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Abstract: During the past few years, signs of lepton flavor universality (LFU) violation have been observed in

b — ctv and b — sC* ¢ transitions. Recently, the D* and 7 polarization fractions Pf* and P} in B — D*tv decay were

likewise measured by the Belle collaboration. Motivated by these intriguing results, we revisit the Rp» and Rge an-

omalies in a scalar leptoquark (LQ) model, where two scalar LQs, one of which is a S U(2), singlet and the other a

SU(2), triplet, are introduced simultaneously. We consider five b — crv mediated decays, B — D®1v, B, — 1,17,

B. — J/y1v, and A, — A.77, and focus on the LQ effects on the ¢ distributions of the branching fractions, LFU ra-

tios, and various angular observables in these decays. Under the combined constraints of the available data on Rpo,

Rjy, Py (D*), and Pf’, we perform scans for the LQ couplings and make predictions for a number of observables.

Numerically it is found that both the differential branching fractions and LFU ratios are largely enhanced by the LQ

effects, with the latter expected to provide testable signatures at the SuperKEKB and High-Luminosity LHC experi-

ments.
Keywords: new physics, leptoquark, B decay
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1 Introduction

To date, the LHC has not provided any direct evid-
ence for new physics (NP) particles beyond the standard
model (SM). However, several hints referring to the
lepton flavor university (LFU) violation emerge in the
measurements of semileptonic b-hadron decays, which, if
confirmed with more precise experimental data and theor-
etical predictions, depict unambiguous signs of NP [1, 2].

The charged-current decays B — D™y, with £ =e, p,
or 7, have been measured by the BaBar [3, 4], Belle
[5-8], and LHCb [9—-11] collaborations. The ratios of the
branching fractions”, Rpe = B(B — D®17)/B(B — DP ),
with £ =e and/or y, obtained by the latest experimental
averages by the heavy flavor averaging group read [12]

RSP = 0.407 +0.039 (stat.) + 0.024 (syst.), (1)

RSP = 0.306+0.013 (stat.) = 0.007 (syst.), @)
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boths)of which exceed their respective SM predictions
[12]

R =0.299+0.003, R} =0258+0.005, (3)

by 2.30- and 3.00, respectively. Considering the experi-
mental correlation of —0.203 between Rp and Rp., the
combined results exhibit a ~3.78¢ deviation from the SM
predictions [12]. This discrepancy, referred to as the Rpe
anomaly, may provide a hint of LFU violating NP [1, 2].
For the B. — J/ytv decay, a ratio Ry, can be similarly

defined. The recent LHCb measurement, R’;’/‘g =0.71%

0.17 (stat.) £ 0.18 (syst.) [17], lies about 20~ above the SM
prediction, R%‘fb =0.248 +£0.006 [18]. In addition, the LH-
Cb measurements of the ratios Rgw = B(B— KWutu™)/
B(B—KWete), RYT=0.745109%+0.036 for 1.0GeV? <

2 — . 2
> < 6.0GeV? [19] and RSP = 0.69*9:11 £0.05 for 1.1 GeV? <

¢* <6.0GeV? [20], are found to be about 2.6 and ~2.50-

lower than the SM expectation, R} =~ 1 [21, 22], respect-

* Supported by the National Natural Science Foundation of China (11775092, 11521064, 11435003, 11805077). XY is also supported in part by the startup research

funding from CCNU
1) E-mail: yanhan@mails.ccnu.edu.cn
2) E-mail: yangyd@mail.ccnu.edu.cn
3) E-mail: y@mail.ccnu.edu.cn

4) Compared to the branching fractions themselves, the ratios Ry are advantaged by the fact that, apart from significant reduction of the experimental systematic
uncertainties, the CKM matrix element V,;, cancels out and the sensitivity to B — D) transition form factors becomes much weaker.

5) Here the SM values are the arithmetic averages [12] of the most recent calculations by several groups [13-16].
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ively. These anomalies motivated numerous studies both
in the effective field theory approach [23-28] and in spe-
cific NP models [29-45]. We refer to Refs. [1, 2] for re-
cent reviews.

Recently, the Belle collaboration reported the first
preliminary result of the p* longitudinal polarization frac-
tion in the B — D*rv decay [46, 47]

PP =0.60+0.08 (stat.) + 0.04 (syst.), @)

which is consistent with the SM prediction PP = 0.46 +0.04
[48] at 1.50. Together with the measurements of the 7 po-
larization, P =—0.38+0.51(stat.)*02} (syst.) [7, 8], these
results provide valuable information on the spin structure
of the interaction involved in B — D™ 1v decays and are
good observables for testing of various NP scenarios
[48— 53]. The measurement of angular observables in
these decays will be considerably improved in the future
[54, 55]. For example, the Belle II experiment with
50ab~! data can measure P} with an expected precision of
+0.07 [54].

In this work, motivated by these experimental pro-
gresses and future prospects, we study five b — c7v de-
cays, B — D1y, B, — 1,1V, B. — J/y1v, and A}, — ATV,
in the leptoquark (LQ) model proposed in Ref. [56].
Models with one or more LQ states, which are colored
bosons that couple to both quarks and leptons, depict
some of the most popular scenarios employed to explain
the Rp- and Rk~ anomalies [57—74]. In Ref. [56], the SM
is extended with two scalar LQs, one of which is a
SU(2), singlet, whereas the other is a S U(2), triplet. This
model is also featured by the fact that these two LQs have
the same mass and hypercharge, and their couplings to
fermions are related by a discrete symmetry. In this man-
ner, the anomalies in b — ¢ty and b — su*u~ transitions
can be explained simultaneously, while avoiding poten-
tially dangerous contributions to » — svv decays. By tak-
ing into account recent developments on transition form
factors [13, 14, 18, 75-77], we derive constraints on LQ
couplings in this model. Subsequently, predictions in the
LQ model are made for the five b — crv decays, focusing
on the ¢? distributions of the branching fractions, LFU ra-
tios, and various angular observables. Implications for fu-
ture research at the High-Luminosity LHC (HL-LHC)
[78] and SuperKEKB [54] are also briefly discussed.

