaction M, = LU;L (Vl Y/ +v,¥! ) Upr, (A7)

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

1 . .
- = = [Ayvy sinesin® B — A,v; cos acos® B
v

+ v cosB(Azsinacosf+ Agcosasinf)

—vysinB(A;cosasinB+Aysinacosp)|.  (A6)
The second Lagrangian Ly is the Yukawa interactions,
with M; (f =u.d,f) being the diagonal mass matrices:
Mu = diag(mu’ me, mt)5 Md = (md’ mg, mb): and Mé’ = (e’/'t’ T)-
Here, M; is diagonalized by a biunitary transformation:

V2

where ¥/ and Y] are Yukawa matrices, and U, and U
are unitary matrices. For convenience, we have also intro-
duced the auxiliary matrices Ny, which are defined as

1 . . .
N, Ul (w¥] =va¥] ) Upe. (A8)

R

To investigate the B-anomalies reported in Ref. [49], we
employ specific U(1)" charge assignments for the fields.
This configuration ensures that tree-level FCNCs emerge
specifically in the down-type quark sector. With such as-
signments, the Yukawa matrices have the following tex-
tures:
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* % 0 0 0 0
Y= * % 0 , Yy= 0 00 ,
0 0 0 0 0 =
* k% 0 0 O
ijz * ok % s Ygz 0 0 0 ,
0 0 O % %
0 0 O * 0 0
Yi= 0 = 0 , Yi= 000 . (A9)
0 0 = 0 0 0

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

N, = — -2 diag(m,,m.,0) + - diag(0,0,m,),
Vi Va
y Vs v
(Ng)ij= — i(Md)ij + <*2 + i) (VéKM)i3(VCKM)3j(Md)jj,
Vi Vi V2
Ny = - Ediag(O,mﬂ,mT) + Ediag(me,O, 0),
Vi Va

(A10)

where Vcgy denotes the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [10, 11]. The third Lagrangian Lgs de-
scribes the interactions between the scalars and the gauge
bosons, which is obtained by expanding the scalar kinet-
ic terms with gauge bosons contained in the covariant de-
rivatives. The quantities Q; and @, denote respectively
the U(1) charges of ®; and ®,, and sy and cy are separ-
ately short for sinfy and cos6y. The fourth Lagrangian
L describes the interactions between the gauge bosons,
which results from the vector field strength terms. The
last Lagrangian Lr; contains the interactions between the
fermions and Z boson and photon, where I} stands for the
third component of the weak isospin of a fermion
doublet, O, denote the electric charge of a given fermion
/. and Q, and Qy label the U(1)’ charge of a left-handed
and right-handed fermion, respectively. It is also clear
from Eq. (AS5) that due to the Z — Z’ mixing there is an ad-
ditional term that has the same Lorentz structure as the
SM one, which therefore provides a correction to the ori-
ginal couplings. For more details of FG2HDM Lagrangi-
an in different sectors, readers are referred to Ref. [49].

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

APPENDIX B: SCALAR FUNCTIONS

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

1
A(m>;my,m,) = — Pk (m?,m;,m*)Log
m

1

(/lé(mg,mi,mz) —m?+mi +m?
2 (mﬁ —m%)

2mbm(,
/2 (42 — 12 2_ 02
—mj, (4mi —mh) +2m; —m;,

2m?

1

\/ —m3 (4’”12 - m%) +2m? —m3

b
2m?

(B1)

2 2 2 2 2\ _
CO(mZ’O,mh’mi ,mi ’mi) -

x |Log

— Log?

(B2)

2.2 2 2
C0(090,mh3m[ am[ 7m[ )

2 (A2 — 2 2_ 2
-m;, (4m,~ —mh) +2m; —m;,

2m? ’

1

1 Log?
= —Lo
2m; &

(B3)

1
m; —m2
2(m% + Ayj)
mi-i—Aij—/l%(m,zl,m?,mf)
2(m; + A;))
mfl+A,-j+/l%(mi,miz,m§)
2A;; A'}
mﬁ+A,-j—/l%(m%,miz,m§)’ Y
2A;;
2 2)’

2 L m2
mj, + Ay + A2 (my, m; ,m;

2 2 2 2 2\
CO(O’m}meym[ , M 7mj) =

{ —DILOg ,m% +AU}

—DiLog

s —(mﬁ + Aij):|

+ Dilog

+Dil.og {

—Ai/} - (my, — mz)} ,

(B4)
where A;; = m} —m3, Aa,b,c) = a* + b* + ¢* = 2ab - 2ac - 2bc
is the usual Kéllén function, and DiLog[a,b] is a function
defined in Package-X [54].

APPENDIX C: KINEMATICS

Both h(p) = Z(p)y(p2) and h(p) — y(p)y(p2) are
processes of two-body decays, the differential decay
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Fig. Al. Feynman rules for the relevant vertices and propagators in the unitary gauge.
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width of which reads

_ b

dr =
th

IMx[d;, (ChH

where My denotes the amplitude, and d®, is the two-
body decay phase space given by

1
1672my,

d®, = dQ (C2)

Here, |71 = A"Y*(m},m},m3)/2m,, which is equal to
(m} —m3)/2my, for h — Zy and m,/2 for h — yy, respect-
ively; dQ = d¢dcos8; being the solid angle of particle 1
in the final state, which, after integration, yields 4z. To
calculate the decay width or branching ratio of the two
processes, one has to sum over the spins of Z boson and
photon in the final state:

D IMP = [TxlP(P5p} = pr- 28 ) P51 = p1 - p2g™)
1,42

x> le(piA)e(piA)] [€(p2 A2)es(pa. 1)) -

A1,42

(C3)

For X = Zy, one has

Z [€:(p1, ADE(p1. )] [€5(p2, )es(p2. )]

A1,42
Pyulie
= (_g,uar+ 1/121 )(_gvﬁ)~ (C4)
mz

Substituting this into Egs. (C3) and (C1) and dividing by
the total Higgs decay width T, yields the branching frac-
tion for 1 — Zy,

(C5)

m m2\’
B(h— Zy)= —" (1— )|sz|2.

mz
240, \ m

Similarly, for X'="yy, one has

> epi AP A)] [€(p2. )es(p2, A2)] = (—gua) (—81p):

1,42
(Co)
and the branching fraction for & — yy reads
Blh -y = T, (C7)
YY) = Ganr,

In deriving Eq. (C7), since there are two identical photons
in the final state, an extra 1/2 factor has been taken into
account.
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