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In addition to anomalies associated with the muon g — 2 and the branching ratio (BR) of B — DWzp,
Belle II recently observed an unexpectedly large BR in the Bt — K*vp decay. To resolve the anomalous
excesses in these observables, we propose a framework involving a leptoquark, denoted by S;, which has
the feature that down-type quarks merely couple to neutrinos but not the charged leptons, avoiding the strict
constraint from the By, — p~u* decay. With the introduction of the U(1) L,-L, gauge symmetry, the 7' with

light mass not only resolves the muon g — 2 anomaly, but also ensures that ;| couples exclusively to the
third-generation leptons so that only 72, and z-neutrino modes are involved in the processes b — c£v and
b — sup, respectively. Under the dominant constraints from |AF| =2 processes, we find that the S,
contributions to the BRs of B — K*)up and K, — 7’00 can be factorized into the same multiplicative
factor multiplying the standard model predictions, and the enhancement can be up to a factor of 2. In
particular, B(K* — z*wvp) can reach the upper 16 error of the experimental value, i.e., ~15.4 x 107", We
also show that the model can fit the new world averages of R(D(*)) and contribute significantly to the =
polarization in the B — Dz decay and B(B, — D).
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I. INTRODUCTION

Loop-induced rare processes in the standard model (SM)
are commonly considered promising places for probing
new physics effects. One example is the muon anomalous
magnetic dipole moment (muon ¢ —2), which deviates
from the Dirac theory prediction through its radiative
corrections and is thus sensitive to new physics contribu-
tions. Currently, using the data-driven approach to evaluate
the hadronic vacuum polarization (HVP) leads to a 5.1¢
deviation from the SM prediction [1,2].l

*physchen@mail.ncku.edu.tw

“chengwei@phys.ntu.edu.tw

"The first complete lattice QCD result of HVP calculated by the
BMW Collaboration shows a 2.1¢ deviation from the data-driven
approach [3]. This results in a reduced tension between theory and
experiment. Moreover, applying the recent measurement of
ete™ — mtx~ cross section, the CMD-3 experiment obtains a
consistent result with BMW [4,5]. Nevertheless, since the CMD-3
result disagrees with earlier measurements, such as BABAR [6],
BESIII [7], CLEO-c [8], CMD-2 [9], and KLOE [10], resolving
this tension requires more lattice QCD efforts and new experi-
ments, e.g., MUonE [11], to confirm/remove the discrepancy.
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Using the exclusive- and hadronic-tag approaches with
362 fb~! of data, the Belle IT Collaboration has observed
the first evidence of BT — K'vp decay, which arises from
the electroweak box and penguin diagrams in the SM. The
combined result from both tag approaches is reported as [12]

B(BT —» K*vp) = [2.3 £0.5(stat) 53 (syst)] x 107
=(2340.7) x 1073, (1)

indicating a 2.7¢ deviation from the SM prediction.

Earlier measurements by BABAR were reported as
(0.2 +£0.8) x 107 [13] and (1.5 4 1.3) x 107> [14], while
Belle’s results were (2.9 4-1.6) x 107> [15] and (1.0 &
0.6) x 107> [16]. Using the weighted average, the com-
bined branching ratio (BR) from all five data yields
B(BT - K*up) = (1.34+0.4) x 1075 [12]. If we take
the SM prediction to be B(B* — K i)™ = (4.65 +
0.62) x 107 [17], the ratio of the measurement to the
SM result can be estimated as

B(BT — Ktwp)
B(B* —» K*vp)SM

R = =280+094. (2

This deviation from the SM prediction hints at the
possibility of exotic interactions in b — svv or b — s +
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invisible processes [18-26]. In this study, we focus on the
former scenario and, more generally, we investigate the rare
decaying processes involving the d; — d;vv transitions,
where (d;,d;) = (b,s) or (s.d).

Leptoquarks (LQs) have been broadly studied as poten-
tial solutions to the anomalies of lepton-flavor universality
measured in B meson decays [27-42]. Among the scalar
LQ models, the LQ S; with the SU(3) x SU(2), x U(1)y
quantum numbers (3, 1,—2/3) couples down-type quarks
to neutrinos but not charged leptons. Because of this
distinctive feature, the effects of S; only affect the d; —
d ;v processes, but not those involving the d; — d,/*¢'~
transitions. The fact that current experimental measure-
ments on B, — uTu~ [43,44] and R(K(*)) [45] show no
significant deviations from the SM [46] makes the S; model
a perfect model to explain the above mentioned R” anomaly
and to enhance the BRs of B — K(K*)vv in general.

