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A 7’ gauge boson with sub-GeV mass has acquired a significant interest in phenomenology, particularly
in view of the muon ¢g—2 anomaly and coherent elastic neutrino-nucleon scattering. The latter is
challenged by the nuclear recoil energy of a few tens of keV but has been observed by the COHERENT
experiment. To further reconcile the observed excesses in R(D*)) from semileptonic charmful B decays
and in the W boson mass, we investigate a model with a gauged U(1) L,-L, Symmetry and a scalar
leptoquark. In contrast to the mechanism that involves kinetic mixing between the gauge bosons of U(1).,,
and U(1) 1,-L,» We adopt a dynamical symmetry breaking of U (1) 1,-L, by incorporating an additional
Higgs doublet. Through mixing with the U(1) L- 1 ~charged Higgs doublet, new Higgs decay channels
h— Z,Z,/Z,Z, occur at percent-level branching ratios, which could be accessible at the LHC. The
W-mass anomaly observed by CDF II can be potentially resolved through the enhancement in the oblique
parameter 7. Due to the flavored gauge symmetry, the introduced scalar leptoquark S5 = (3,1,2/3)
exhibits a unique coupling to the 7 lepton, offering an explanation for the excesses observed in R(D™)).
Moreover, 7 — u(Z; —)e”e™ via the resonant light gauge boson decay can reach the sensitivity of Belle II

at an integrated luminosity of 50 ab~'.

DOI: 10.1103/PhysRevD.109.055038

I. INTRODUCTION

The possible existence of a sub-GeV Z’ gauge boson has
attracted much attention in recent years in addressing
unresolved problems in particle physics phenomenology,
particularly in flavor physics and dark matter (DM). The
former includes the long-lasting puzzle in the anomalous
magnetic dipole moment of muon (muon g — 2), while the
latter could lead to establishing a portal between the visible
and dark sectors.

Furthermore, a light Z’' can play a substantial role in
coherent elastic neutrino-nucleon scattering (CEvNS).
Since the proposal of measuring CEvNS [1], conducting
such experiments has been quite challenging, not just
because of its tiny cross section but mostly due to the fact
that the maximum nuclear recoil energy would be only
several tens of keV. Nevertheless, the CEvNS has finally
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been observed by the COHERENT experiment using Csl
and Ar targets [2-4]. The obtained total cross sections
averaged over neutrino fluxes are

(0)p = (16.5532) x 107 cm? [Csl],
(o), = (224£0.7) x 107 cm? [Ad]. (1)

The standard model (SM) predictions are 18.9 x
1073 cm? [3] and 1.8 x 1073 cm? [4], respectively.
Additionally, besides improving our understanding of
atomic nuclei and neutrinos, precision measurements of
CEvNS can be used to explore or constrain physics
beyond the SM [5-14]. Since the momentum transfer
to the nucleus is at the sub-MeV level, a light Z’' gauge
boson stands out as one of the most appealing extensions
of the SM [15-25].

Meanwhile, several deviations from the SM predictions
have emerged in experiments, such as the muon g—2,
R(D™) in the B — D*)zp decays and the mass of W gauge
boson. It would be intriguing to build a light Z’ model that
cannot only resolve these observed anomalies but also have
a significant impact on the CEvNS phenomenon. To fulfill
these objectives within one coherent framework, we con-
sider extending the SM with a new local U(1) gauge
symmetry. Numerous potential candidates of such a U(1)
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gauge symmetry exist in the literature, including universal
u(l),B-L,B,+L,+L,, B-3L;,, B—L,-2L,, and
L,_p [25], where B; and L, denote the quantum numbers
of quark and lepton, respectively. Among these, we find
that in addition to satisfying gauge anomaly-free conditions
without introducing new chiral fermions, the gauged
U(1) L1, =U (1),-, model can effectively address the

above-mentioned concerns.

Having U(1) 4—c Symmetry as a gauge extension of the
SM has many advantages from a phenomenological view-
point [26,27]. As mentioned earlier, the gauge coupling g,
of O(107*) with Z' mass of O(10-200) MeV can explain
muon g — 2 [28], where the discrepancy between exper-
imental measurements and theoretical calculations, which
use the data-driven approach to evaluate the hadronic
vacuum polarization, reaches ~4¢ [29]:

Aa, = a;’ —aiM = (251 £0.59) x 107, (2)

Instead of kinetic mixing between U(1),, and
U(1),-, [16,20,25], we examine the Z' — Z mass mixing
scenario, which arises from the consideration of sponta-
neous U(1),_, symmetry breakdown by a new scalar field
carrying the U(1),_, charge [28,30]. It would be useful
if the new scalar field could also resolve any poten-
tial anomalies from a phenomenological perspective.
Interestingly, the CDF II Collaboration used the full dataset
from proton-antiproton collisions at /s = 1.96 TeV to
determine the mass of the W boson as [31]

my = 80.4335 4 0.0094 GeV. (3)

The newly observed value differs from earlier measure-
ments of my = 80.385 £ 0.015 GeV from the combined
results of LEP and Tevatron [32] and my = 80.360 £+
0.016 GeV from the updated ATLAS result [33].
Moreover, it deviates from the SM prediction of my =
80.361 GeV [34] by ~7o. If the anomaly in the W-mass
measurement is confirmed with more data from the LHC, it
would provide another piece of strong evidence for new
physics. [35-53]. This anomaly also motivates the intro-
duction of a Higgs doublet charged under the U(1),_,
symmetry [54,55].

The observed anomalies in the ratio of branching ratios
(BRs) in semileptonic charmed B decays are defined by

with M = D, D*. The SM predictions are R(D) = 0.298 +
0.004 and R(D*) = 0.254 +0.005 [56-63], while the
current experimental values are R(D) = 0.356 £ 0.029
and R(D*) =0.284 +0.013 [64]. Recent measurements
from LHCb have been included in the average [65,66].

As seen, there is an overall 3.30 deviation from the SM
predictions [64]. Because B — M7y is mediated by the
tree-level charged weak currents in the SM, the required
mechanism to enhance R(M) should have nonuniversal
lepton couplings and be induced at the tree level. Although
R(J/¥) and R(A.) have the potential to observe the
breakdown of lepton universality as well, their statistical
errors in the experimental data are still too large to be
conclusive [67-69]. Hence, we concentrate solely on R(D)
and R(D*) in this work.

Without further introducing a heavy charged gauge boson
(e.g., W) or vector leptoquark (LQ) for the R(D™)
anomalies, the new mediating bosons of interest include a
charged Higgs boson [70-75] and a scalar LQ [76—83]. The
flavored U(1),_, symmetry strictly limits the Yukawa
couplings to different lepton flavors, resulting in a sup-
pressed contribution of the charged Higgs to R(M) by
mym,/v* in this model, where v is the combined vacuum
expectation value (VEV) of the introduced Higgs doublets.
Hence, the introduction of scalar LQ emerges as a more
apposite solution. We find that among various LQ repre-
sentations, the simplest choice to explain the observed
excess in R(M) is the $ = (3, 1,2/3) representation under
the SU(3),xSU(2), xU(l)y gauge symmetries.
Additionally, based on the flavored U(1),_, gauge sym-
metry, there is a natural suppression in the LQ Yukawa
couplings to the light leptons, while the 7 lepton and 7
neutrino, respectively couple to up- and down-type quarks to
resolve the observed anomaly in R(M). It is worth mention-
ing that using the exclusive- and hadronic-tag approaches
with 362 fb~! of data, the Belle Il Collaboration recently has
observed the firstevidence of BT — KTvb decay witha2.7¢
deviation from the SM prediction, and the measured result
is given as BR(B* — K*up) = (2.3£0.5707) x 107> [84].
Applying the LQ S5 in the model, the branching ratios for
B — (K, K*)v,, can be significantly enhanced. A detailed
phenomenological analysis of the neutrino-pair production
in B and K meson decays can be found in Ref. [85].

In addition to the total cross section of CEvNS and
R(D™), we propose new observables sensitive to new
physics as a function of incident neutrino energy for elastic
neutrino-nucleus scattering and as a function of invariant
mass-square g> of Zv for semileptonic charmed B decays.
We find that CEvNS mediated by the light physical Z; can
deviate significantly from the SM in the low neutrino
energy regime. Additionally, R(D) in the large ¢” regime is
more sensitive to the leptoquark effects and can signifi-
cantly differ from the SM.

This paper is organized as follows: In Sec. II, we
formulate the model and derive the spectrum of scalar
bosons and various new couplings. The Z' — Z mixing and
lepton flavor mixing are also discussed in detail. With the
new interactions, Sec. III discusses the new physics effects
on various phenomena, including the cross section of
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CEwNS, values of R(D) and R(D*), new Higgs decay
channels h - HH/Z,Z,/Z,Z,, LFV processes, lepton
g—2, and the oblique parameters. Constraints on the
model parameters and detailed numerical analysis are
presented in Sec. IV. A summary of our findings is given
in Sec. V.

II. THE MODEL

We consider in this work a model that extends the SM
gauge symmetry by the U( 1);4—1 gauge symmetry, under
which only the i and 7 leptons in the SM are charged. Due
to the opposite U(1),,_, charges within the second and third
generations of leptons, it can be easily checked that the
loop-induced triangle anomalies mediated by the muon
and 7 lepton for U(1)}_, U(l)i_TU(l)Y, u(l),_.U(1)3,
SU(2)*U(1),_,, and gravity*-U(1),_, cancel out automati-
cally without the need of introducing extra chiral fermions.
As a result, the gauged U(1),_, symmetry model stands
free from gauge anomalies.

In addition to the SM Higgs doublet, denoted by H»,
whose neutral component has a VEV, v,, to spontaneously
break SU(2); x U(1)y, we introduce an additional Higgs
doublet, denoted by H, which carries not only the U(1) —
charge, twice that of x, but also the weak isospin and U(1),
hypercharge. The new Higgs doublet is assumed to also
develop a VEV, vy, in its neutral component to break
U(1),-, besides SU(2), x U(1)y, resulting in a massive Z'
boson. Therefore, unlike the conventional two-Higgs-
doublet model (2HDM), the model has one charged Higgs
and two CP-even Higgs bosons but has no CP-odd Higgs
boson, as it has become the longitudinal component of Z'.
Finally, we include an SU(2),-singlet scalar LQ with
hypercharge ¥ = 2/3 that also has the same U(1),_, charge
as p. The quantum number assignments of the leptons, the
Higgs doublets, and the LQ are given in Table I. As we will
see, such a model can simultaneously accommodate the
measured lepton g — 2, R(D(*)), and W mass anomalies,
while the cross section of the CEvNS process can be
enhanced to deviate from the SM expectation by up to 25%.