This paper is organized as follows: in Section 2, we
provide a brief review of the LQ model proposed in Ref.
[56]. In Section 3, we recapitulate the theoretical formu-
lae for the various flavor processes and discuss the LQ ef-
fects on these decays. In Section 4, we present our de-
tailed numerical analysis and discussions. Our conclu-
sions are given in Section 5. The relevant transition form
factors and helicity amplitudes are presented in the ap-
pendices.

2 Model

In this section, we recapitulate the LQ model pro-
posed in Ref. [56], where a scalar LQ singlet @, and a
triplet @5 are added to the SM field content, to explain the
observed flavor anomalies. Under the SM gauge group
(SUB)c, SUR)., U(l)y), the LQ states @; and @3 trans-
form as (3,1,-2/3) and (3,3,-2/3), respectively. Their in-
teractions with the SM fermions are described by the
Lagrangian [56]

L= A},fQ‘;:irszcDj + 0 Qfity(T- @3) Ly +hc.,  (5)
where Q; and L; denote the left-handed quark and lepton
doublet with generation indices j and %, respectively. The
couplings A} and /likL are generally complex, however as-
sumed to be real throughout this work. It is further as-
sumed that these two scalar LQs have the same mass M,
and their couplings to the SM fermions satisfy the follow-
ing discrete symmetry [56]:

A=y, A=Al (6)
With these two assumptions, the tree-level LQ contribu-
tions to the b — svv decays are canceled. After rotating to
the mass eigenstate basis, the LQ couplings to the left-
handed quarks involve the CKM elements as

L _ L L _ ol
A= Ao Ay = Viidigo (7

where V;; is the CKM matrix element.
3 Theoretical framework

In this section, we introduce the theoretical frame-
work for the relevant flavor processes and discuss the LQ
effects on these decays.

3.1 b — ctv mediated processes

Including the LQ contributions, the effective Hamilto-
nian responsible for b — ¢¢;¥; transitions is given by [56]

4G i _
T;VchZ(CVFPLb)(fiYyPLVj), ®
with the Wilson coefficient Czj =C§M’ij +C§P’ij . The W-
exchange contribution within the SM yields C;""" = 6,
and the LQ contributions result in
oo V2 Voo o
Co = gear v, [1+1F]. ©9)
This Wilson coefficient is given at the matching scale
unp ~ M. However, as the corresponding current is con-
served, we can obtain the low-energy Wilson coefficient,
C?P’U(ﬂb) = CI;IP’” , without considering the renormaliza-
tion group evolution (RGE) effect.
In this study, we consider five processes mediated by

7_{eff =
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the quark-level b — cfv transition, including B — D®¢7,
B. — n.Av, B — J/ytv, and A, — ALy decays. All these
processes can be uniformly represented by

M(py,Am) = N(pn,AN) +C (e, A) +Ve(py,),  (10)
where (M,N) = (B,D™), (Bc,7c),(Be, J/$), and (A, A.),
and (¢,v) = (e, v.), (u,v,), and (t,v;). For each particle i in
the above decay, its momentum and helicity are denoted
by p; and A;, respectively. In particular, the helicity of a
pseudoscalar meson is zero, i.e., Az p, =0. After aver-
aging over the non-zero helicity of the hadron M, the dif-
ferential decay rate of this process can be written as [53,
79]

1
dr (M — Ne —_— i 2dds,
(M= NEvo = ZmM2|/lM|+1Z|M ald®s
(11)
with the phase space
dpy = VO i dqzdcos 6, (12)

256773

where Q. =m2 -q°, w1th my =my +my and ¢*> depicts
the dilepton invariant mass squared. 8, € [0,7] denotes the
angle between the three-momentum of ¢ and that of N in
the ¢-v center-of-mass frame. The helicity amplitudes
Mj”: A= (NEv|Ho|M) can be written as [76]

Au _GFVcb( SP jSP VA VA
WA T Hy, o Lo+ ) a0, La'a,
Aw
T T
+ Z My, My, H/IM,/I,\,,/IWI Av, L/l,,/lwl Ay, )’ (13)
Ay,

where Ay, denotes the helicity of the virtual vector bo-
sons W, W, and W,. The coefficient n,, =1 for 4,, =1,
and n,, =-1 for 4, =0, 1. Explicit analytical expres-
sions of the leptonic and hadronic helicity amplitudes H
and L are given in appendices A and C.

From Eq. (11), we can derive the following observ-
ables:

* The differential decay width and branching fraction

dB(M — Ntvy) _ 1 dI'(M — Ntvy)
dg? Tu dg?
1 (M y
_F_Zd (d 2—>va£)’ (14)
M, q
where I'y; = 1/7) is the total width of the hadron M.
* The ¢?>-dependent LFU ratio
dI'(M — N1v;)/dg?
Ry(q?) = , 15
M) = r S N jdg (15)

where dI'(M — NIv;)/dg* denotes the average of the dif-
ferent decay widths of the electronic and muonic modes.
* The Iepton forward-backward asymmetry

Arp(q?) =
f dcos 6 (d*T'/dg*d cos 6;) — f dcong(dZF/dqzdcosﬂg)
dr/dg?
(16)
» The ¢>-dependent polarization fractions
. N dr/l,:+1/2/dq2 _drﬁ,=—1/2/dq2
L(q ) - 2 il
dr/dg
dI“/lN:+l/2 d 2_dl—le:—l/2 d 2
PY (g = [da M9 for N = A,
dIr'/dg?
dr=0/dg?
PV = T N = D,
dr/dq?
drv=t/dg? — drv=-1/dq?
PY(¢*) = , for N =D* J/y.
(@) dF/dq2 or [
17

Analytical expressions of all the above observables
are given in Appendix C. As these angular observables
depict ratios of the decay widths, they are largely free of
hadronic uncertainties and thus provide excellent tests of
the NP effects.

As shown in Eq. (8), LQ effects generate an operator
with the same chirality structure as in the SM. Therefore,
it is straightforward to derive the following relation:

3
% =2 |63 +CF (18)
with N =D® 5., J/y and A.. Here, vanishing contribu-
tions to the electronic and muonic channels are already
assumed.