In addition to enhancing the BRs of B — K(K*)uvb
decays, the S; model offers an explanation for the anoma-
lies observed in R(D™)) [31-36]. The current experimental
values are R(D) = 0.357 £0.029 and R(D*) = 0.284 £
0.012 [44]. The SM results obtained by various lattice QCD
groups show agreement with each other [47-55], and the
SM predictions averaged by the Heavy Flavor Averaging
Group are given as R(D) = 0.298 +0.004 and R(D*) =
0.254 4 0.005 [44]. These measurements reveal an overall,
notable 3.3¢ deviation from the SM in the b — ctv
decays [44].

The S; couplings to quarks and neutrinos are generally
flavor dependent. It is thus a common practice in the
literature to assume an arbitrary structure of the flavor
couplings. However, it would be more compelling if a
specific flavor structure comes from an underlying sym-
metry. In particular, the symmetry that may naturally
suppress couplings to leptons in the first two generations
holds the potential for explaining the observed excesses
in R(D™). Models with the U(1) L,-L, gauge symmetry,
denoted by U(1),_,, have been extensively studied for
various phenomenological reasons [56-58], including its
potential role in resolving the muon g — 2 anomaly [59-62].
Itis found that if the SM is extended to include the U(1),_,
gauge symmetry, not only can the muon g — 2 puzzle be
resolved, we also provide a natural way to obtain desirable
flavor couplings to the LQ. Additionally, due to the lepton-
flavored U(1),_, gauge symmetry, the LQ S, carrying
the quantum number F' = 3B + L = 2 can only couple to
the quarks and leptons, and the diquark couplings to two
quarks are suppressed [63]. Therefore, the proton still
remains stable.

Once the SM symmetry is extended to include the
U(1),_, gauge symmetry, the model then has the following
features: (i) S; primarily couples to the third-generation
leptons, while its couplings to first- and second-generation
leptons are naturally suppressed. (ii) In the absence of a

new weak CP phase, there are only three independent
down-type quark couplings in the model, denoted by y?,,
that are interconnected by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. This results in various flavor-
changing neutral current (FCNC) processes in B and K
decays involving these three parameters. (iii) The charged
lepton mass matrix is forced to be diagonal due to the
presence of the U(1) u—r gauge symmetry. Therefore, no
lepton-flavor mixings are introduced if the SM Higgs
doublet is the only scalar field responsible for the sponta-
neous electroweak symmetry breakdown. We note that
the gauge coupling g, of O(107*) with Z' mass of
O(10-200) MeV can readily explain the muon g-—2
anomaly, as has been studied extensively in the literature
[58,60,62,64—68]. In this work, we focus on the LQ effects
on the d; — d;vv and b — cti, decays.

Since the effective Hamiltonian for the d; — d;vv
transitions mediated by S; has the same interaction struc-
ture as in the SM, the BRs of B — K(K*)vv and K; — mvb
in this model can be factorized into a scalar factor, which
encodes the effects of §;, multiplied by the SM values.
When considering the stringent constraints from the
|AF| = 2 processes (F = s and/or b), numerical analyses
yield the typical values of y? as y! ~O(4?) and
yi, ~O(4) when we set y7, ~O(1), written in terms of
Wolfenstein’s parameter A ~ (0.225. With this structure of
the new Yukawa couplings, the BRs for B - K(K*)vp and
K; — nvv can possibly exceed the SM predictions by at
least a factor of 2. In this case, B(K™ — z"ww) can reach
the upper 1o error of the experimental value. In addition,
R(D) and R(D*) can be enhanced up to the central values
of current data.

In the following, we will formulate the BRs for the
exclusive d; — d;vv processes mediated by §; in Sec. II.
Constraints from AK =2 and AB, =2 are analyzed in
Sec. IV. Detailed numerical analysis and discussions are
given in Sec. V. Our findings are summarized in Sec. VL

IL. B - K®vo AND K — 7w VIA LQ S,

According to the model setup, only leptons in the last
two generations and S, carry the U(1),_, charges. More
explicitly, Table T shows the SU(2), x U(1)y x U(1),_,
quantum numbers of all leptons and S;. Based on these
assignments, the Yukawa interactions of the LQ S are
given by