In the following subsections, we analyze the spectra of
Higgs and gauge bosons and determine their physical
eigenstates. In addition, we also derive the gauge,
Yukawa, and trilinear couplings of Higgs bosons, which

TABLE 1. Quantum numbers of the leptons, Higgs doublets,
and scalar leptoquark.

CL(R) HKL(R) TL(R) H, H, S3
LM -L; 0 dx —dqx 0 2qx dx
SU2), 2(1) 2(1) 2 (1) 2 2 1
U(l), -1(=2) -1(-2) -1(-2) 1 1 2/3

are used for the phenomenological analysis presented in
the paper.

A. Spectra of Higgs bosons and
Higgs-related trilinear couplings

We first write down the scalar potential consistent with
the SU(2), x U(1)y x U(1),_, gauge symmetry as

M
= WiH Hy + i3 H3Hy + 5

V(Hth,S%) 5 (

HiH,)?
A

+5

+ MH{HyHIH | + 1287385

+ ST (ASHIH, + 2SHLH,). (5)

HIH,)? + ;3HH H}H,

Owing to the U(1),_, symmetry, there is no so-called y
term that couples H , quadratically, and all terms in Eq. (5)
are self-Hermitian due to the U(1),_, symmetry, rendering

all the coefficients real. The components of two Higgs
doublets can be parametrized as (i = 1, 2)

N
H =\, ’ 0 : . (6)
75(”1‘ + ¢ + in;)

Using the tadpole conditions 0V /dv; , = 0, we obtain two
equalities:

/112

Ba s
- 0,
lul+2 +2 2
A A3
2 22 34
- —0, 7
lu2 2 2+2 ()

with A34 = 13 + 44. To achieve spontaneous breakdown
of the SU(2), x U(1)y x U(1),_, gauge symmetry, we
require y%’z < 0. For the vacuum stability, where the scalar
potential is bounded from below in all field configurations,
the quartic couplings have to satisfy the criteria given
by [86,87]

A122>0,

A+ /420, sy 4+ Ik 0.

Two neutral Goldstone bosons result from the mixing
between the two CP-odd components:

(6)-(5 D) =u() o

where f is defined by t; =tanff = v,/v;, v = / v+ 03,
cp = cos 3, and 54 = sin 8. To obtain the states of charged
Goldstone and charged Higgs bosons, we can use Eq. (9)
by substituting (G*, H*) and (¢}, ¢3) for (G%.GY) and
(n1,1,), respectively. As a result, the mass squared of the
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charged Higgs boson is solely dependent on the parameter
A4 as follows:

A4
mi. = —Evz. (10)
Since the massive LQ is irrelevant to the EWSB, its mass
squared with the assumption that 2 > 0 is found to be

2
v
m% ://lgv'f'?(/l‘lgcé'f—/lgsz), (11)

and can be as heavy as O(TeV).
From the scalar potential in Eq. (5) and the tadpole
conditions in Eq. (7), the mass terms for the CP-even

scalars can be written as
VU4 0
102 34)(%)' (12)
iz“% 4’(2)

ﬂl ’U%
#)(
0102434
Equation (12) can be diagonalized by a 2 x 2 orthogonal
matrix, and the resulting eigenstates of neutral Higgses can
be parametrized using a mixing angle o as

0 0
(H):( Cq S{l>(¢l)EUa<¢l>, (13)

h —Sq  Cq d)g d)(z)
where £ is the 125-GeV SM-like Higgs boson, ¢, = cos a,
and s, =sina. In the following, we would focus on the
scenario where the new CP-even state is lighter than the
SM-like Higgs boson, i.e., m; > my. Using the parameters

A; and v;, the masses of the 4 and H states, as well as the
mixing angle between them, can be obtained as

1
S(4h

- ll’U% +/12’U%
= f

21)1112/134
RN

1
"y 5k = 03 + 40iu3Aa,.

tan 2o = (14)

The scalar potential in the model involves six parame-
ters, namely, y3 , and A;_4. One can write them in terms of
the physical parameters {my+ j, 7, v, a, f} as

1

= o sy i), (159
1
/‘% - _E <Casﬂ—am121 + Sacﬂ—am%‘l)’ (15b)
1
I = g (msh - micd). (15¢)
v C[)’
1
Ay = —— (mjcq + mys3), (15d)
v Sﬁ

2
S2a (o 2y, 2y
Ay =— - , 15
3 52 (my, —my) + ) (15¢)
2m2,
Ay =—-——2. (15f)
v

An important parameter of the scalar potential in the SM
is the quartic coupling Agys, which not only determines the
mass of the SM Higgs boson via mj = Agyv? but also
controls the potential shape. Therefore, to probe the
existence of extra scalars, it becomes crucial to precisely
determine the Higgs self-coupling through the ih produc-
tion that involves the Higgs trilinear coupling [88]. In the
2HDM, the SM-like Higgs field is a linear combination of
¢ ,, and, instead of a factor of 3mj /v for the SM, the
Higgs self-coupling also involves the parameters £ and a.
Moreover, when my < my,/2, the decay channel h - HH
becomes accessible. Current measurements of Higgs
decays can impose stringent constraints on the related
parameters. To take these constraints into account, we
present all the Higgs trilinear couplings as follows:

2
SzaSﬂ_a 2 2 hH

Lo -2 2m)
e (mj; + 2mg,;) >

$24Chu h*H
L (], miy)

+ US2/; 2

3m3 2 , \ 7P
+T sﬂ—a + %Cﬂﬂlcﬁ—a y

3m3, 2 , \ H°
+T Cﬁ—a +@sﬂ+asﬂ_a ?

+ 0(AScpg + AScp ) HST3SE
+ 0(AS Sy g — A554,4) HS T3S, (16)

Taking the limits of @ — 0 and sp— 1, it can be seen that
only the self-couplings of /2 and H remain. We note that the
scalar couplings to the LQ are also included, which can be
used to analyze the loop-induced Higgs boson decays.

B. Z' - Z mixing and gauge couplings of scalars

The masses of the gauge bosons and the gauge couplings
of scalars are determined by the kinetic terms of H ,, with
the covariant derivatives given as

-

g J
D,H, = (a,, +i%- W, +iZB, +gZ/XZ;,)H1,

/

G- = .
DHy = (9, +i5%- W, +i%B,) Hy,
D,S3 = (9, +iQsg'B, + igyqxZ.)S5, (17)

where g, ¢/, and g, denote the gauge couplings of SU(2),,

U(1)y, and U(1),_,, respectively, X = 2¢gy is the U(1),_,
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charge of H,, and Q5 = 1/3 is the electric charge of LQ.
As in the conventional 2HDM, the tree-level W boson mass
can be obtained as my, = gv/2. However, since H; carries
the charges of both electroweak and U(1),_, symmetries,
its VEV breaks not only SU(2), x U(1)y butalso U(1),_,
at the same time. As a result, the Z and Z’ states are not
physical and generally mix with each other. More explic-
itly, the mass squared terms for Z and Z’ are given by

1 m2,  m%, > (Z’)
—(Z', Z , 18
sz "I (18)

7'z

where mé,, m% and m%,z are defined as
(gz'XU)2
m%/ - g%/Xz/U% == 1 + l‘/} )
2 %)
m =T =T (14 5,
2 997X 5 g9z X0’ 19
"22 T " 0y T T2ey (14 8) (19)

The states of the photon and Z boson fields are written, as
in the SM, as

Zﬂ = —SwBM + CWw3, (20)

where cy = cosfy, sy =sinfy, and Oy is the weak
mixing angle. The mass squared matrix in Eq. (18) can
be diagonalized using a 2 x 2 orthogonal matrix, para-
metrized by a mixing angle 6, in a fashion analogous to
Eq. (13). Assuming that m, < m  and taking Z; and Z, as
the physical states of the neutral gauge bosons, their mass
squares and mixing angle can be approximately obtained as
follows:

4 2
m2 a2 M7z _ 0 T
, =y 2 Z ’
z " om /1+tﬂ
4
2 2 7z
mZZ_mZ+—m% )
2 2c¢
~ —sign(0,) A2 = sign(0,) ~ "4 (21)
mZ gtg v

where sign(6,) = £1 represents the sign of the mixing
angle. Apparently, the mixing angle is suppressed by
my [(vtg) as t; gets large. If the mass of my is of
O(10) MeV, s, is at most of O(107%).

To study the loop-induced processes or variables (e.g.,
lepton g — 2) mediated by the Z; boson, we also need the
gauge couplings of scalars and LQ as follows:

,CD 12—[(0"H ) H_a’lH+](SzwA”+C2Wzﬂ)
Cw
.gs /}—(z + — —
+ [~ W (o H — Ho )
.g¢ ﬂ a

+i W+(haﬂH- H™h) +H.c.}

+ gmy W W (sp_ah + cp_oH)

—iQge(A, —twZ,)(ST50"Ss — S3"S™S)
2m?2 Z,7" 2m2, Z! 7"
- Z H h H Z H—s h 14
+ v (Cﬂ—a +sﬂ—a) 2 + v, (Ca sa) 2
_gmgzg (caH—Sah)Z;tZ”‘ (22)
Cw

C. Yukawa couplings of fermions

The Yukawa sector plays a crucial role in flavor physics
as it governs the mass generation of the SM fermions and
the couplings of scalars to fermions in the model. The
Lagrangian of the Yukawa sector under SU(2), x U(1), x
U(1),_, gauge symmetry can be written based on the
quantum number assignments in Table I as

_‘CY = Q_LHZYddR + Q_Lj:leul/lR + ZszYffR
+ VL, H g + 05 ityy LS5 + ufylreSs + Hee.,
(23)

where, except for the L «H 7 term, the flavor indices are all
suppressed, Q7 = (u,d)! and LT = (v,,¢)! represent the
quark and lepton doublets, respectively, £x denotes the
right-handed charged lepton, and F¢ = Cy’F* for a fer-
mion F" with C being the charge conjugation operator. The
U(1),_, gauge symmetry restricts the 3 x 3 Yukawa matrix
Y’ to be a diagonal matrix; i.e., Y’ = diag(y°, y*, y%). We
note that because H, and H, simultaneously couple to the
charged leptons, the term EMH 17z Will induce flavor-
changing neutral currents (FCNCs) at tree level. After
diagonalizing the quark mass matrices and using the
physical states of scalars, the Yukawa couplings of quarks
to h(H) and H* are found to be the same as those in type-I
2HDM [89]. Although the charged Higgs boson could in
principle enhance the b — c7v transition [70-75], the
involved Yukawa couplings in this model are suppressed

by my./(tan f+/v7 + v3) and are irrelevant for our later
discussions. The explicit expressions of the couplings can
be found in Ref. [89].