One of the main inputs in our calculations are the
transition form factors. In this respect, notable progresses
have been achieved in recent years [13-16, 75-77, 80-87].
This study adopts the Boyd-Grinstein-Lebed (BGL) [13,
88] and Caprini-Lellouch-Neubert (CLN) [14, 89] para-
metrization for the B— D and B — D* transition form
factors, respectively. In these approaches, both the trans-
ition form factors and the CKM matrix element |V,,| are
simultaneously extracted from the experimental data. In
addition, we use the B. — 7., J/y transition form factors
obtained in the covariant light-front approach [18]. For
the A, — A, transition form factor, we adopt the recent
Lattice QCD results in Refs. [75, 76]. Explicit expres-
sions of all the relevant transition form factors are re-
capitulated in Appendix B.

3.2 Other processes

With the LQ effects considered, the effective
Hamiltonian for the b — sé’jf}’. transition can be written as
[90]

4G

Heog = —
Y

—ZVy Vi > ClO] +he, (19)
a
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where the operators relevant to our study are

ij Qe _ 5
0y :E(SV'UPLb)(fiVufj),

ij e, _ 5
Oy = (V' PLb)lyyC)). (20)

The LQ contributions result in [56]

NP,ij _ _ ~NP.ij
Cy ' ==Cy

_\/z ”L/lL/lL*

- — b 21
2GFrVy Vi ae M2 3072 @1

In the model-independent approach, the -current
b — su*u~ anomalies can be explained by a CI;P’ZZ:
—CTOP‘ZZ -like contribution, with the permitted range given
by [91-93]

-0.91(=0.71) <Cy"* = -Cly > < -0.18(-0.35),  (22)

at the 20 (1o) level, which in turn sets a constraint on
A5 2%, Furthermore, the LQ contributions to b — st*7~
and b — ctv, transitions depend on the same product
55 2%, therefore making a direct correlation between the
branching fraction B(B; — v"77) and Rpe.

For the b — svv transitions, both the LQs ®; and ®;
generate tree-level contributions. However, assuming that
they have the same mass, their effects are canceled out
due to the discrete symmetry in Eq. (6). In addition, this
LQ scenario can accommodate the (g—2), anomaly [94,
95], once the right-handed interaction term /lR.iu;;fi(D'I is
introduced to Eq. (5) [56]. We do not consider such a
term in this study. Further details can be found in Ref.
[56], where various lepton flavor violating decays of
leptons and B meson have also been discussed.

Finally, we provide brief comments on direct searches
for the LQs at high-energy colliders. Because the LQ
contributions to b — crv transitions only involve the
product 15;4%,, searches for the LQs with couplings to the
second and third generations are more relevant to our
work. At the LHC, both the CMS and ATLAS collabora-
tions have performed searches for such LQs in several
channels, e.g., LQ — tu [96], LQ — 17 [97], LQ — b7 [97],
etc. Current results from the LHC have excluded the LQs
with masses below about 1TeV [95]. For example,
searches for pair-produced scalar LQs decaying into ¢
quark and y lepton have been performed by the CMS
Collaboration, in which a scalar LQ with mass below
1420GeV was excluded at 95% CL under the assumption
of B(LQ — tu) =1 [96]. All these collider constraints de-
pend on the assumption of the total width of the LQ,
which involves all the LQ couplings /llL] To apply the col-
lider constraints to our scenario, one needs to perform a
global fit on all the LQ couplings and derive bounds on
the total width. Such analysis is beyond the scope of this
study. Regarding the scenario with one singlet and one
triplet LQ, we refer to Ref. [72] for a more detailed col-

lider analysis. Furthermore, our analysis does not depend
on the mass of the LQ, because LQ couplings always ap-
pear in the form of A554%,/M? in b — c7v transitions, as in

Eq. (9).
4 Numerical analysis

In this section, we present our numerical analysis of
the LQ effects on the decays considered. After deriving
the constraints of the model parameters, we concentrate
on the LQ effects on the five b — crv decays, i.e.,
B — D®19, B, — 5,17, B. = J/ytv, and Ap — ATV

4.1 SM predictions

In Table 1, we list the relevant input parameters used
in our numerical analysis. Using the theoretical frame-
work described in Section 3, the SM predictions for
B — D®19, B. - n.tv, B, — J/y1v, and A, — A1y de-
cays are given in Table 2. To obtain the theoretical uncer-
tainties, we vary each input parameter within their re-
spective 1o~ range and add each individual uncertainty in
quadrature. Correlations among fit parameters were con-
sidered to obtain uncertainties of the transition form
factors. In particular, for the A, —» A.7v decay, we fol-
low the treatment of Ref. [75] to obtain the statistical and
systematic uncertainties induced by the A, — A, trans-
ition form factors. From Table 2, the experimental data
on the ratios Rp, Rp-, and Ry, are found to deviate from
the SM predictions by 2.310, 2.850 and 1.83¢, respect-
ively.

Table 1. Input parameters used in our numerical analysis.

input value unit Ref.
ag(mz) 0.1181+0.0011 [95]
mP'e 173.1+0.9 GeV [95]
mp(mp) 4.18+0.03 GeV [95]
me(me) 1.275+0.025 GeV [95]
|Vp|(semi-leptonic) 41.00+0.33+0.74 1073 [98]
|V, )(semi-leptonic) 3.98+0.08 +0.22 1073 [98]

4.2 Constraints

To obtain the permitted ranges of LQ parameters, we
impose the experimental constraints in the same manner
as in Refs. [99, 100]; i.e., for each point in the parameter
space, if the difference between the corresponding theor-
etical prediction and experimental data is less than 2o
(30) error bar, which is calculated by adding the theoret-
ical and experimental uncertainties in quadrature, this
point is regarded as permitted at 20~ (30) level.