TABLE I. Quantum numbers of the leptons and LQ S;.
1
€L(R) HKL(R) TL(R) S’
L,—-L, 0 1 -1 -1
SU(2), 2(1) 2(1) 2 1
U(l)y -1(-2) -1(-2) 1 -2/3
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Ly > OFinyiL(Sy) + uyara(S,) + He  (3)

where the quark-flavor indices are suppressed, Q! =
(u,d); and LT = (v,,7); represent the quark and the
third-generation lepton doublets, respectively, and F° =
Cy’F* with C being the charge conjugation operator.
The U(1),_, gauge symmetry restricts the charged lepton
mass matrix to be diagonal. Consequently, the lepton-flavor
mixing matrices V4 , are both unit matrices, e.g., V4, = 1.
This has further implications for the LQ interaction
described in Eq. (3), as it only couples to the third-
generation leptons due to the absence of light-charged
leptons involved in the process. As a result, the interactions
in Eq. (3) exclusively induce the b — c7v, decay through
the Yukawa couplings y%, and y?, and have no contribu-
tions to the light lepton modes. In other words, R(D*)) can
be enhanced without suppressing the additional contribu-
tions to the light lepton modes. Additionally, from the
Yukawa couplings in Eq. (3), although only the 7 neutrino
is involved in the d; — d;vb decays, we will demonstrate

that the BRs for B > K®vp and K — zvo, in combination
with the SM contributions, can be enhanced up to a factor
of 2 compared to the SM results. Because of the lack of
evidence that calls for new CP-violating sources in the
processes considered in this work, CP violation origi-
nates purely from the Kobayashi-Maskawa (KM) phase in
this study. Therefore, y7 and y% are assumed to be real
parameters.

Taking the up-type quarks to be the diagonalized states,
Eq. (3) in terms of physical states can be expressed as

—Ly D (M_fYZPLT + EY%PRT) (S_%)*
— dSVTy] Py, (S7) + He., 4)

with V = VZJr being the CKM matrix. We note in passing
that generating neutrino mass would require additional
mechanisms not explored in this work. Therefore, we
will treat the neutrinos as massless particles and refrain
from introducing the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix for describing the mixing among neutrino
flavors. Even if we include the PMNS matrix in Eq. (4)
when calculating the BRs for neutrino-related decays, the
final results after summing up all neutrino flavors remain
independent of the PMNS matrix due to its unitarity.
Hence, we omit the PMNS matrix in Eq. (4).

From Eq. (4), the tree-level-induced FCNCs in the down-
type quark processes are only determined by V7y{. To reveal
the flavor couplings, Y' = VTy? can be decomposed as

s
Y, = Viayis =i+
s
Yy'm mez3 + iy + A1
s
Y “)’23’ (5)

where we have applied V =V V=~ 1, V, ~-V x4,
and V,;,; < V. The ratio of B; — B, to B, — B, mixing
due to purely LQ contributions is given by Ami‘d / Ami)‘x~

|YiT YS |2/|YiTYf' | To match the SM result of
Amp, [Amg ~ A2, which aligns with the experimental
observations, and simultaneously achieve R(D*)) enhance-
ment, the condition [yf,| < |y{,| < |y?;| for the Yukawa
couplings is required. For processes involving the d; —
d;vp transitions, the only relevant new parameters are mg,
and y7,. We will show that, when these parameters are
bounded by observables of AK = 2 and AB = 2 processes,
the model can yield significant deviations on the B —
K"y and K — mup processes from the SM predictions.
Note that the b — st~ 7" transition can be induced by the
interactions in Eq. (4) through the box diagrams, predomi-
nantly mediated by one W and one S; in the loop. However,
compared to the SM contribution, the box diagrams indeed
are suppressed by ms, /mg, . Using YiT Y$' = 0.1 and mg, =
1.5 TeV, the resulting Hamiltonian of the box diagrams is a
factor of ~4% smaller than that in the SM. Therefore, we
neglect the S, contribution to b — st~77.

Based on the couplings in Eq. (4), the effective inter-
actions for d; — d;vv, combined with the SM contribution,
are given by

Hig = CPMViy Via, (X, + C7'yj0er) div, PrdDer" P,
(6)

where P; = (1 —y5)/2, X, = 1.469 + 0.017 [18], and the
effective coefficients are defined as

S1\*vS
SM _4GF Qem s (Yd,.) Ydj
L = 2 Lij — "5 2 SM *
\/z 2]'[SW 2m51 Vfd,-vtd,-CL

Since only left-handed currents are involved in Eq. (6), the
S contributions to the BRs for the decays B — Mvv with
M = K or K* can be factored out together with the SM
result as a multiplicative factor. The resulting BRs can then
be simplified as

(7)

B(B - Muvv) = B(B - Muvv)SMRY,

2 1 Sy 2
ith R =2+4—|1+—=b) 8
i e Q

where B = B*(B,;) when M = K*(K*°). Using the B —
K, K* form factors that combine light-cone sum-rule and
lattice QCD [18,69,70] studies, the SM predictions of their
BRs are [17]