While the diagonal Y? matrix contributes to the charged
lepton masses, the l_,ﬂH 17g term induces flavor mixing
between the p and 7 leptons. Thus, the electron mass is
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simply m, = y*v,/+/2, and the mass matrix for the y and ©
leptons is expressed as

(e 7o) =t 7 (7 ) (1), e

where 7, ;) = @y /\/2 and My = yﬂ,vl/\/i. The
matrix M, can be diagonalized through a bi-unitary trans-
formation: m, = V{ M, V?. Accordingly, the Yukawa cou-
plings of the Higgs bosons to the leptons are found to be

—ﬁy D?mebﬂR +7L&KR<C—ah+s_aH)
v

S/} S/;
—X 2¢H_q 2844
+fL—”fR<—ih+iH)
v Sz/} S2ﬁ
2 242X
+ ﬁ(fmf - Q) fRH* +He., (25)
/I)tﬁ SzﬂU
where X, is defined as
0 m
X, =V} ’”)V“. 26
=vi(y v (20

It is worth mentioning that X, induces the tree-level FCNCs
mediated by the Higgs bosons in the lepton sector. To see the
decoupling and large tan /8 limits, it is useful to rewrite ¢, /s
and s,/sp as

Cq 1
5 = Sﬂ_a + tﬂ Cﬂ—a’
Sa

__Cﬂ—

y «= 15 Sp-ar (27)

When the lepton Yukawa couplings are real, we can
obtain the 2 x 2 flavor mixing matrices V%, using the
identities:

m/m, = VoMM,V

By parametrizing Vﬁﬁ , 1in the same form as U, in Eq. (13),
we can obtain the mixing angles 6y ; as

T
tan20p = —— A”2” —
m; —I—mm—mﬂ
21, m
tan 26L = —ﬁ (29)
mz — fi,, — i,

In the limit when 7, 7,./ M2 is negligible, these mixing
angles can be obtained to a good approximation as

SgL ~ —I”I\’lﬂf/ﬁ’lr. (30)

As a free parameter with the mass dimension that appears
only in the u — 7 element of X, /11, can be parametrized in
terms of a free parameter y,, as 7y, = y,.,/m,m,, where
m,, . are the physical masses of u and 7 leptons. Using the
approximate mixing angles in Eq. (30), we obtain

rh%:m%(l )(,2”—”),
0 xuey/mum;

X, >~ 5 . (31)
0 Kz

We now discuss the LQ couplings to quarks and leptons.
Since the Yukawa couplings y/ and y% are free parameters,
the up-type quark flavor mixings can be absorbed into these
parameters. As such, the up-type quark fields appearing in
the LQ couplings in Eq. (23) can be treated as the physical
states. However, the same y7 also appears in the couplings
to the down-type quarks. Therefore, in addition to V¢, the
LQ couplings to the down-type quarks must include V7.
With V4 ~1 and Vegy = V4V, we can express the
Yukawa couplings of the LQ as

—Ly > (EszinPLf+M_gY7ePRT) S

T

— dfVimy! PLv:St + Hee. (32)

D. Gauge couplings of fermions

Next, we consider the gauge couplings of the fermions.
Since the U(1),,_, gauge symmetry does not affect the weak
charged currents, they remain the same as those in the SM.
Although quarks do not carry the U(1),_, charge and thus
do not directly couple to the Z' gauge boson, their
couplings to the Z’' boson can be induced through the
mixing with the SM Z boson. Intriguingly, the distinct
U(1),_, charges carried by the muon and tau lepton lead to
a lepton FCNC in the interaction fi; y*7,Z,. Due to the
7' —Z mixing, they then result in Z-mediated lepton
FCNCs although such effects are suppressed by sy, sg,-
Using the results shown in Egs. (21) and (30) for the lepton-
flavor and Z' — Z mixings, respectively, we obtain the
neutral gauge couplings to fermions as follows:

=Y Qe ST (Ch =l 2,

+ (92 axS20, LY 71 (Co, 21, — 59,2Z5,) +H.c], (33)
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where the coefficients C{V_i 4 are explicitly given by

Cwhy, C
Cly = o, + 22X 24+ 17
o Cwhz,Co, f 2, 2
ClA—CASQZ‘F#XA 2+lﬁ+t/

Cwiz, S, . f _
Cf :cfc - =L ZX 2+ 2+ 172
2V vCo, g0 vy/ s

Cwyhiy S
S AV RN Ea e (34)

cf — e
24 = CaCo, a0
with ¢}, = T; -
weak isospin T3 and the electric charge Oy of the fermion
f, and va”: (0,1/2,-1/2,0,1,-1,0,0) and X} =
(0,1/2,-1/2,0,0,0,0,0) for f = (v, v, Uy, €, 1,7, 1, d).
Because only vector currents are involved in the Z’
couplings to the charged leptons, X4 = 0. However,

X" are nonvanishing because neutrinos are left-handed
particles in the model.

2530, cA = T% given in terms of the

III. PHENOMENOLOGY

In this section, we derive the formalisms for the
processes studied in this work. These include the cross
section for CEVNS via the Z' — Z mixing, the R(D) and
R(D*) from LQ interactions, new Higgs decay modes,
lepton g — 2, and the effects on the oblique parameters and
the W mass.

A. CEvNS through the Z’' — Z mixing

In the model, elastic electron- and muon-neutrino
(including antineutrino) scatterings off a nucleus arise from
gauge interactions with the neutral gauge bosons Z; and
Z,. Using the gauge couplings given in Eq. (33), we can
write the effective Hamiltonian for neutrino scattering at the
quark level as

mycy. \ 2
Hvﬂi—’l’ﬂi = \/EGF< . 92) [1 + Af(qz)]

mzz

X [Der" Prulgy,(cl — cirs)al. (35)

m> m> 1+£
A?(g?) = sign(0;) d Z 45—
D rmgyme\' T
2 ¢
) myz 1 5)
~sign(fy) ——( =+ =), 36
g(Z)q2+m%1<2 2 ( )

where the Kronecker delta 65 indicates that only the muon
neutrino or anti-muon-neutrino contributes. The second
line in Eq. (36) results from the limits of ¢y, ~ 1, mz, ~my
and large ;. We will demonstrate that due to the h — HH
and h — Z,Z, constraints, a large 75 is required for the

model. As a result, the electron-neutrino scattering
becomes insignificant and negligible. Since the structure
of the four-fermion interaction in Eq. (35) is the same as
that in the SM, the new physics contribution can be
obtained simply by replacing Cgy with Coy[1+ A7 (¢?)].
In contrast to the effects induced by the kinetic mixing
in the conventional U(1),_, model, the g, dependence
has been absorbed into m . Thus, the new physics effect
depends only on my in the large-7; scheme. Because
the LQ mass is of O(1) TeV, its contribution is negligible.
As such, we skip the discussion related to the LQ effects.

The cross section for the elastic neutrino-nucleus scat-
tering can be written as [13]

mAE E
2E2 E,

do _ G%mA 2
(R S [y

04(q%) = Zg,F ,(¢*) + NG, F(4%), (38)
where m, is the nucleus mass, Z(N) is the proton (neutron)
number of the target nucleus, E, is the incident neutrino
energy, E, is the nuclear recoil energy, and g* ~2myE,.
The couplings to the proton g, and the neutron g, are,
respectively, given by

g5 = Q2cy + )1+ A%(g%)].
gn = (cf +2¢5)[1 + A%(¢?)]. (39)

Since the contribution from the weak axial-vector currents
1s much smaller than that from the vector currents, we have
ignored their effects in Eq. (37). To include the nuclear
effects, we adopt the Klein-Nystrand approach [90] for
F (%), expressed as [13]

3j1(qRs) 1
qRy 1+ qay’

FKN(‘IQ) = (40)

where R, = 1.2A'/3 with A being the mass number, j, is
the spherical Bessel function of order one, and ag denotes
the range of a short-range Yukawa potential. For a
numerical estimate, we take ax = 0.7 fm. The neutrinos
detected in the COHERENT experiment are produced by
the stopped zt decay via 7zt — v, +u* and by the
subsequent y* decay through u* — e* 4 v, + 7,. In this
study, we assume that the shapes of neutrino fluxes are the
same as their energy spectra, expressed as [4,91,92]

de¢,(E,) B m2 — mﬁ
TEU = N5 <Ey — 27)
dgy(E,) _ ﬁE_z 3 E
dE, 4
d,(E,) 192 E2 1 E,
dE, N——G;T 4D
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with A being a normalization factor. Hence, the total cross
section averaged over the neutrino fluxes can be obtained as

By [ g oA v A) d (E,
o)y= Z / dE! o(v de—Wf )dee( ),

'/
f o M ﬂ min Emln dE
(42)
where E; " = =2E; [(my+2E, ), E, = (mz—my)/2m,,
max.ve;

E, 2E?/(ma + 2E,), EY®™ =m,/2, EM™ denotes
the nuclear threshold recoil energy, and EM" is the
minimum incident neutrino energy required to reach EM™".

B. R(D) and R(D*)

The model has two different mechanisms contributing to
the b — cfv process: One involves the charged Higgs
boson, and the other is from the LQ. However, the effects of
the charged Higgs are not significant as its couplings to
quarks and leptons are suppressed by m,, . »/(vtz). We thus
focus exclusively on the LQ contributions. Based on the
Yukawa couplings of LQ in Eq. (32), the effective
Hamiltonian for b — ¢/v mediated by the W gauge boson

and S% can be obtained as [80]
4GV,
H —cly —
b—ct \/E
+CleP bEP b, + Clia, PLbfG/“’PLI/T}, (43)

(67 +CL6 ey PLbZy, Pru

where the effective Wilson coefficients at the mg scale are
given as

V2 YZ3)’22V1{:£:

Ci = ,
V' AGEV,  2m}
Cf=- V2 ViV Vice
4GpVy  2m3
CL = V2 yLSyR2VLf7:‘ (44)

4GpV.,  8m?