In the LQ scenario introduced in Section 2, the LQ
contributions to b — cr¥ transitions are all controlled by
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Table 2. Predictions for branching fractions (in units of 1072) and ratios Ry of the five b — c7v decay modes in the SM and the LQ scenario. The entry

"—" indicates that no measurement is yet available for the corresponding observable.

observable SM exp Ref
B(B — D1¥) 0.7117004 [0.702,0.991] 0.90+0.24 [95]
Rp 0.301+0:903 [0.313,0.400] 0.407 +0.039 +0.024 [12]
B(B. = ne9) 0.20425.03% [0.188,0.299] -
Ry, 0.281+0:935 [0.263,0.416] -
B(B — D*17) 1.261*3087 [1.234,1.788] 1.78+0.16 [95]
Rp 0.258+0.008 [0.263,0.351] 0.306+0.013 +0.007 [12]
Pr -0.503£0.013 [-0.516,-0.490] -0.38£0.51702} [7, 8]
Py 0.453+0.012 [0.441,0.465] 0.60+0.08+0.04 [46, 47
BB — J/yv) 0.398+0:043 [0.366,0.583] -
Ry 0.248+0:006 [0.255,0.335] 0.71£0.17+0.18 [17]
B(Ap = AcTV) 17627019 [1.737,2.457] -
Ra, 0.333+0:010 [0.339,0.451] -

the product A554%;. In the following analysis, the coup-

lings A, and A%; are assumed to be real. After consider-
ing the current experimental measurements of Rpo, Ry,
P3(D*), and PY", we find that the constraints on A5;1%; are
dominated by Rp and Rp-. The permitted ranges of 43345,

at 20 level are obtained as follows
290 < A5 < =274, or 0.03< %45 <0.20, (23)

where a common LQ mass M =1TeV is assumed. The
solution with negative 13345, corresponds to the case in
which the LQ interactions dominate over the SM contri-
butions. We do not pursue this possibility in the follow-

ing analysis. For the solution with positive A551%;, the

10 __ [ | Comb. 20 __
r Comb. 30 ]
B PP 2o i
r Pf)* 30 N
0.5 7

-1.0 -0.5 0.0 0.5 1.0

Fig. 1. (color online) Combined constraints on (15;,4%;) by
all b — ctv processes at 20 (black) and 3¢ (gray) levels.
The dark (light) green area indicates the allowed region by

PP only at 20 (30).

permitted regions of (15;,4%;) at both 20 and 30~ levels

are shown in Fig. 1. In this figure, we also show the indi-
vidual constraint from the p* polarization fraction PP,
which remains weaker than the ones from Rp.. In addi-
tion, the current measurement of the r polarization frac-
tion P] in B— D*rv decay cannot provide any relevant
constraint.

As mentioned in Section 3, the LQ contributions to
b— sttt and b — ctv; depend on the same product

107! T T T T[T T TTg
1072 . L exp upper limit 5
W 107 sensitivityeLHCh Y
+ C ]
~ C .
T 107 E
99/ . C .
Q 10 E B exp 20 ?
C exp3c
1076 —1Q

% e SM ?
—7 i Il I T T I | ]
10 0.8 1.0 1.2 1.4 1.6 1.8

SM

Rpe /Rpe)

Fig. 2. (color online) Correlation between Ry /Rf)l}ff) and

B(B; — t+17). The black (gray) region denotes the 20 (30)
experimental ranges of R /R%’}{). The horizontal dashed
and dotted lines correspond to the current LHCb upper lim-
it and the expected sensitivity by the end of LHCb Upgrade
II, respectively. The black point indicates the SM predic-

tion.
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A5 2%;. In the case of positive 45545, we show in Fig. 2

the correlation between Rp. /R3M and B(B, — t¥77). The
LQ effects enhance the branching fraction of By — "7~
in most of the parameter space. At present, the experi-
mental upper limit 6.8 x 1073 [101] is far above the SM
prediction (7.73+0.49)x 1077 [102]. However, to obtain
the 20~ experimental range of Rp., the LQ contributions
enhance B(B; — t+77) by about 2-3 orders of magnitude
compared to the SM prediction, which reaches the expec-
ted LHCD sensitivity 5x 107 by the end of Upgrade II
[55, 103]. The B — K™t~ decay may also play an im-
portant role in probing the LQ effects. Although the Belle
I experiment would improve the current upper limit
2.25%x 107 at a 90% confidence level by no more than
two orders of magnitude, the proposed FCC-ee collider
can yield a few thousand of B — K*r*7~ events from
0(10'3) Z decays [104].

4 6 10

—
[\S)

8
¢* [GeV?]

Fig. 3.

dicate the SM (LQ) central values with 1o theoretical uncertainty.

4.3 Predictions

Using the constrained parameter space at the 20~ level
derived in the last subsection, we present predictions for
the five b — c1v processes. Table 2 shows the SM and LQ
predictions for the branching fractions 8 and LFU ratios
R of B— D"y, B. — n.1v, B, — J/ytv, and Ay — ATV
decays. The LQ predictions include the uncertainties in-
duced by the transition form factors and CKM matrix ele-
ments. Considering that the polarization fractions P] and
P have already been measured, their SM and LQ pre-
dictions are also shown in Table 2. Although the LQ pre-
dictions for the branching fractions 8 and the LFU ratios
R of the B, — n.7v and B, — J/y71v decays lie within the
1o range of their respective SM values, they can be signi-
ficantly enhanced by LQ effects.

We set out to analyze the ¢> distributions of the
branching fraction 8, LFU ratio R, polarization fractions
B, — .o
T

o
[}
E
LI I B B S S B e e

Arp(q?)

P

N
()
T

3 s
¢ [GeV?]

(color online) ¢* distributions of observables in B — Drv (left) and B. — 5.7v (right) decays. The black curves (gray band) in-
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of the 7 lepton (P}), and daughter hadron (PZ'T, Pi{i,

P/L\'), as well as the lepton forward-backward asymmetry
Agpg. The B — Drv and B, — n.71v decays, both part of the
"B — P" transition, have differential observables in the
SM and the LQ scenario as shown in Fig. 3. All differen-
tial observables of the B — Drv and B, — n.7v decays are
similar to each other, while the observables in the latter
have larger theoretical uncertainties due to the less pre-
cise B.—n. transition form factors. Therefore, the
B — Dty decay is more sensitive to the LQ effects, with
the differential branching fraction largely enhanced, espe-
cially near ¢*> ~7GeV?>. The large difference between the
SM and LQ predictions in this kinematic region could,
therefore, provide a testable signature of the LQ effects.
More interestingly, the ¢* distribution of the ratio R in the
LQ model is enhanced in the entire kinematic region and
does not have overlap with the 1o SM range. In the fu-
ture, more precise measurements of these distributions
are of importance to confirm the existence of a possible
NP effect in the B — Dty decay. With regard to the for-
ward-backward asymmetry Agg and the r-lepton polariza-
tion fraction P} in both B — Drv and B, — .77 decays,
the LQ predictions are indistinguishable from the ones in
SM, because the LQ effects only modify the Wilson coef-
ficient Civ’, which is canceled out exactly in the defini-
tions of these observables (see Egs. (16) and (17),Fig. 3).
This feature is different from the NP scenarios that use
scalar or tensor operators to explain the Rp. anomaly
[58-60].