B(BT — K*tup)SM = (4.65 4+ 0.62) x 107°,
B(B; » K* %)™ = (10.13 £0.92) x 1076, (9)
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It is worth mentioning that the current experimental upper
limit for B - K*vv at 90% confidence level (C.L.) is
B(B — K*vb) <2.7x 107> [16], where B(B — K*ub)
combines the results from the charged and neutral B meson
decays. Including the SM errors at 90% C.L., we obtain
RY < 2.2. We will take this upper bound as an input for the
parameter scan. Since the new physics effect can be
factored out, the longitudinal polarization fraction of K*
in the model is expected to be the same as that in the SM,
ie., FM = 0.47 4 0.03 [18]. It is interesting to utilize this
property to distinguish the interaction structures of poten-
tial new physics models. A formula analogous to Eq. (8)
can be derived for the B — z(p)vv decays. Utilizing
the form factors obtained in Refs. [69,71], the SM
predictions can be estimated as B(B' — 7" (pT D) ~
1.8(3.7) x 1077, Compared to B — K(K*)vv, these BRs
are suppressed by |V,;/V|*. Even though their BRs could
have significant deviations from the SM expectations due to
the Yukawa coupling Y f,', they are still far from current
experimental sensitivities, where the current upper limits
are B(B™ — nt (pT )P < 1.4(3.9) x 107> [43].

According to the interactions introduced in Eq. (6) and
the parametrizations for the BRs of the K™ — z*vb and
K; - 7 decays as shown in Refs. [72,73], the influence
of §; on the BRs of these decays can be obtained,
respectively, as

k(1 + Apm)
3

y KImXif'f)z N (Rewa Ved) p (x)

2
B(K™ - ntwp) = 513([(r - ztup)™ +

2 A

+%§‘ﬂf)>1, (10)

where XM = ViV, X, Xff‘f = XM+ vy V,dCi{Sd, and
P.(X) = 0.404 £+ 0.024 denotes the charm-quark contri-
bution [72-74], Agy = —0.003, k. = (5.173 £ 0.025) x
10711(2/0.225)%; and

B(K, — n°v) = B(K, — nvp)SMRY. (11)

Note that it is a prediction of the model with the assumed
hierarchy in the y{, couplings that both B(B - Mv) and
B(K; — np) have approximately the same fractional
deviation, R” defined in Eq. (8), from their respective
SM values. The SM predictions for the rare kaon decays
are [17]

B(K* — ztup)SM = (8.60 £ 0.42) x 10711,
B(K; = n%0)™ = (2,94 +0.15) x 107" (12)

For the K™ — zvb decay, the current experimental meas-
urement, combining E949 at BNL [75] and NA62 at

CERN [76], is (11.4739) x 107", With the 2021 data
analysis by KOTO, the upper limit for K; — 7% now is
B(K, — np) <2 x 107 [77]. From Eq. (11), it can be
seen that, similar to B — Mvp, the LQ contribution to
K; — 7’ can be expressed as a product of the SM
prediction and a scalar factor that encodes the S; effects.

When the small weak phase of V, is neglected, Y3 is areal

parameter, and the imaginary part of V,, from Y 2’ forK; —
v can be factored out as part of the SM prediction.
Consequently, the CP-violating effect does not appear in
the multiplicative factor in Eq. (11).

For my ~O(100) MeV, B — K" can proceed
through the resonant channel B — K®)(Z' —)um.
Though the Z' gauge boson of U(1),_, can only couple
to the second- and third-generation leptons, by kinetic
mixing with the U(1), gauge boson in the SM, the induced
effective interactions of Z’' with quarks can be written as
L D —eel'Z,, [78], where e is the QED coupling and J# is
the electromagnetic current of quarks. Accordingly, the
b — sZ' transition can be induced via the penguin diagram
mediated by the W gauge boson and top quark, and the
resulting effective Hamiltonian is obtained as

Hh—»sZ’ = —CzlgyﬂPLbZ;t

4\/§GF V;k\ th
(4r)?