We note that since the electron does not mix with the 4 and =
leptons, the b — cev process only arises from the SM
contribution. In addition, because the LQ contribution to
b — c¢Zv only involves the tau neutrino, the induced b —
cuv, decay does not interfere with the SM contribution. The
effective couplings C4§ and C% at the m, scale can be
obtained from the LQ mass scale via the renormalization
|

2

group (RG) equations. Following the results in Ref. [93], we
obtain C%(m,)~1.57C%(mg) and C4(m;) =0.86C%(my).
To calculate the BRs for the B — (D, D*)#v decays, one
requires the hadronic effects for the B — D(*) transitions. The
parametrization of form factors for different weak currents
can be found in Appendix A 1. By utilizing these form
factors, the differential decay rate forthe B — D£ process as
a function of the invariant mass g of v can be expressed as

dt, _ GilVal Vip

dg*  2567°m3

B
2\ 2 2
x(l—m—f) { <2+ )(5f|x 2+ |X7?)
q 3 ¢
2m2 2 2
207 (s + s+ x| )

2 2m 7
+16<3 <1+ qf>|x |? - \/?xgixg)], (45)

where X/, ¢, and 4y, are defined as

XM =\ [ApF (1,4, 1+ C5),
Xo!"" = (my —m3)Fo(1,Cp, 1+ C5),

X? = (mB—FmD)Cg\/ quS,
Xt — _ V 42/10

= CLF
T T4 T>
mB—I—mD

Ay =my+myy+ gt =2(mEimi +m3,q* + ¢*m%). (46)

The ¢* dependence of the form factors has been suppressed.

The B — D*¢, decay involves D* polarizations, and
the transition form factors are more complicated. Using the
parametrization in Eq. (A2), the differential decay rate after
summing all D* helicities is given by:

dry,. 3 drgl G|V |*Vap:
dq? - dq N

3.3
W 2562°m

X (1—m—§)2 > Vi), (47)

4/ oy

where Ap- can be found in Eq. (46), and

m 2 m>
Vike) =3 (2455 ) flngr +1nP)+5 (1422 i

2
+£2D* <5f X5 A2+
7

Vf$ 2
5 (q7)= 3

C?quP

X0A,+
YO (mB+mD*)

2 2 2
20 (z+q )(6% 2P+

q’ 2m3
< +q2> B 2 = 16my\ ) 2hE b (48)
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The quantities hj, Y, h%, and hE" are defined by

et
he»}l,T _ XV (( 2 2

U Y. my —mp. —q*)(mg +mp-)A,
Aps
_$A2>,
mpg +mD*
Cf /q2 Y-
o _ T D
hT - 2mD* (mZB + 3m%* - C]2>T2 - Wl%} _ sz* T3 P
eu,T et /ID*
hiﬂy — XVM |:(mB + mD*)Al F WV} s
Cf
h = —5[(mf —mp )T £ /2T, (49)

\/ai

with X" = (1,C, 1+ C}), respectively. Based on
Egs. (45) and (47), R(M) (M = D, D*) can be calculated by

2 dre
B fngmx dq2 dq/g

> dl"f/ )
Gmax d 2 M
f mi 4q dq?

Ry (50)

with q2. = (mp —my,)? and T, = (¢, +T7,)/2.

C. New Higgs decays

Equation (21) shows that utilizing an additional Higgs
doublet to spontaneously break the U(1),_, gauge sym-
metry leads to a strong correlation among my , g, and 1.
As a result, several processes involving the same set of
parameters exhibit distinct behaviors. In the following, we
discuss these interesting processes.

With focus on the scenario with my < m;,/2 and
mz, <200 MeV, the new Higgs decay channels h —
HH and h — (Z,Z,,Z,Z,) become kinematically acces-
sible. Using the Higgs trilinear and gauge couplings given
in Egs. (16) and (22), the partial decay rates for these
channels are obtained as

2 2\ 2 2
r(hﬁHH):ﬂ<%> (HM_H) | dmi
T m

with 52 Sé—a(c/}—a + t/)’s/;’—a)z(c/i—a - tlgls/i—a)z’ (51)

my, m; I/Zi_l ?
I(h—Z,Z) =~ | Spoa — Cpa |

2 3
m gm 2 mz \-
ru«ezlzz)zﬁ( . ﬂ) (1— ) (52)

2cymy, mj,

In the decoupling limit when s;_, — 1, as required by the
current Higgs signal strength measurements, the processes
h - (HH,Z,Z,) can in principle have large decay rates.
Hence, the observed Higgs width I';, strongly constrains the

values of 75 and cp_,. Therefore, from Eq. (51), the
condition of cj_, ~ s45_o/ts < 1 has to be satisfied; i.e.,
a large 75 scheme is demanded by data in the model.
Interestingly, when we use a large 75 value, the same
condition can be used to suppress the partial decay width of
h — Z,Z,. Moreover, since h — Z;Z, does not depend on
the #4 parameter, we can use the limit of I'(2 — Z,Z,) as an
independent constraint on c_,. Although our analysis does
not focus on the search for collider signals, the percent-
level BR for h — Z,Z, with invisible Z; decay could be an
interesting channel for detecting the new physics. We note
that cg_, ~ 0.1 is still permissible when considering the
constraints from the current measurements of Higgs
decays. We will see later that the BRs of new Higgs decay
modes can reach the percent level with ¢;_, ~0.05.

In addition to the flavor-conserving Higgs Yukawa
couplings, which are suppressed by m,/v according to
Eq. (29), there is a tree-level LFV Higgs coupling, i.e.,
hiiy tr, where the strength of this LFV coupling is primarily
determined by y,;Cp_q/M, MM/ (s24v). The partial decay
rate for 7 — ut can thus be written as
E

’

m
F(h - /“”) = é |C/}—a§,ur

N
with ¢, = : Xuen/2 F 5+ 17 (53)

When ¢4, and t; are determined from the processes
h— HH/Z,Z,, the h — ut decay rate then depends only
on ;.

From Eq. (33), it can be seen that the tree-level lepton
FCNC arises not only from the Higgs couplings but also
from the Z; couplings. For a light Z, gauge boson, the
7 — uZ, decay can be induced at the tree level, and the BR

can be obtained as
2 2
m‘[
(1 +— ) (54)

where we have dropped the m, ; /m, factors because
my 7, < m,. The 1/ m%l factor in the parentheses from
the contribution of the longitudinal component of Z; will
largely enhance the BR as my, is taken at the sub-GeV
level. Since the BR of this decay is mainly determined by
gz, mz,, and sq , we can use T — uZ; to constrain the 6,
parameter when g, and my, are fixed by other processes.

me; (gz/ qx520, CHZ)

BR(t —» pZ,) ~ al

D. Lepton (g -2)’s
Our model makes additional contributions to the lepton
(g —2)’s through the mediations of Z;, H, and LQ at the
one-loop level. One can neglect the contribution from LQ
as it is suppressed by mﬁ / m% Based on the gauge couplings
given in Eq. (33), although the LFV coupling urZ; can
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contribute to the muon and tau (g—2)’s, its effect is
negligible as the coupling is proportional to g, sy, , where
gz is of O(107*), and sy, is highly constrained by the
T — uZ, decay, as argued at the end of last subsection. On
the contrary, the contribution from the light H is through
the LFV coupling purH. From Eq. (25), it can be seen that
although this coupling is suppressed by a factor of m,/v,
the factor 1/cs can enhance the lepton (g—2)’s in the
regime of large 74 and small my.

The explicit expressions of the Z; and H contributions to
the lepton (g — 2)’s are, respectively, given by:

g 2 2 mix
Ad)t = = (Cf, + Cf / d - :
e 327°c, (Cly + i) 0 xm%] (1=x) +m2x?

' 2 /1 8m2x(1 —x)
——=>55Cl, | dx . . (55
R%c, Mo T mE (1-x) 4+ mix? (55)

H my 2
Aa) = W|sﬁ_a§m| , (56)
with £ = (e, pu,7) and £’ = (p, 7). Although the couplings
of Z,, excluding the SM part, can contribute to the lepton
(9 —2)’s, the suppression factors of (s, g,/ )m}/m7 make
the effects negligible. We, therefore, disregard the new
physics contribution from Z,.

E. Oblique parameters and the W mass

An important set of precision measurements for con-
straining new physics comprises the oblique parameters
denoted by S, 7, and U. These quantities are related to the
loop-induced vacuum polarizations of vector gauge bosons,
and their detailed definitions can be found in Refs. [94,95].
In our model, in addition to the SM-like Higgs doublet H,,
the oblique parameters receive effects from the extra SU(2)
Higgs doublet H, and the new gauge coupling to Z'. Since
we will focus on g, ~O(107*), we ignore the Z' con-
tribution and take my, ~my in the analysis. However, a
distinctive difference is that the pseudoscalar in the conven-
tional 2HDM becomes the longitudinal component of Z’.
Thus, the main contributions running in the loops to the
oblique parameters are from H * h, and H.

To calculate the S, T, and U parameters in the model, we
use the results obtained in Ref. [96], where the resulting
oblique parameters are suitable for the multi-Higgs-doublet
models and even for the models with new singlet charged
scalars. Except for the absence of pseudoscalar contribu-
tions, the effects from H*, h, and H are similar to the
conventional 2HDM. The detailed expressions for the S, T,
and U parameters as functions of the scalar masses and
couplings are given in Appendix B.

Using the obtained oblique parameters, the W mass
under the influence of new radiative corrections can be
expressed as [95,97,98]

Aem
Cw — Sw

S 2 2 1/2
x(c%VT——+CW SWU)] . (57

where m3M denotes the W mass in the SM, and its
relationship with m is defined to be the same as that in
the SM; 1.e., m%,M = mycy. It is worth mentioning that the
tree-level Z’' — Z mixing can affect the oblique parameters
and modify the relation between mjM and my [98].
However, since the mixing angle 6, in the model is of
O(107) in our study, the effects can be safely ignored.