The ¢? distributions of the observables in B — D*rv
and B, — J/y1v decays are shown in Fig. 4. Because both
of these two decays belong to "B — V" transition, their
differential observables are similar. While the differen-
tial branching fractions of these two decays are enhanced
in the LQ model, their theoretical uncertainties are larger
than the ones in the B — Dtv decay. For the ¢* distribu-
tions of the ratios Rp- and Ry, they are largely enhanced
in the entire kinematic region, especially in the large ¢°
region. More importantly, although the ranges of the ¢*-
integrated ratio Rp sy in the SM and the LQ scenario
overlap at the 1o level, the 1o ranges of the differential
ratio Rp- 4(¢°) at large ¢* in the SM and LQ exhiibt sig-
nificant differences. The increases of Rp- and Ry, in the
large ¢° region are larger than the one observed in Rp.
Measurements of the differential ratios in the large
dilepton invariant mass region are, therefore, crucial to
confirm the Rp- anomaly and test the LQ model con-
sidered. Similarly to the ones in B — Dtv and B, — 1.7V
decays, the angular distributions Apg, PZ}J/ Y and P} are
likewise not affected by the LQ effects, as shown in Fig. 4.

For the A, — A .77 decay, the ¢* distributions of the
observables are shown in Fig. 5. The situation is similar
in the B — D*rv and B. — J/y1¥v decays. The ¢* distribu-

tions of the branching fraction 8 and the ratio R, are
greatly enhanced by the LQ effects. In the large ¢* region,
the differential ratio Ra_exhibits a deviation between the
1o permitted ranges of the SM and the LQ scenario. With
the large numbers of A, obtained at the HL-LHC [78], we
expect that this prediction could provide helpful informa-
tion on the LQ effects. For the angular distributions, the
LQ effects vanish due to the same reason as in the meson-
ic decays.

5 Conclusions

During the past few years, intriguing hints pointing
towards an LFU violation have emerged in the
B — D™ty data. Motivated by the recent measurements
of Ryjy, P}, and P’L)', we revisited the LQ model proposed
in Ref. [56], where two scalar LQs, one of which is a
SU(2), singlet, whereas the other is a S U(2), triplet, are
introduced simultaneously. Taking into account the re-
cent progress on the transition form factors and the most
recent experimental data, we obtained constraints on the
LQ couplings A%, and A%, Subsequently, we systematic-
ally investigated the LQ effects on the five b — ctv de-
cays, B — DYy, B, — 1,1v, B. — J/y1v, and A, — A.T7.
In particular, we focused on the ¢ distributions of the
branching fractions, LFU ratios, and various angular ob-
servables. The main results of this study can be summar-
ized as follows:

* After considering the Rp and Rp- data, we obtain the
bound on the LQ couplings, 0.03 < 25514 <0.20, at the
20 level. The current measurements of Ry, P; and P?‘
cannot provide further constraints on the LQ couplings.

* The By, — v*7~ decay is strongly correlated with
B — D™y, To reproduce the 20~ experimental range of
Rpo, the LQ effects enhance B(B; — v+7~) by about 2-3
orders of magnitude compared to the SM prediction and
hence reach the expected sensitivity of the LHCb Up-
grade II.

* The differential branching fractions and LFU ratios
are largely enhanced by the LQ effects. Due to their small
theoretical uncertainties, the latter provide testable signa-
tures of the LQ model considered, especially in the large
dilepton invariant mass squared region. Moreover, Ry in
the baryonic decay A, — A.7v has the potential to shed
new light on the Rp« anomalies.

* Because no new operators are generated by the LQ
effects, all angular distributions in the LQ model are the
same as in the SM. We provide the most recent SM pre-
dictions for the 7-lepton forward-backward asymmetry,
the 7, and meson polarization fractions of the five
b — ctv modes. Although precision measurements of
these angular distributions are very challenging at the
HL-LHC and SuperKEKB, they are crucial for the veri-
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fication of the LQ scenario investigated in this work.

The ¢* distributions of the branching fractions, the
LFU ratios, and the various angular observables in
b — ctv transitions can help to confirm possible NP resol-
utions of the Rp. anomalies and distinguish among the
various NP candidates. With the experimental progress
expected from the SuperKEKB [54] and the future HL-

B — D*tv
—————
. SM -
== LQ

<o
~

|
=]
[*S)
LIS N B L L L L L L L e L L
1

0.3

0.2

dB/dq¢? [1072

0.1

0.8

0.6

04

R(q%)

B N T
¢ [GeV?]

Fig. 4.
in Fig. 3.

LHC [78], our predictions for these observables can be
further probed in the near future.

Note Added. After the completion of this work, the
Belle Collaboration announced their results of Rp and Rp-
with a semileptonic tagging method [105,106]. The meas-
ured values are R}" =0.307+0.037(stat.) £0.016(syst.)
and R}? = 0.283+0.018(stat.) +0.014 (syst.). After includ-

B, — J/yTv
————
| mm SM -
OIS LQ -
B L ]
o - 4
= 0.10f b
[\l
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Qq 0.05F b
o C ]
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02fF 3
;
:
£ —01F E
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—-02F =
=0.3¢ e
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0.0F 7
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= -02F 7
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-041 1
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0.8 +——+—+———+—+—+——+—+—+—
0.7F =
= o06f e
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(color online) ¢* distributions of observables in B — D*7v (left) and B. — J/ytv (right) decays. Other captions are the same as

083105-8



Chinese Physics C Vol. 43, No. 8 (2019) 083105

dB/dq* [107?]