(mttheelo(xt))Ey"PLbZ;,,
(13)

where Q, =2/3 is the electric charge of the top quark,
x; = m?/m3,, and the loop integral is defined as

Io(x,) = Aldym. (14)

The effective Hamiltonian for the b — svv transition
mediated by the light Z' can be written as

/C 7
Hy = 92~z 57, PLbvpy*Prvg,  (15)

q* —m% +imyly

where £/ = u, t, Ty is the width of the Z’ gauge boson, and
g* is the invariant mass of the neutrino pair. The total
effective Hamiltonian for the » — svv transition should
combine Eqgs. (15) and (6). However, because the
Z'-mediated contribution becomes dominant at the Z’ reso-
nance, i.e., when ¢*> ~ m2,, the BRs of B — K"yp can be

decomposed as B(B — K"up) = B(B — K"up)Q +

B(B— K"Z')xB(Z — vv). The BRs for B—
(K,K*)Z' can be obtained as
mp|Cyf(m7)|> my
B(BT — K*Z') = tp+ £ —2 (16
( - ) Tp 64 m%/ ( )

075004-4
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mB|CZ’A12(m%')|2 méo

9’
d b4 m%,

B(B, —» K*Z') = 1, (17)

where 7p+ and 7p, are the lifetimes of B* and By,
respectively, and f,(q?) and A,(¢*) are the B —
(K, K*) form factors. We note that the longitudinal com-
ponents of K* and Z' in B; — K*°Z' play the dominant
effect, where the associated form factors A;,(g?) are
derived from the axial vector current. Because of the fact
that mg.o << mp,, the related form factors in the BR can be
simplified as A;(¢?) — A2(¢%) ® 16A15(q*)m7..o/mp, [69].
Taking m, = 100 MeV, € = 9.4 x 107°, f, (m2,) = 0.31
[79], and Ajy(m2,) =0.256 [69], we obtain B(B" —
K*Z')~335%x 1077 and B(B; - K*°Z') ~3.90 x 107,
while the muon g — 2 correction in this case is estimated to
be Aa, ~ 1.0 x 10‘9 Even with B(Z' — vpv) = 1, the BRs
for the B — K™up decays from the resonant Z' contribu-
tion are at least 1 order of magnitude smaller than the SM
predictions. Therefore, the Z' effect on B - K")uo can
be neglected. The same conclusion can be applied to the
K — nvv decays.

III. OBSERVABLES IN B — D"z AND B, — i

The Yukawa couplings y7s,,, together with y%,, con-
tribute to the b — czv, transition. To illustrate the influence
on the observables related to the exclusive b — ¢z, decays
in the model, we show the effective Hamiltonian for

b — c£v mediated by W and 7' as [62]

4GV,
Hh—»cfu = \I;E b [(1 +

+C%eP b7PLy, + C5eo,, P bic" Pry,|, (18)

C‘f;éf)EYMPLb?yﬂPLl/f

where the effective Wilson coefficients at the mg, scale are
given by

V2 )’1({3)’?32

V2 )’L3YL2 Cr — —
4GpVey 2m3

CT 9
Y AGEV 2m3, s

- V2 yL3yR2. (19)
4GV 8m§1

The effective couplings C and C% at the m,, scale can be
obtained from the LQ mass scale via the renormalization
group equations. Following the results in Ref. [80], we
obtain C%(m,) =~ 1.57C% and C%(m;) ~ 0.86C%. It can be
seen that, although C¥,, which has the same current-current
interaction structure as the SM, can be induced, due to the
7.|, the dominant effects by S, are
through the scalar and tensor operators.

Some interesting observables related to the b — ctr,
transition include R(D')), defined as the ratios of

B(B — D%z1,) to B(B — D" ¢1,) with £ being the light
leptons; P,(D( )), the 7 polarization in the B — D)z
decays; the longitudinal polarization F?" of D* in the B —
D*z, decay; and B(B,. — 70,). For numerical analyses, we
employ the simplified results [81]

R(D
$N |1+ Cy > +|C5> + 0.9|C%|?
+ Re[1.49C5 + 1.14CY ], (20a)
R(D*)
WN |1+ C%|? +16.07|C%?
+Re[-0.11C — 5.12C% ], (20b)
pP? R(D)
+0.18|CTT|2+Re[4.65C§—1.18C’T]), (20c)
22 R(D*) \™! 5 -
e (R(D*)SM) <|1 + Oy —0.07|C|
—1.86|C%|* + Re[0.22C% - 3.37CTT]> , (204)

FP R(D*) \7!
FD*L.SM ~ (R(D*)SM> <|1 +C |2 +008|CT|2
L

+ 7.02|C%[* + Re[-0.24CF — 4.37CTT]> :
(20e)

The SM results are obtained as P?M = 0.325 + 0.009,
PP M — _0.497 +£0.013, and F? M = 0.46 +0.04 [81],
whereas the current experimental measurements are
PP = 038 +£0.51702 [82] and F} P =0.491 +
0.053 [83,84]. The value of Ff P is estimated by
weighted averaging the measurements of Belle and
LHCb. On the other hand, the BR of B, — 7o, can be
expressed as
B(B, — ;) = B(B. — )™
2 2

m
B __ctl . (21)

1+ ——n———
o L (my, +m.)m,

with B(B, — 70,)M ~2.0% [85].