IV. NUMERICAL ANALYSIS
AND DISCUSSIONS

Before conducting a numerical analysis of the physical
processes studied in this work, we should first find the
viable ranges of new physics parameters in the U(1) y—t"
extended model. For example, as alluded to before, the
most influential parameter for the CEVNS is my , and its
cross section can be potentially enhanced by a larger value
of my . The magnitude of my, on the other hand, is
proportional to g, whose value can be constrained by, e.g.,
the observed muon g — 2. In the following, we start by
setting bounds on the parameter space and then make
predictions for the CEUNS cross section, R(D*)), and the
oblique parameters and W boson mass. We will also study
the decays of the Z; and H bosons in the model.

A. Constraints of parameters

The free parameters considered in this study are myp,
Mz, Ms, 9z's Xuz» Cp-a» and g, where y,, parametrizes
the 4 — 7 mixing effect through sy, =~ y,.\/m,/m., and the
Z' — Z mixing is determined by m; and 4. Based on the
constraints from the neutrino trident process [99], measured
by CCFR [100], and the 4u final states in the BABAR
experiment [101], we can conservatively take the bounds of
9rqx < 1.3 x 1073 and myz, <200 MeV. According to
Eq. (55), the Z; boson makes an important contribution
to the muon g — 2. Therefore, we show in Fig. 1 the CCFR
bound [99] and the 306 contours (blue dot-dashed curves)
of the measured muon g — 2 in the my, -g, qx plane, where
the shaded region above the red dashed curve is ruled out
by the CCFR experiment. Although Aaf] depends on 7 via
the Z' — Z mixing, its effect is negligibly small because
s ~ O(1073) in the considered range of my,. As a result,
the electron g —2 mediated by Z; and induced through
7' —Z mixing is estimated to be Ada? ~ —1.4x 1076,
completely negligible. We will show later that due to the
small lepton flavor mixing, as constrained by other proc-
esses, the effect mediated by H for the lepton g—2 is
also highly suppressed. In the model, m; and g, gy are
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FIG. 1. Parameter space preferred by the muon g — 2 (shaded

region bounded by blue dot-dashed curves) and ruled out by the
CCFR experiment (shaded region above the red dashed curve).
The solid lines represent the contours for #;.

not independent parameters and are related by my =
2vtgg7qx/ (1 + tﬁ) In Fig. 1, we also show contours of
15 using solid lines. The large 7; scheme, as required to
restrict the h - HH and h — Z,Z, rates, to be discussed in
more detail below, further narrows down the preferred
my, range.

The SM prediction for the Higgs boson width is '™ ~
4.1 MeV [102], while the current measurement gives
[P = 3.277% MeV [103]. As an illustrated example, we
assume that each new Higgs decay channel in the model
contributes less than 5% of I'SM; ie., [P < 0.20 MeV.
This assumption is consistent with the current upper limit
on the Higgs invisible decays, BR(h — invisible) < 0.19
[103]. To fit the observed Higgs signal strengths, the Higgs
couplings to the fermions and the W* and Z gauge bosons
should have sz_, ~ I.

We now use I'(h — HH) to bound c4_, and #4. Since the
h — HH process depends on mpy, we show the upper
bound on ¢, defined in Eq. (51), for some benchmarks
of my:

0.59 my =30 GeV,
0.61 my =50GeV,  (58)
1.07 my = 60 GeV.

¢ < 107 (h = HH)
~ 0.20 MeV

To illustrate the dependence of £ on c¢4_, and 75, we show in
Fig. 2 the contour plot of ¢ in the 74-c4_, plane, where we
have fixed ¢ = 0.61 x 107 andI'(h - HH) = 0.20 MeV.
It is found that there are two slightly separated contours,
which are insensitive to the chosen value of £ and indicate
that c;_, decreases as f4 increases. With the choice of
g = 25, my = 50 GeV, and £ = 0.61 x 1073, we obtain

0.10 .
£=061x1073
0.08}
5 0.06]
S Cpo < 0.0544

0.04}
0.02}

10 20 30 40 50

Ip

FIG. 2. Contours of ¢ (blue solid curves) in the #4-c4_,
plane, assuming & = 0.61 x 1073 and T'(h —» HH) = 0.20 MeV.
The dashed line denotes the upper bound on c¢;_, from
I'(h— Z,Z,) <0.20 MeV.

Cpq®4.095% and sz_, ~99.92%. The values in turn
determine that I'(h — Z,Z,) ~0.17 MeV and T'(h —
7,7,) ~0.11 MeV.

In the large 4 scheme, I'(h — Z,Z,) only depends on
Cp—q- With m;, =125 GeV and myz, = 91.187 GeV, the
limit of c4_, can be determined as

(59)

T(h = Z,Z,)\ /2
< 0.0544 ( —— 21%2)
€p-a 5 0.05 ( 0.20 MeV

The assumption of I'(h - Z,Z,) < 0.20 MeV then trans-
lates into the dashed line in Fig. 2. According to the result
in Eq. (21), we can estimate the Z’' — Z mixing angle to
have

20 my
~1.08 x 10-5 = ). 60
56, x (r,,) <20 MeV) (60)

Clearly, sy, can be larger than the loop-induced Kkinetic
mixing between Z' and y, characterized by the mixing
parameter [28,104]:

9z e mq - 9z

)
6r my,

Consequently, we concentrate on the contributions from the
7' — 7Z mixing in this study.

The y,, parameter contributes to h — ut, 7 — pZ,;, and
Aa¥. Since the T — uZ, process is strongly enhanced by
the factor of m?/ m%], its measurement will put a strict
constraint on y,,. To bound the y,, parameter using
available data, we can use the upper limit of the process
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7 — p + light boson as an estimate, where the current
data give BR(z— pu+lightboson) <5x 1073 [103,105].
With ¢y, ~ ¢y, # 1 and the result in Eq. (54), we obtain
an upper bound on y,. as

25
Yue < 1.82% 107 (T,,) (62)

The resulting BR(h — pz) and Aa/’f are then less than
O(107') and O(107'%), respectively.

The primary purpose of introducing the scalar LQ, S5, in
the model is to address the R(D™*)) anomalies. Along with
the mass of LQ, the related parameters are yzl 12> Vi, and
V¢, . Due to the 7 — uZ, constraint, the lepton flavor
mixing matrix can be approximated as V4 =~ 1, allowing us
to ignore its contribution to the muon mode. Consequently,
the LQ only couples to the third-generation leptons.
According to Eq. (32), unlike the independent couplings
to the different up-type quarks, the LQ couplings to the
different down-type quarks are related by the CKM matrix
and can be written as

10
(V&MYZ)d ~ ?34)’13 - AJ’Z2 + )’Zp

4
(VikmYi)s —512)’23 + i, + i)

(V&MY%)Z, ~ )’237 (63)

where 1=~ 0.2257 is a Wolfenstein parameter, and V,;, <
Voo < Vypr V.= V,,~1 has been applied. To suppress
the LQ couplings to the first- and second-generation quarks
so as to satisfy constraints from low-energy physics, such
as P — P mixing and g; — qj]_"f’, where P and f’ are,
respectively, possible neutral mesons and leptons, we
require the Yukawa couplings to have the hierarchy

Yia~O). YL ~O#). ¥y ~O(F).  (64)
If cancellations are allowed in the terms of (Vgy¥7 )y
small LQ couplings to the first two generations of down-
type quarks can be easily achieved in the model. Although
D — D mixing can constrain y%,y%,, we can take a small
Vi, to avoid this constraint on |y%,|, for which we need
y4, ~ O(0.5) to enhance R(D™).

In this model, the LQ couplings to the third-generation
quarks are dominant. Both CMS [106] and ATLAS [107]
have searched for the scalar LQ with an electric charge of
e/3 using the tr and bv production channels. ATLAS has
placed a stronger upper bound on the LQ mass when
BR(S™'/3 - tr) = 1/2, obtaining mg > 1.22 TeV. If we
set ygy = 0, the ATLAS measurement can be directly
applied to our model, and ¢z and by, thus become the

dominant decays of the LQ. To be more conservative, we
use mg = 1.5 TeV in our numerical calculations.

B. Phenomenological analysis

Here, we present the numerical results of the observables
discussed in Sec. III and highlight their features while
taking into account the constrained parameter space
obtained in Sec. IVA.

1. Cross sections of CEvYNS
on Ar and Csl targets

Since the targets of the measured CEuvNS in the
COHERENT experiment are Ar and Csl, we focus on both
targets in the following numerical analysis. Because Cslis a
compound of cesium and iodide, the fraction of each nucleus
contributing to the cross section is defined by f; =
A;/(Acs + Aa) [108]. Based on COHERENT’s best-fit
results for (o), and (c),. [3], where the resulting (5),.
is noticeably smaller than the SM prediction, we choose to
present the numerical results with sign(6,) = —1.

To calculate the cross section of CEvNS for Ar and Csl,
the quantities involved in Eq. (42) are taken as follows: The
weak mixing angle is s, = 0.23112, the number of the
protons and neutrons in *°Ar, 1?71, and '33Cs are set to be
(Z,N), = (18,22), (Z,N);=(53,74), and (Z,N)q =
(55,75), respectively, and the masses of the nuclei are
my, = 37.20 GeV, m;=118.24 GeV, and mg, =
123.86 GeV. The energy of the prompt v, is determined
from the z* decay at rest. With m, = 105.65 MeV and
m, =139.57 MeV, we obtain E, ~ 29.80 MeV. By neglec-
ting the electron mass, the maximum energy of v, and 7,
from the u* decay is E}S =m,/2~52.8 MeV.

As mentioned in the introduction, the difficulty in
measuring the CEvNS is due to the small nuclear recoil
energy (RE). We can estimate the maximum RE of the
nuclear targets, argon, iodine, and cesium, by incident
v, with the energy of 29.80 MeV as e =
(47.66,15.01, 14.33) keV, respectively. The maximum
RE of (Ar, I, Cs) from 7, or v, with the maximum incident

energy of 528 MeV is given by ErHt) =
(149.46,47.11,44.98) keV. The nuclear threshold RE
in the COHERENT experiment for (Ar, Csl) is (20,
6.5) keV [109]. Using E, ~ +/myE,/2, the minimum
neutrino energy of producing the threshold RE for Ar
and Csl can be estimated to be EM" ~ 19 MeV. If we apply
this E™" to Eq. (42), it is found that the total cross section
of CEvNS will be reduced by ~2.4%, which is the same as
the uncertainty from the nuclear form factor. Due to the fact
that E, ~29.80 MeV, the kinematic cut of EJ* ~ 19 MeV
does not influence the v, scattering. Additionally, accord-
ing to neutrino fluxes shown in Eq. (41), E, <19 MeV
locates at the front tail of the v, and D, fluxes, where the
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(a) Cross section averaged by neutrino fluxes for Ar and Csl targets as a function of my , where the points for my =0

correspond to the SM results. (b) Fractional deviation on the total cross section (o), from its SM value as a function of m, . In both
plots, the solid and dashed curves represent the results for Ar and Csl targets, respectively.

contributions from this region are much smaller than those
from 19 to 52.80 MeV. Since our purpose is to demon-
strate the sensitivity to the new physics effects, for
simplicity, we do not consider the kinematic cut based
on the experimental conditions. The detailed event analy-
sis based on the experimental setup can be found
in Ref. [25].