0.8
> 06
04

0.2

¢ [GeV?]

(color online) ¢? distributions of observables in A, — A.7¥ decay. Other captions are the same as in Fig. 3.

Fig. 5.

ing this new measurement, the world averages become
RY®"Y =0337+0.030 and  RH®*" =0.299+0.013
[107]. The deviation of the current world averages from
the SM predictions decreases from 3.80- to 3.10 [105].
Because the difference between the new and previous av-

erages is small, our numerical results are expected to re-

Appendix A: Helicity amplitudes in b — c7v decays

In the presence of NP, the most general effective Hamiltonian
for the b — crv transition can be written as [23, 76]

Hepr =2 \/EGFVCI;[(I +8L)CyuPLD)(FY" PLvr) + 8R(EYuPRD)(TY! PLv7)
+ 385 (EB)TPLY) + 3 8pEshTPLYe)

+87(€0* PLb)(Foy PLy:) | +hc..
(AD)
In this appendix, for completeness, we consider the most gener-
al case of NP and provide the helicity amplitudes in the five
b— ctv decays, B— D¥1v, B. = .17, B. — J/ytv, and A, — A7
Explicit expressions of the spinors and polarization vectors used to
calculate the helicity amplitudes are also presented.

A.1 Kinematic conventions

To calculate the hadronic helicity amplitudes of M — Ntv in
Eq. (13), we work in the M rest frame and follow the notation of

Arp(q?)

PL(¢%)

8 10
¢* [GeV?

main qualitatively unchanged. For example, the updated
A5, in Eq.o (23)
-2.88 < 5544, < 273 and 0.02 < A552%; < 0.17.

bounds on becomes

We thank Xin-Qiang Li for useful discussions.

Ref. [79]:
Py = (my,0,0,0),  phy = (En,0,0,138D), ¢ =(40,0,0,-I7]),  (A2)

where ¢# is the four-momentum of the virtual vector boson in the M
rest frame, and

1 2 2 2 1 2 2 2
qo=2mM(mM—mN+q ), En= 2mM(mM+mN_q )
At =
191 =17w1 = 3, = V00—, Qs = (mu£m)’ =, (A3)

Subsequently, substituting the momentum into Eq. (A12), the
Dirac spinors in the A, — A.7v, decay can be written as

" v
un, (P, An,) = 2m,\b( X(P/(\),, ) ),

" VE +mp x(PaqsAn,)
Ap) = A PAc, 2Ac : A4
Unc(PhcrAnc) ( 22n. VE —=mp X (P> An.) (Ad)

where  x(fa,,1/2) = x(Pa.» 1/2) = (1,O) x(Bn,=1/2) = x(Pa.—1/2) =

o,
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In the B — D*rv decay, the polarization vectors of the p* meson
are given by

" Lo " 1 .
é'(Pp+,0) = — (1Pp*1,0,0,Ep+), € (Pp-,+) = —(0,%1,i,0). (A5)
mp- V2

In all the five b — ctv decays, the polarization vectors for the
virtual vector boson W can be written as

1 S

— (40,0,0.1g1),  €"(0) =

Vi

L
Wi (141,0,0,-q0),

Vi

(0,%1,4,0), (A6)

(1) =
- L
2

and the orthonormality and completeness relation [108]

D EmE M =gm, Y @ Mgm =g, mnelt,£,0), (A7)

" mn

'(+)

where g, = diag(+1,-1,-1,-1).

In the calculation of the leptonic helicity amplitudes, we work
in the rest frame of the virtual vector boson W, which is equivalent
to the rest frame of the 7-¥, system. Following Ref. [79], we have

# =(a.0.0,0), P = (Er.|Isin6,.0, || cos0,),
Pl =|PI(1,~sin6:,0,~coséy), (A8)

where |5:] = Vg2?/2, Ex = Bl +m2/ g%, v= +J1-m2/q?, and 6, de-
notes the angle between the three-momenta of the = and the N.
The Dirac spinors for = and v, read

e (Brsdy) = VE: + mox(Pr, )
et 2/11 VET_mTX(ﬁTs/lT) ’

1 E(—ﬁ-r,l) )
v (=P 5) =VEy ) = 2 5 A9
Vor (P 5) «F( el (A9)
respectively. Further details are given in Appendix A.2
The polarization vectors of the virtual vector boson in the W
rest frame are written as
1

\/E(Oﬁl,i,()), (A10)

which can also be obtained from Eq. (A6) by a Lorentz transforma-
tion and satisfy the orthonormality and completeness relation in Eq.
(A7).

é'(r)=(1,0,0,0), &(0)=(0,0,0,-1), &(x)=

A.2 Dirac spinor

The definitions of the helicity operator /5 and its eigenstates are
given as follows [109]

—_

-

hy==p-, 55%, hy X(B.5) = s X(P, ),

P35
where j denotes the momentum of the particle, and & = {o!,02, 07}

are the Pauli matrices. Eigenstates of the helicity operator 4; read

L1y cosg L 1) —e‘i‘/’sing
X\P3)= esing ) X\Pm3)= cos § ’
1 sin ¢ 1 e cos &
_g 1)< sm2 —p—=|= 2
o ) b))
for the normalized momentum 7 = {sinfcos ¢, sin@sin ¢, cos 4}

Using these eigenstates, the solution of Dirac equation
(¥*pu —mu(p,s) =0 in Dirac representation can be written as

E+mx(.s) ] (A12)

2s VE —m x(p, s)

Further, the spinor for the antiparticle can be obtained by

u(p,s) = [

v(PB,s) = Cia(B,5)T = iyOy2a(p, s)Tl), whose explicit expression reads

R [ VE-mé&(p,s) ]
v(P.s) = , (A13)
—2s VE+m &(p, s)
where &(7, 5) = x(7,—s) and &3, s) satisfies hz £(F, s) = —s £(B, s).
The spinors in Weyl representation read
5 \'E—2S|[7’|)((ﬁ,s)
uw(p,s) =
1/E+2s|13’|)((ﬁ’, s)
=25 \|E+2s|p| &P, s)
vw(P,s) = i (Al4)

2s 1lE—2s|ﬁ| (P, s)

They can also be obtained from the Dirac representation by the
relation uw (7, s) = Xu(p, s) with the transformation matrix

1 1 -1
51t
In the 7-v, center-of-mass frame, we emphasize that if the
spinor is specified as u(j,s) in the leptonic helicity amplitude, then
the v, spinor has the form v(-7,s), as in Eq. (A9). All calculations
in our work are depictec in Dirac representation.