IV. CONSTRAINTS FROM AK =2 AND AB =2

Since the down-type quarks only couple to the left-
handed neutrinos via the LQ S, strict constraints on the
parameters y!, come from the |AF| = 2 processes that are
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induced via the box diagrams, where v, and S; run in the
box loops. Thus, the effective Hamiltonian for |AF| =2
can be derived in a straightforward way as

1 (Y, Y)
H(|AF| =2) m ot &

——(diy,Ppd;)*.
8 (4z)?m3 M L%

(22)

Using the matrix element (F|(g'y,P.q)*|F) = f#Brmy/3,
Amg = 2Re(M};) and Amp = 2|M?,|, the mass diffe-
rences for K-K and B, - Bq mixings can be formulated as

Re(YfT le )2 %(BKmK

AmS = s
K 647z2m§] 3
ST S 2
am = WY PS 5,088, (23)
B 64n’mi 3

where f is the decay constant of the /' meson and By is the
bag parameter. Since the SM predictions on Amyg and
AmBq are consistent with experimental data and the
uncertainties from theoretical nonperturbative QCD effects
are larger than those of data, to bound the parameters y?,
we conservatively require that the new physics contribution
is at least 1 order of magnitude smaller than the central
value of data; that is, we assume

Amy p SO1AMEY | (24)
where the current data are Amy" = (5.293 £0.009) (ns)~!,
Am%’;p =0.5065 £ 0.0019 (ps)~!, and Am%’ip = (17.765+
0.006) (ps)~' [43].

0.2
30
10
0.1
0.1
w,g 0.0 0:1
10
-0.1 30
yiz=08
02 Amg x 107 [GeV] (a)
-0.2 -0.1 0.0 0.1 0.2
yﬁl

To illustrate the |AF|=2 constraints, we show the
contours of the mass differences with respect to y?,
in Fig. 1, where y{; = 0.8 and y?, = 0.02 are used for
Amyg (left plot) and AmBq (right plot), respectively. For
numerical estimates, we have set mg = 1.5 TeV,
fxvBg =0.132 GeV, fp/B;=0.174 GeV, fp /B, =
0.21 GeV [86], 1 =0.223, V,; = AZ*(1 —p—in) with
A =0.833, p =0.163, and n = 0.357, and V,; = —0.041
[43]. From the plots, it is seen that [y? | < |y?,| < |y{5] is
preferred when [yf;| ~O(1), as required to explain
R(D™)). We note that the results for y, = —0.8 and y¢, =
—0.02 can be obtained from the corresponding plots in
Fig. 1 by making a parity transformation on the parameters,
ie. yii1o = =Viio for Amg and yi, ;5 — =y, 5 for
AmBq. We also note in passing that the parameter distri-
butions for Amy and Ampg, do not center at the origin in the
respective plots because of our choices of y7, = 0.8 and
y#, = 0.02. The distribution for Amp_in Fig. 1(b), on the
other hand, is symmetric with respect to the origin because
it is insensitive to the choice of y?,.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we analyze the S; contributions to the
B — Muv and K — zvv decays when the constraints from
|AF| =2 are all taken into account. In this model, the
LQ only couples to the third-generation lepton, and the
involved parameters in the model are y!, and mg, . Both
CMS [87] and ATLAS [88] have searched for the scalar LQ
with a charge of e/3 using the tr and bv production
channels. An upper bound on the LQ mass is given by
ATLAS to be mg > 1.22 TeV when B(S, — 1) = 1/2.

1.5

Amg x 103 [GeV]
Adex 1014[GeV

q
Yi2

FIG. 1. (a) Am;i‘ (in units of GeV) with y{, = 0.8 as a function of y7, and y7,. (b) Amz‘q (in units of GeV) with y7, = 0.02. In both

exp

plots, Ay, < 0.1Amg%, is applied.
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LSF B(K* - wtvv) x 10711
8.2
10} 114
15.4
051 e RV
w:—j 0.0

-15¢
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

q
Vi2

FIG. 2. Predictions for B(K" — z"vp) and R in the plane of
y?, and y?,, with y, varying within the specified range and
under the constraints discussed in the main text.