Using Eq. (42), we show the total cross section of
CEwNS for Ar (solid) and Csl (dashed) as a function of my,
in Fig. 3(a). We estimate the SM results for Ar and Csl to be
18.2 x 1074 cm? and 183.12 x 107° cm?, respectively.
Since the cross section is plotted in the logarithmic scale,
the sensitivity in my, is not obvious. To illustrate the new
physics effects, we show the deviation from the SM result,
defined by ((6""+5M), — (65M) )/ (6%M) 4, in Fig. 3(b). It
can be seen that the influence of new physics can exceed
10% when mz 2 12 MeV, with a slightly larger influence
on Csl than on Ar.

In addition to the total cross section of CEvNS, the cross
section at specific incident neutrino energy E, serves as
another useful physical observable for probing the new
physics effects. For clarity, we define the averaged total
cross section as a function of E, as follows:

- 1 Ep dG(I/fA - I/fA) d(f)/(ED)
<2> B q)(Eu> f:e‘z.ﬂ-ﬁ /E'V“i" aE; dE, dE, ’
do,(E
o)=Y %. (65)

C=e,p.jii

In Fig. 4(a), we show (X) as a function of E, in the SM for
the targets of Ar, I, and Cs by the solid, dot-dashed, and
dashed curves, respectively. To demonstrate the sensitivity
of (X) to the new physics effects, we present the results for
Ar and Csl in Figs. 4(b) and 4(c), respectively, where the

solid, dot-dashed, and dashed curves denote cases with
mz, = (0,10,30) MeV. It can be seen that the deviation
from the SM increases with m . To illustrate the sensitivity
of (X) on the Z' mass, we exhibit §(X) = ((ZNP+SM)
(ZSM)) /(£5M) in Fig. 4(d) for Ar and Csl, where the dot-
dashed and dashed curves are for m = 10 and 30 MeV.
From the results, we find that the sensitivity level |5(Z)|
first decreases with E, and then turns to increase with E,
at some higher E,, e.g., at E,~ (41,36) MeV for
my, = (10,30) MeV. Hence, the deviation from the SM
result can reach ~11% (22%) at E, = 15 MeV and ~7%
(25%) at E, = 50 MeV for mz = 10 (30) MeV.

As stated in the introduction, a light Z’ gauge boson can
be realized by a variety of local U(1) gauge symmetries.
The gauged U(1) symmetries can be classified as
U(I)Xq_zf ¢, x,» Where X, , denote the U(1) charges of

quark and lepton, respectively. Since the experiments from
the searches of visible dark photons place strict constraints
on g, and my, not all U(1) models are of interest in the
study. To illustrate the contributions from different gauged
U(1) symmetries to CEvNS, we consider the potential
models, including universal, B—L, B—L,—2L,, and
L, — L, with kinetic mixing, from the model listed in
Ref. [25], where the charge assignments of the selected
U(1)’s are given in Table II. Using the central value of data
along with 1o errors as the upper bound for CEUNS, the
flux-averaged cross section (o), for the selected U(1)
models as a function of g, and my is shown in Fig. 5,
where the solid, long dashed, dotted, dashed, and dot-
dashed curves represent the results from our model,
universal, B—L, B—-L, — ZL”, and L# — L, with kinetic
mixing, respectively. It can be seen that in the mass region
of 10 <myz <100 MeV, our model can fit better the
constraint from CCFR and the observed muon g — 2.
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2. R(D) and D(D*) mediated by LQ

The calculations of R(D) and R(D*) depend on the form
factors of the B — (D, D*) transitions. In this study, we use
the form factors given in Ref. [59], obtained using the
heavy quark effective theory (HQET). With the input
values of mp+ =5.28 GeV, mp = 1.864 GeV, mpo. =
2.007 GeV, 75- =2.450x 10'> GeV~!, and V,;, =0.0395,
the BRs for B* — (D°, D%)£v are found to be consistent
with current experimental data, as shown in Table III
Using the formulas presented in Sec. III B, we obtain for
the SM that

RSM(D)~0.297, RSM(D*)~0.258. (66)
The values are within lo errors of those obtained in
Ref. [59] and are consistent with the results given in
Refs. [56-63].

The parameters involved in the b — crv transition
mediated by the LQ appear in the combinations of
yisyl,/m% and yi,y%,/m%. For the numerical analysis,
we fix mg=15TeV. From Eq. (63), we see that
yi, ~O(2?) < yi;, indicating that the dominant effect

on R(D) and R(D*) comes from the combination
yiy%,. To simplify the analysis, we take the assumption
that y¢, =0, in which case R(D™*)) is found to deviate
from that with y?, = 0.04 by only ~2%. We present the
contours of R(D) and R(D*) in the y{;-y%, plane in the left
plot of Fig. 6, with the shaded areas (light green and gray,
respectively) covering the 2¢ ranges of their world aver-
ages. It is seen that the low boundaries of R(D) and R(D*)
match exactly, while the upper boundary for R(D) = 0.414
is close to the contour of R(D*) = 0.297. This illustrates

TABLE II. Charge assignments of the selected new U(1)
gauged models [25].

Model  Universal B-L B-3L, B-L,-2L, L,
X, 1 1/3 1/3 1/3 0
X, 1 1/3 1/3 1/3 0
X, 1 -1 0 -1 0
X, 1 -1 -3 =2 1
X 1 -1 0 0 -1
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Selected U(1) gauged models contributing to the flux-averaged cross section (o) , as functions of g, and my for the (a) Arand

(b) CsI targets, where we have taken the upper bounds of (c), = (29,200) x 107%° cm? for Ar and Csl, respectively.

that an accurate measurement of R(D) can indirectly
constrain the value of R(D*) and vice versa. The right
plot of Fig. 6 shows the dependence of R(D™*)) on the
product y7,y%,. To explain the R(D) and R(D*) anomalies,
we need —1 <y y%, <0 for myp =15 TeV. It is

observed that R(D) is more sensitive to the S3 contribution.

In addition to the ratio of the BR for 7v to that for /v,
other physical observables may be sensitive to the new
physics, such as the forward-backward asymmetry of the
charged lepton, 7 polarization [73,75], and ¢*>-dependent
differential decay rates. The BR is sensitive to the CKM
matrix elements and the form factors of the B — (D, D¥)
transitions. To eliminate these factors, we propose the ratio
of the ¢g>-dependent differential decay rates, defined to be

_dry,/dg?

—WH(qz—mg)’ (67)
M

RM(QZ)

where H (x) is the Heaviside step function, and dT'%,/d¢q? is
the average of the electron and muon modes. Because the
threshold invariant mass squared of zv in the B - Mrv
decay is g> = m2, we thus require that the denominator
dr,/dg? also starts from the same invariant mass squared.
To appreciate the benefit of considering the observable
defined in Eq. (67), we first show the ¢>-dependent BRs for
B~ — (D, D")¢"y (¢" = ¢',7) in the SM in Figs. 7(a)
and 7(b), respectively. Plot (a) shows that when

g*> = 8 GeV?, the decay B~ — D%rv becomes larger than
the light lepton mode, and it is expected that Rj,(¢?) > 1 in
this region. D* is a vector meson and has longitudinal (P;)
and transverse (Py) components. To exhibit their contri-
butions, we separately show P; and P in Fig. 7(b). The
results indicate that Py becomes larger than P; at some-
what large ¢° regions in both light lepton and 7 modes. In
contrast to the B~ — D°/"v decay, dI'y,./dg* is always
larger than dI'™%,. /dq? in the allowed kinematic region; thus,
it is expected that R (¢?) < 1.

The ¢* dependence of R;,(g*) and Ry (¢?) in the SM is
shown in Figs. 7(c) and 7(d), respectively, using the solid
curves. It is confirmed that R,(g*) > 1 at ¢> = 8 GeV,
while Rp-(g%) <1 in the physical kinematic region.
Additionally, we find that R,,(g?) increases monotonically
with ¢?. This means that the decreasing rate of dI'%,/dg” in
g* is faster than that of dI'},/dg*. To see how sensitive
Ry;(g?) is to new physics effects, we show the results using
benchmarks of y?,y%, = —0.5 (dashed) and y},y%, = —1
(dot dashed) for Rj(g?) and Rj-(g?) in the correspon-
ding plots. We also consider the quantity (R (q*)—
RM(4?))/R3M(g%) to exhibit the deviation caused by
the new physics effects in R,;(g?) from the SM prediction,
and the results are shown in Fig. 8. The variations of these
curves show that Rj,(¢?) is more sensitive to new physics
than Rp:(g?) in the model.

TABLE III.  Branching ratios of the B~ — D°*) ¢y decays in the SM and their experimental measurements.