A.3 Leptonic helicity amplitudes

The leptonic helicity amplitudes in Eq. (13) are defined as [79]
L3P =@yl 71 = y5)ve10) = ite(Fr, A1 = y5)vs, (=2, 1/2),
LA, = @w) (| Tyu(1 = y5)v: [0)
:E#(AW)ﬁT(ﬁT’/lr)y/t(l _YS)V?T(_[?T’ 1/2),

=— i&"(Aw, )€ (Aw,) (17| Ty (1 = y5)v 10)

== iéﬂ(/IW] )EV(sz Vi (P, /l‘r)o_,uv(l - VS)VVf(_ﬁ‘n 1/2), (Al15)
Obtaining LL/{WI dwy = _nglwz- w
zero leptonic helicity amplitudes read

sP /
Li,=2 q*v,

T
Licw, aw,

is straightforward. The non-
1

VA _
LI/Z’[ =2mqv,

VA
LI/2,0 = -2mvcosb;,

L‘—/?/Z,O =24/¢?vsing;,

L‘l//AZ,i =F \/Emrv sinf;,

LYT‘/zi = \J2¢2v(=1Fcosb,),
Llos=%tL]p,, = \J2¢2vsind;,

T T /
Lipo=Lip._=-2 q*vcosby,

LTy hos = £LT, )5 o = V2mev(£] +cosby),

LT o =LY = 2mevsing,, (A16)

A.4 Hadronic helicity amplitudes

The hadronic helicity amplitudes M — N are defined as

1) The selection C = iy?y" is also permissible, but the v(3, s) will have an additional negative sign.
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Hy o = (NQW)IEb M),

AN =
HY = (NAW)IEysb M),
HXM Aty = GAwW) (NAWIEYDIM (),
HY oy = 6w (NANIEysbIM(A).
Ry = i€ )6 () (VI E LM ().
iy, = 1€ w6 ) NN ETysb M), (A7)

Appendix B: Form factors

The hadronic matrix elements for the p — p transition can be
parameterized in terms of form factors F,or [110, 111]. In the
BGL parametrization, the form factors F.o can be written as ex-
pressions of ¢} and a9 [13],

0

22w, N,

1
F TP Qb N)
+(2) Pi(2)p+(z,N) HZ::Oan

_; S 0_n
F °(Z>_Po(z)¢0(z,N)nZ:Oa"Z (0N, @1

where r=mp/mg, N=1+1/2QVr, w=mi+mb—q*)/Q2mgmp),
Zw,N) = (VI+w—= V2ZN)/(VT+w+ V2N), and F.(0)=Fy©0). The
values of the fit parameters are taken from Ref. [13]. Expressions
of the tensor form factor Fr can be found in Ref. [110].

For B — p~ transition, the relevant form factors {V,A¢ 2} can be
written in terms of the form factors {hv.hay,4) in the heavy quark
effective theory (HQET) [110],

Vigh =5 e hhv(w)
1
2 mpmp.
mi-q
2 \/’W my

[hA3 (w)+ 22 hAz w1

mom_ +q* f

m+mq
ha,
2mp

Ao(dD) =

[ —¢’ L hay o) - 1, () — (w)],

AlgH) = ha, (W),

2y M+
Aa(q )—2 g
(B2)

where my =mp+mp- and w= (m% +m%)* —¢®)/2mpmp+. In the CLN
parametrization, the HQET form factors can be expressed as [89]

hy (w) hay (W)~ Ry(w)—Rs(w)

=Ri(w), = ,
ha, (W) ha, (W) 2rpr

Appendix C: Observables in b — crv decays
C.1 B- Drv and B, — n.7v decays

Because similar expressions hold for the B — Drv and B, — 5.7v
decays, we only provide the theoretical formulae of the former. Us-
ing the form factors in Appendix B, the non-zero helicity amp-
litudes for the B — Drv decay in Eq. (A18) can be written as

HXA<q2>:<1+gL+gR>,/Q;Q Fuld).

and
sP
iy a = 85 Hayay +8PHJ 1y
VA A
HAMAN Aw — (1+gL+gR)H/2N/IW_(1+gL_gR)H/lM,AN,AW’
HyW o =grH) ! —grHY (A18)
AN Awy Aw, AN ﬁw Aw, AN-Aw, Aw,
T.4ig =g is easily obtained. The amplitudes
ANAW, AW, AN-AW, Aw,
T1du and HT>W™ are connected by the relation
AN, Aw, ANy Aw,

Tuvys = —(i/2)e" P .5, where 0123 = —1.

has %) _ Ra(w)+ Ra(w)
i, () 2

(B3)

with r = mp+ /mg. Numerically we obtain,
ha, (W) =ha, (D[1 = 8p2.z+ (5303, — 15)2% — (231p%. —91)Z%],
Ri(w) =R (1)=0.12(w— 1)+ 0.05(w — 1)2,
Ro(w) =Ry (1) +0.11(w = 1) = 0.06(w — 1)?,
R3(w) =1.22-0.052(w — 1)+ 0.026(w — 1)2, (B4)

with z = (Vw+1- V2)/(Vw+1+ V2). The fit parameters R;(1), Rx(1),
ha, (1) and p2, are taken from Ref. [14]. Expressions of the tensor
form factors 7,3 can be found in Ref. [110].