Given this measurement and the allowed parameter ranges
in Fig. 1, t7 and bv, are the dominant decays of the LQ in
the model. Thus, we take m s, = 1.5 TeV in our numerical
calculations. Since |y 4| as large as 1.5 for mg = 1.5 TeV
is still not excluded by the current data, we therefore
consider [y;| < 1.5 in the following analysis. Using the
high-pr tail of the pp — 7z distribution measured by
ATLAS [89] with the integrated luminosity of 139 fb~!,
the bound on the ¢ — 7 — S, coupling can be obtained as
|y%,| < 1.6 [90]. The consistent result using the Drell-Yan
high-p tail can be found in Refs. [91,92].

To conduct a numerical analysis of the d; — d;vv
transitions, we need to identify suitable ranges for the

I5F

oy (@
R(D")
ms, = 1.5 TeV

1.0}

0.5}

0.0}

4
Yi3

-0.5+¢

-1.0¢}

-15¢L | .
-1.5 -1.0 -0.5

parameters y7,. Guided by the observation that
Amy? /AmyP ~ 2%, we consider Y31 /Y5 | ~ O(2) for the
LQ contributions to align with the experimental constraints.
From Eq. (5), as we assume |y?;| ~ O(1), the appropriate
values for y7, , should be chosen as |yf |~ O(4%) and
|y{,| ~ O(2). Thus, to determine the parameter space of the
three parameters y?, under the constraints of |AF| =2

processes, we perform a random parameter scan within the
following ranges:

y!, €(=0.05,0.05),  y!,&(~0.15,0.15),
vl e(~15.15). (25)

The ranges of Ami‘_ B, that satisfy the conditions in Eq. (24)

are explicitly taken as follows: Ami‘ €(0.01,34.8)x
1077 GeV, Amf;d €(0.01,33.3) x 10~ GeV, and Ami‘s €
(0.01,11.7) x 1073 GeV. According to the current exper-
imental upper limit of B — K*vv, we require R < 2.2 in
the parameter scan. Additionally, we will require that the
predicted B(K* — ztwvp) fall within its 16 range.
Using 107 sampling points and the constraints mentioned
above, the predicted BR for K™ — z*wp in the y!,-y?,
plane is shown in Fig. 2, where the green, yellow, and cyan
regions give the BRs of (8.2,11.4,15.4) x 107!, respec-
tively. The reason for such a spreading pattern for each
specific BR is because of the more intricate dependence of
yi, in B(K™ - n*wvb), as revealed in Eq. (11), than that in
B(B - Muvv) and B(K; — 7). It is also because of this
observable that, compared to considering only Amg g, 5 as
the examples in Fig. 1, the preferred parameter space in the
plane is restricted to the first and third quadrants. Note that
the parameter space around the origin is excluded because

0.40

(b)

0.25] M

0.20

0.2 0.3 0.4 0.5 0.6
RD)

FIG.3. (a)Contours of R(D™)) in the y%,-y{; plane and (b) correlation between R(D) and R(D*) in the model. The light blue and pink
bands represent the +16 bands of R(D) and R(D*), respectively. The solid square marks the SM predictions.
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FIG. 4. (a) Contours of PP /PPM (blue solid) and P?" /PP M (red dashed) in the y%,-y?, plane. (b) Contours of FP*/FP?"M (solid)
and B(B,)/B(B.)™ (dashed) in the y%,-y?, plane, where B(B,) = B(B, — 17,). The green solid curves in (c) and (d) show the
correlations of PP /P?M and B(B, — 17,)/B(B, — t0,)™ with R(D), respectively. The shaded areas correspond to the + 16 region of

the observed R(D) and the solid squares are the SM predictions.

we have assumed minimum new physics contributions to
Ami“ B,.5,- This is also required in order to have significant
deviations in B(B — Muvp) and B(K; — n°u).

As alluded to before, the S; contributions to 5(B — Mwvw)
and B(K; — nvi) can be factored out together with the SM
contributions into a scalar factor characterized by R” defined
in Eq. (8). We superimpose the distribution for R¥ = (1.2,
1.8, 2.6) in Fig. 2 to show that such values are consistent
with the current measurement of B(K™ — z*wp). The
dispersion in each particular value of R is due to the
variation in y7 . This means that the BRs of B(B — Mwb)
and B(K; — n°v) are allowed to be enhanced by a factor
of 2 or more, thus accommodating the Belle Il datain Eq. (2).