Mode B~ —» D%y B~ = Dwv B~ — D%¢#u B~ —» D%y
SM 2.32% 6.89 x 1073 5.84% 1.50%
Exp [103] (2.30 +0.09)% (7.7+2.5) x 1073 (5.58+0.22)% (1.88 +0.20)%
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3. The oblique parameters and W-mass

By combining the CDF II measurement of my with
others, the oblique parameters are determined to be [110]

U=0, $=0.10£0.073, T=0.202+0.056,
U=0.1341+0.087, §=0.05£0.096, T=0.040£0.120.
(68)

We can use these results to constrain the free parameters in
the model. Based on Egs. (B1), (B3), and (B4), the oblique
parameters have a quadratic dependence on c4_,. However,
Cp-q < O(0.04) as previously discussed, meaning that its
effects on the S, 7, and U parameters are negligible.
Therefore, these parameters can be approximated for the
model as follows:

1
o~ 2 2
" 16a,,, 7202 Sp-al (Mg i),
em:
S~ 1 2 2 V26(m2 2 2y 4] m%ﬁ
o (e = si) G(my,.,my,, ,m7) + nm%i ,
U=~ 2Urx [S/zi—aG(m%{+ ’ m%—l’ m%V)

— (253, — 1)*G(m2,..m2..m3)]. (69)
In this simplified form, the oblique parameters depend only
on the ratio my+/my. The contours for T (solid) and §
(dashed) in the plane of my+ and mpy for the model are
drawn in Fig. 9(a), where s;_, ~ 1 is taken in the estimates.
Due to the fact that U < T, we do not show the results of U
in the plot. The values of S and U in the model can only be
up to the percent level and can be neglected in the
numerical estimates for further phenomenological analyses.
Thus, using the obtained T parameter, the loop-corrected W
mass in the model is shown in Fig. 9(b), where the contours
correspond to the central value, +2¢ and 56 of the world

oasf T T
--- 'yzs Yro=-05 ‘/‘/
0.16f ... Wa ke =-1 /‘/‘/
%5 0.14| g
< 010
Za -1
& 0.08] -7
0.06/ e
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Deviation of R,;(g?) from the SM result for B~ — D°%¢v (left) and B~D% v (right).

average of my = 80.4133 £ 0.0080 [110]. We observe that
myy increases with my+ for a given my, while a lower my is
needed to increase my when my-+ is fixed. For instance,
my =~ 80.43 GeV can be achieved for mpy =50 GeV
and my- ~ 150 GeV.

4. 7, and H decays

Finally, let’s discuss possible decays of the light Z; and
H. Because the mass of the light gauge boson is limited in
the region of my €(10,100) MeV, it can only decay
dominantly into on-shell light leptons through two-body
decays. The Z, partial decay rate for possible final leptons
is given by

2
Lgmz,

mﬂcﬁz‘f‘ |C{|2)7

r(Z; — f7) (70)
where C{em = C'{V F C{ 4> J denotes the possible light
leptons (such as the three active neutrinos and the electron),
and m7/m3 = 0 is applied. The effective couplings of Chi
for each involved f are given as follows:

Ve __ Ve __
CR — 0, CL — 3927

Cwhly C
Sazi%‘aﬂ/zwzw‘z,

CS = (=14 2s7,)sq,-

e =
(7)

Although Z’ does not couple to the first-generation leptons,
the physical Z; can decay to them via Z' — Z mixing.

If 59, were not significantly smaller than g, the decay
rates for Z, — (D,v,,e"e™) could be sizable compared to
the Z, — bpvp decays. However, due to the large 75
enhancement in the Z; gauge coupling to v, ., the dominant
decay channels are Z, — v,0,/v,U,, with estimated BRs of
approximately 50.5% and 49.5%, respectively. The BRs for
vV, and e”e™ as functions of 74 are presented in Fig. 10(a).

— 02
Ck = 25350,
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FIG. 10. BRs for (a) Z; - (v,7,.e€) and (b) 7 = uZ; — pe~e* as functions of 7.

It is found that the BRs are more sensitive to 74 and less
sensitive to my, . Because Z; can be produced inthe t — uZ,
decay, which depends on the lepton flavor mixing 6;, a
significant BR(Z, — e~e™) thus implies a large BR for the
LFV process 7 — uZ, — pe~e*, where the current upper
limit is BR(z — pe~e™) < 1.8 x 1078 [103]. Our estimate
of BR(z — pe~e™) is shown in Fig. 10(b), where y,, =
1072 is used. Since 7 — uZ, is also not sensitive to my,, the
dependence of my; in BR(z — pe~e™) is not manifest.
Assuming the integrated luminosity of 50 ab~', Belle II will
be capable of probing the LFV process BRs down to the level
of 10719-107% [111]. The BR of O(107°) for 7 — pe~e*
predicted in this model can thus be probed at Belle II.

As discussed earlier, when my < m;,/2, H can be
produced through the 7 — HH decay. The partial decay
width of this process can provide a strict limit on the 75 and
Cp-q parameters. In the following, we concentrate on this
scenario, even though H generally can be heavier.

For two-body decays, H should decay into a pair of
fermions, as long as the phase space permits. From

Eq. (25), its Yukawa couplings to fermions are suppressed
by mg/v and (cs_q — Sp_q/15), With no other factors that
can enhance the partial decay width. As a result, T'(H —
ff) is small and negligible. However, even though sup-
pressed by m%l /v from the gauge coupling as shown in

2(t2 -1) m% HZ, Z’f
EHZIZI 1[;7#7]%-(1 2” ) (72)

the H — Z,Z, decay rate can be enhanced by the longi-
tudinal component, which is proportional to 1/my . This
leads to a partial decay width,

1 2

my m% | 15—
F(H—)ZIZI)N— l‘—
p

~ - 73
327 v? (73)

Sp—a| -

The original suppression factor from the gauge coupling is
seen to be canceled by the longitudinal effect of l/m%l
from each Z; boson. With my = 50 GeV and 1; = 20, we
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obtain I'(H — Z,Z,) ~ 8.2 GeV. The other decay proc-
esses are subdominant. For example, the H — Z,Z} —
Z,ff decay has additional suppression factors due to the
phase space and 1/ méz. An explicit estimate shows that the

partial width for H — Z,Z is of O(107°) GeV. According
to the earlier analysis, Z; — vv is the dominant decay
channel. Consequently, H predominantly decays into
invisible neutrinos and becomes missing energy in the
detector.

We now turn to the production of H at the LHC. First, H
could be singly produced according to Eq. (22) via the
vector boson fusion (VBF) process, but the W-W+(ZZ)H
coupling is suppressed by cs_,. Additionally, the Yukawa
coupling for the bremsstrahlung production of H with the
top quark is determined by (m,/v)(cp_y — Sp_o/15) and is
also suppressed. However, H can be pair produced more
copiously through the AHH and W~ H* H couplings. In the
former case, the H pair is produced by the on-shell Higgs
boson; i.e., pp - h— HH. From Eq. (51), although
I'(h > HH) is associated with the small factor &, its BR
can still be at the percent level. This amounts to the
invisible decay of the Higgs boson [112]. In the latter
case, the W™H'H coupling, as given in Eq. (22), is
determined by the gauge coupling g with s5_,~ 1.
When H is taken as an intermediate state in the 7-channel
scattering, H pair production occurs via the VBF channel,
ie., pp - HH + forward jets. We may probe such an
effect via the search for invisible decays of the new Higgs
boson H [112].

V. SUMMARY

A sub-GeV Z' gauge boson has received much attention
recently in the literature due to its distinctive character-
istics, which could potentially resolve the observed anoma-
lies, such as the muon g — 2, and serve as a messenger
between visible and dark sectors. Additionally, a light Z’
gauge boson can make a significant contribution to CEvNS,
as recently observed by the COHERENT experiment.
Accordingly, we investigate the phenomenological impacts
on flavor physics when the light Z’ gauge boson originates
from the local U(1) L,-L, auge symmetry.

We have found that when a second Higgs doublet
carrying the U(1),, _; charge is introduced to spontane-
ously break the U(1) L,-L, auge symmetry, the new neutral
and charged scalars can result in a larger W mass.
Moreover, when a scalar leptoquark S5 = (3, 1,2/3) is
added to the model, it would couple to the third-generation
leptons in a unique way due to the U(1) L,~L, Symmetry so
that the branching ratios of B — (D, D*)zv, are enhanced,
thus solving the R(D) and R(D*) anomalies.

With the new Higgs doublet, the mixing between
the new scalar boson and the SM-like Higgs leads to
new decay channels for the Higgs boson, including

h—ut/Z,Z,/Z,Z, (and h - HH when my < m;/2).
It is found that due to the enhancement of 1/ m%l, the 7 —
uZ, decay strictly constrains the y — 7 flavor mixing,
resulting in a highly suppressed & — ur decay. By assum-
ing proper partial widths to the new Higgs decay channels,
the tan$ and cos(f — a) parameters are limited, and the
large tan # scheme is favored. Although the y — 7 flavor-
changing coupling is restricted to be small, the 7 —» uZ; —
ue~e™ decay, induced through the Z — Z’ mixing, can still
reach the sensitivity of O(107°) at Belle IL

Taking into account all potential constraints, we have
found that the cross section of CEvNS induced by the
7' — Z mixing depends solely on the light gauge boson
mass, my . The mass region of my, that is used to fit the
CEvNS cross section, measured by COHERENT using the
Csl target [3], can also explain the muon g —2 anomaly
within 36. To demonstrate the sensitivity of new physics to
CEwNS in the model, we propose to study the cross section
as a function of the incident neutrino energy. Our results
show that in the low energy region, such as E, ~ 10 MeV,
the deviation from the SM can exceed 15%, depending on
the value of m . To compare with results from other U(1)
gauge symmetries, we have examined the influence on the
CEVNS cross section from selected U(1) gauged models,
such as the universal, B — L, B—3L,, and L, — L, with
kinetic mixing. It has been found that only the model with
dynamical U(1) 1,1, breaking can explain the anomaly of

muon g — 2 when the 1o upper limits of the COHERENT
data are imposed.

In addition to explaining the observed excesses in R(D)
and R(D*) using the introduced leptoquark, we have
proposed a g*-dependent ratio of dI'/dg*(B — Mzv) to
the averaged differential decay rate of the light leptons
dr'/dg*(B — M¢'v), denoted by Ry;(g?). Our results show
that in the high ¢? region, R, (g?) is more sensitive to the
new physics effects and exhibits a significant deviation
from the SM.