Finally, we show the impact of S| on the observables in
the exclusive b — c7v decay. Neglecting the minor influ-
ence of C}, in Eq. (19), the parameters involved in the

b — ctv transition appear in the combination y{ ;y%,/ mgl.
Using the formulas given in Egs. (20a) and (20b), we show
in Fig. 3(a) several contours of R(D) and R(D*) in the
plane of y%, and y7, for the case of mg = 1.5 TeV.
The £ 1o ranges of R(D) and R(D*) data are seen to
have a significant overlap. The correlation between R(D)
and R(D*) as we vary the value of the dominant factor
yi.y%, is shown in Fig. 3(b), where the SM predictions
RM(D) ~ 0.298 and RS™(D*) ~ 0.254 are marked by the
black square. Because of the absence of a significant
interfering effect between the SM and §; contributions,
the linear relationship between R(D) and R(D*) does not
depend on the values of the parameters involved (e.g., mg, ).
The fact that the predicted correlation curve goes through a
good portion of the crossed region reflects the overlapped
parameter space in Fig. 3(a). A more precise determination
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of both R(D) and R(D*) will be able to show whether they
are still in line with the model predictions.

Based on Eqgs. (20c) and (20d), we plot contours for the
ratios of PP and PP’ to their respective SM values in the
y%,-y15 plane in Fig. 4(a), where the solid curves represent
PP/PPSM and the dashed curves are for PP"/PP™SM,
Compared to PP*, PP exhibits more sensitivity to the
effects of §;. This behavior can be simply understood as
follows: The terms of linear CY and C} dominate the
contributions to the z-lepton polarization. Since the coef-
ficient of C% is much larger in PP than in P?" and
C5/C% = 1/4, PP receives a more significant influence
from the LQ S,. We note that y{;y%, < 0 due to the R(D*))
excesses; therefore, PP is enhanced by the mediation of S;.
Using Egs. (20e) and (21), we show contours denoting the
ratios of FP" (solid) and B(B,. — 77,) (dashed) to their
respective SM values in Fig. 4(b). From Eq. (20e), the
contributions from linear C§ and C% in F?" have a
comparable dependence to those in PP, Thus, F?" is
not significantly affected by the LQ S;. Moreover, accord-
ing to Eq. (21), the enhancement factor mfgc /((my, +
m.)m,) due to the LQ contribution leads to a considerable
reduction in B(B,. — 17,).

To illustrate the fact that the observables R(D), PP, and
B(B, — 1) are more sensitive to the LQ effects, we show
the correlations of PP/PPM and B(B, — t7,)/B(B, —
w0,)™ with R(D) in Figs. 4(c) and 4(d), respectively,
where the solid squares denote the SM predictions and the
shaded areas are the current experimental data for R(D)
within 1o errors. Currently, P? and B(B,. — 77,) have not
been observed in experiment yet. Nevertheless, their future
measurements can further test whether the S; effects can

serve as a viable explanation for the anomalies observed in
R(D) and R(D*).

VI. SUMMARY

Motivated by the surprisingly large branching ratio
of Bt — K™vb reported by the Belle II Collaboration,
we have constructed a model that not only enhances
B(Bt — K*vp) but also provides an explanation for the

muon g — 2 and B(B — D")z0), where the long-standing
inconsistencies between the SM predictions and the exper-
imental measurements have not yet resolved. It is found
that the leptoquark S, with a light Z' gauge boson under the
assumed U(1) L,-1, auge symmetry can provide the

required mechanism to enhance these observables.
In addition to resolving the muon g — 2 anomaly through
the loop mediation of a light Z’, the introduced U(1) L-L.

symmetry ensures that S; only couples to the third-gen-
eration leptons. Therefore, the S; LQ only contributes to
the b — ctv, transition and does not affect the light
lepton modes. As a result, the predicted R(D) and
R(D*) values can explain the excesses observed in the
experimental data.

Because of the characteristic couplings of S, the
induced d; — d;vv processes involve solely the 7 neutrino
and depend only on the three Yukawa couplings y7,. When
considering constraints from Amg and Amg p, the
B — K(K*)ub, K™ — nup, and K, — 70 processes
can be significantly enhanced by the effects of S;. Such
enhancements can be readily tested in future experiments.
We emphasize that the KM phase is assumed to be the sole
source of CP violation in the study; nevertheless, the CP-
violating process K; — n°vi can still be enhanced up to a
factor of 2 compared to the SM prediction.

In addition to the impact on R(D) and R(D*), we also
discuss the S| contributions to the 7 polarizations in
B — (D, D*)tb,, the longitudinal polarization of D* in
B — D*rv,, and the branching ratio of B, — 7i/,. We have
found that the z-lepton polarization in B — Dz, and the
branching ratio of B, — 7, are more sensitive to the S
effects, where the former is enhanced over the SM
prediction, while the latter is significantly reduced due
to the LQ contribution.
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