We have also studied the impact of the two-Higgs-
doublet model on the oblique parameters and their relations
to the W boson mass. With the approximation that
cos(ff —a) < 1, the parameters involved in the oblique
parameters are my and mpy+. We find a significant space
in the my-myg+ plane that allows an enhancement of my up
to the value observed by CDF II. Finally, we have discussed
the possible decay channels for Z; and H in the scenario
where m € (10,100) MeV and my < my,/2. The analysis
shows that Z, — v,0,/v,v, and H — Z,Z, are the dom-
inant decay channels.
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APPENDIX A: B —» D)

TRANSITION FORM FACTORS

1. Form factor parametrization

In this section, we define the B — D™ transition form factors for the B —» D™ v decays. First, the transition form
factors associated with the various currents mediating the B — D transitions are parametrized as

(D(p2)|gb|B(py)) = (mp+mp)Fs(q*),
_ m%—m2 m%—m?
D2l b8 )= () (o1 2y =" g ) £ B ),
z . 2F7(q%)
<D(pz)lqaﬂub|3(p1)>=—l(p1ypzy—plypzﬂ)m, (A1)
where the momentum transfer ¢ = p, — p,. For the B — D* transitions, the form factors are parametrized as
. 2V(4®)
<D (pZ’ )|C]}’Mb|B(p1)> /u/pa plp2m,
- 2m -
D*(py.€)|gysb|B(p)) = - Fp(q®)e" - q.
(D*(p2.€)|qrsb|B(p1)) Mg + Mpr p(q)e" - q
* - R _ 2 € - q 2 * € q
2, ul's 1)) = 2mp-Ao(q”) —5—q, B p)Ai W~ 2 4
(D (0. sblB(p1)) = 2 o), + G+ o) (6 - 52,
e - m2 — m2,.
—A - 7 B8 D
2(q? )mB +m ((pl + P2, 7 q,,>,
_ m3 —m3,
2, 1 Euvpo 1+ p2)7T — > > -1
(D" (p2.€)130,,bIB(P1)) = €uupo | (1 + p2)°T1(q7) + € q° =F . 2 (Ta(q?) = T1(4%))
€ q 5, 2 2 7 2
+2—- 3\ T2(q") = T1(q°) + —5———5T53(q°) | | (A2)
q my — my.
where €"'% =1, 6,75 = £€,,,,0”, and ¢ denotes the polarization vector of the D* meson.

2. Form factors in the HQET

To numerically estimate the BRs of the B — D¢y
decays, a QCD approach is necessary to evaluate the
involved form factors. In this study, we use the results
presented in Ref. [59], which is based on the HQET.
Since the parametrization of the form factors in the
HQET differs from those in Eqgs. (Al) and (A2), we
introduce here the HQET notation and provide the
relationship between the different parametrizations. We
first define the dimensionless kinetic variables in the
HQET:

¥ H
p Pp
U’l — B , 1)/” — D , w /I
mp mp+)

The form factors for the B — D transitions are then
parametrized as [59]

(D|cb|B) = /mgmphg(w + 1),
(D|ey*b|B) = /mpmp[hy (v 4+ v/} 4+ h_(v = v')¥],

(D|co**b|B) = iy/mgmphy (v v — v vH), (A4)

and those for the B — D* transitions are

(D*|erbIB) = —y A hpe” - 0

(D*|cy#b|B) = iy/mpmp-hyePesv,vp,
(D74 bIB) = /g g, (o -+ 1) = g (€* - )0
= hy, (€ -v)v'],
—/mgmp:[hy €5 (v+0')5 + hr, €
X (v=1")+ hr,(€" - v)vav),

(D*|e0"b|B) =

(A3)
where h_, hy,, and hr,, vanish in the heavy quark limit,
and the remaining form factors are equal to the leading-
order Isgur-Wise function &(w).
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We take the parametrization of the leading-order Isgur-
Wise function as [113]:

£w)

f(WO) ~1- Sazﬁzz* + [VZI/_)i - V20 + A(ebv €c» as)]Z£v

(A6)

where V,; = 57.0, V,q = 7.5, z, and a are defined as [113]

M+rp
a= 2\/6’ (A7)

rp = mp/mg, wy is determined from solving z,(wy) = 0,
p? is the slope parameter of &(w)/E(wy), and A(e,, e, ay)
denotes the correction effects of O(e,.) with e, =
A/ myy and O(a,). For numerical estimates, we take
the results from the fit scenario of “L,5; + SR” shown
in [59]. In addition to p? = 1.24 +0.08, the values of
subleading Isgur-Wise functions at w =1 are given in
Table IV. Using these results, the correction of O(e,, .) and
O(a;) can be obtained as

Vw+ —\/Ea
Iy =—F/——»
Vw+1++v2a

Aey. e, a,) ~0.582 + 0.298, (A8)
where we take the 1S scheme for m;, and m;5 = 4.71 +
0.05 GeV [59]. In addition, m,, = m;, —m, = 3.40 +
0.02 GeV and A = 0.45 GeV are used.

Hence, the form factors up to O(e, ) and O(«,) can be
expressed by factoring out &; i.e., h; = fz,-f, where iz,- for the
B — D transitions are given by [59]

A . w1 A
h+ =1 +as |:CV] +T(CV1 + CV3):| + (ec + eb)Ll’
(A9a)

A w41 N

h_ = ag > (Cv, = Cv,) + (e — €y)La, (A9b)

hs =1+ a,Cs+ (eo + ) |Ly =1 (A9)
pu— - C

s Ly €. T€p 1 4w+1 s

hy=1+a,(Cy,—Cr,+Cr,) + (e, +ep) (L1 —Ly). (A9d)

and those for the B — D* transitions are given by

hy =1+ a,Cy, +e.(Ly —Ls) + e, (Ly —Ly).  (Al0a)
ha, =14a,Cy +€c<i2—lzsw_ 1)
: : w+1
+e <i1 —&:::L 1) (A10b)
ha, = &,Ca, + e.(Ly + L), (A10c)

ilAs =1+&,(Cs, +Cu,) +e(Ly—Ly+Le—Ls)
+ep(Ly = Ly), (A10d)

hp =1+ a,Cp+e.[Ly + Ly(w—1) + Ls — Lg(w + 1)]
+ep(Ly = Ly), (A10e)

A . w—1 A .
hT :l‘i‘a_s. CT|+T(CT2_CT3) +€CL2+€],L1,

(A10f)
A w41 A .
]’lT2 = Q 3 (CT2 + CT;) + €CL5 - ebL47 (AlOg)
ilTs = aSCTz + ec(i‘G - lA‘3) (Ath)

The w-dependent functions Cr, can be found in Ref. [114],
and the subleading Isgur-Wise functions are [115]

Li=—4w-1)+1275. Ly=-47;. Li=4p,.

. - . 1+7y

L,=2n—1, Ls=-1, Lg=-2—, All
4 n 5 6 w1 ( )

where the w-dependent functions j; and 5 can be approxi-
mated as

(Al12)

The form factor parametrizations in Egs. (A1) and (A2),
using which we formulate the BRs, and in Egs. (A4)
and (AS), for which we evaluate within the framework of
the HQET, are related as follows:

TABLE IV. The results of subleading Isgur-Wise functions from the “L,; + SR” fit scenario.

FS ia(1) (1)

251 n(1) (1)

L,s +SR —0.06 +0.02 —0.00 + 0.02

0.05 £0.02 0.30+0.03 —0.05 +0.09
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2y = YD (1) (w),

Fs(q prpr—
Fo(e?) = W%_m (g + ) ()
— (my = mp)h_ ()],
Fle?) = 5 i [T )

_(mp—mp)® —¢° h—(W>:| ’

mp — mp
mg+m
Fr(q*) = ﬁhﬂ ) (A13)

The relations for the form factors arising from the pseu-
doscalar, vector, and axial-vector currents for the B — D*
transitions are found to be

_ g tmp (W)
2,/mBmD* P ’
mB—l—mD*

:7}[ s
2 gy v(w)

_ 1 (mp+mp-)*—q*
2,/mBmD* 2mD*

_m%—m%*—l—qz

2mB

my—ms. —q
o, 0) =B ).
_ (mp+mp-)* —q*
2 gty (my + )

mpg + mp- mp-
A (q?) ZZ\I;TB—,Z) <hA3 (w) +m—ZhAz<W)>‘

Ai(q?) hy, (W),

(A14)

Finally, the tensor form factors for the B — D* transitions
are related by

Ti(q*) = [(mp +mp)hr, (W)

1
2, /MBI

—(mg _mD*)hTz(W)]’

1 mg+mp:)?—q*
T(g?) = g ¥ mp ) =, )
2, /mghips mp—+mp:
22
_(mB mD) q hTZ(W):|,
mp—Mmp=
1
T3(q%) :W |:(mB —mp:)hy, (w)
2_ .2
_(mB+mD*)hT2(W)+mBmmD th(W):| (A]S)
B

APPENDIX B: OBLIQUE PARAMETERS
IN THE MODEL

To calculate the S, T, and U parameters in the model, we
apply the results obtained in Ref. [96]. Using the mixing
matrices of Goldstone and scalar bosons shown in Egs. (9)
and (13), the resulting 7 parameter subtracting the SM
result is expressed as

1
AT = m{c/%_aF(mf#, mpy) + 55, F(mf.,my)
+3cj_[F(mZ. myy) = F(mj,. my)

= F(m3.m}) + F(m3,, mj)]}, (B1)

where a.,, = e*>/4nr is the fine structure constant of QED,

and the function F is defined as

2 2

2 2 2
m; +m m,m m
F(m2, m?) =~ b__—47b 1p—2 (B2

In the limit of s5_, — 1, the H*- and H-mediated loop
effects are the most dominant.
The S and U parameters are respectively given by

1 { m2.,
S = |(c} = s3)*G(m2y . m%, . m%) +In—4
24rx L4 w H "H T Z mz
+ c2_a(é(m%1, m%) - G(m%l, m%)) , (B3)
and
1
U = m [C%_(XG(m%_IJr, m%, m%}[/) + S[%_aG<m%_I+7 m%_l’ m%/V)

— (253, = 1)*G(m2,..m2,. .m%)
+ 3_o(G(mFy, my) — G(myy, m3)

~ G(mj, miy) + G(mj, m3))]. (B4)

where the functions of G and G are given by

16 S(mg+my)  2(mg—my)*

G(m2, m*, m?) = +
(mg b c) 3 m?2 m#
r 3 (mt+mf
+—6f(t,r)+—2(;7é’
m mi\m:—m
c c a b

_ mé - 'n‘b1 (mi - m127)3 1 m_g (BS)
m?2 3m? m2’
2 2 2 2
- — +m
G mﬁ,mz,m% S g —ny, Ny b
( b ) m% mg_mi
2
m t,r
xln—;—i-f( 5 ), (B6)
m, mg
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and G, t, r, and f (t,r) are defined as

(ma’ mi’ mb) + 12G(ma’ m%’ mi)

+mb _mzs

—2m2(m2 + m?) + (m2 —m32)?,

(ma’mb)
t

m
m

\/_ In| -

2\/— rarctan

for r > 0,
for r =0, (B7)

for r < 0.
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