The A, — A, hadronic matrix elements can be written in terms
of ten helicity form factors {F0,+,L,G0,+’L,h+,hﬁ+4} [75, 76]. Fol-
lowing Ref. [75], the lattice calculations are fitted to two (Bour-
rely-Caprini-Lellouch) BCL z-parametrizations. In the so called
"nominal" fit, a form factor f reduces to the form

fg = —————laf +al S, (®5)

1=g2/(n)

while a form factor f'in the higher-order fit is given by

f | 2
{ % no * %1 HO 7@

i (qz)—i
" 1—g*/(m ])2

+a) o [zf<q s (B6)

where = (ma, —ma, )%, 1] = (mgnle)2,andzf(q2) = (w/t{ - —to)/
(Wh{ -q*+ ‘/z{ - to).The values of the fit parameters and all the pole

masses are taken from Ref. [76].

In addition, the form factors for B, — J/ytv, and B. — n.tv; de-
cays are taken form the results in the Covariant Light-Front Ap-
proach in Ref. [18].

22
—m
L Fog®),

B
7

2
—m

D Fog®),
e

m
H(@») =(1+gL+gr)

2
m
H5P(gH) = gs

HT ,(qP) = (@) = g 222 pr(?). 1
mB+m

Subsequently, the differential decay width in Eq. (11) and an-
gular observables in Eq. (16) and (17) are obtained
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3 m2 2m2
ar _Np mz e\ VAR 4 ( ;)lH(\)/A|2+3|HSP|2+16( ";r)
dg2 21 ¢ q q
24
x |HI + mTZ RIHSPHYA ]+ Z2 RIH], HVA*]] (C2)
7 V7
dArp 3Np me me
_ %[(4HT* VA*)(HSP+ )] (C3)
2 1,0 5
da @ 7

| @[3m |2(

VA2 SP2
a drjag 2 )'H e

6m
)l 0|2 2t R HSPHYA
r

RIHLHY 1| (4

+16(

_ 8my

\/(72

with

G2|V¢b|2q2\/QT( ﬁ)z

Cs
19273 m, q> ©3)

D=

C.2 B- D*rv and B, — J/y7v decays

Because similar expressions hold for the B— D*rv and
B. — J/ytv decays, only theoretical formulae of the former are
provided in this subsection. Using the form factors in Appendix B,
the non-zero helicity amplitudes for the B— D*rv decay in Eq.

(A18) can be written as

V0.0

HgP(qz) = —gpmz‘\o(qz),
HYAGD) = (1 g grom, A = (1 g1+ g0 2 Vi),
HAG) = ~(1 + 81— 8 Y22 A0,
o N
va, o _ (L+gL—gr)[ B Q+Q
Hyo(q") = 721?1[)* N [ M (mem_ — gHAG) + == A (g )]

H () =+HT , () = 2| O 0-Ti (D) - mem_Ta(g >]

Nl
HL o =H!_.(q )‘T[ (3 +3m3, —gHTa(g)

L 20

mm

=T

(Co)
with m. = mg +mp-. Then, the differential decay width in Eq. (11)
and the angular observables in Eq. (16) and (17) are obtained, re-
spectively, as

ar
dq?

3m: m?
:ND»[zq P (1 32 JOHEAP P + )

2
T

3 2m
+SIHY P +8(1+ = " JAHG o +1HT P +1HE )

3m o 12m N .
= R[HY P HY 1+ ——= (RIH], o Hyo" —HY . H%
\ Fq V7
~HI_HYA), )

dArs _3Npr 2mT

SCR[Hy o Hy 1= |HYAP + | HL P+ 8RH "H 7o)

dq? 4
16m 3 *
+ —C(HL, = 1H )+ \/l‘)%[HgPHgfg]
¢
8mT(R T VA= T VAx _ 4T VA%
N [HS, oHot +H _ HYA —H, HIY],
q
(C8)
arY 1 Np- 3m m2
£ - 2+ — |IHy§ P +31Hy P 1P
dg? dr/dg? 2 | ¢ q '
2
m
+16( )|Hg,0|2 T A
2
V7
24m R
WT R[Hq,oHoo 1} (C9)
¢

Py 1 ND*[
dg> dI'/dg> 2

2
ol P+ ((7 2)(HYAR +|Hyo P+ HYA)
6m,

+31H PP+ == RIHG "Hy 1+ 16(
7

2
CENHL

8m
7

T VAx T VA
+HL L HL - Hy o Hy ]]’

T 2 2
+|HZ _ | +|H D+

R[HT_ HA

(C10)
dP?* 1 Np+ m2
_ 2+ T\ IgVAR Z | HYA 2
T A [ + 3 JIHYAP ~HYAP)
TP =IHT_ P
24m " «
CRIHT YA - L HYA €11
e
with
Vesl* @+ 22
o = GilVerl® ¢ V0.0 LN (- Ty (C12)

19273 m, 7

C.3 Ap—> A v decay

Using the transition form factors in Appendix B, the helicity
amplitudes for the A, — A, decay in Eq. (A18) can be written as

VO: -
H3{) 10 =Fogs mh_;cm_¢GogP e,

mp+me

Vo
HZ?/Z,il/Z,I =Fo(1+gL+8&r) ;’WL?GO(I“'gL_gR)

VO-
=M,
V7
VO~ 1 %G (1 +g1 - go)
Vi Vi*
HYY ) 1 =Fi(l+g0+gr)N20-FG (1 +g1—gr) 20+,

T+1/2 _ 7yT.%1/2 — =

Hi1+/2,l,() H+172 +_gT[h+ Q‘ih"VQ*]’

#1205 = 8T \/\/q;[hﬂm VO-Fhym- \/@]

with my = ma, +ma,.. Thus, the differential decay width in Eq. (11)

HiV]A/Z,i]/ZO =F(1+gL+8r)—=

gll2 o Tl

F1/2,6F (CB)

can be written as
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ar _ va, M va 3 sp 2m3y
d—qz—N,\(,lAl tagM A +8(1+ 7 )AL
3m _ -
+ I (AVAST g q VA T)], (C14)
Vi
with
_ GilVal V0L 0- . miy
Ae = ( - 2) ’

38473 mib p
A :lHYf‘/z"/z’“'lz + Z |HX?,0|2 + |H¥/é,—1/2,_|2,
A;/A :A‘I/A + 32 |HX?,;|2.

A3 =) LT,
AL = YU P HE Pl P

AV = YR H)

AT = N R

VAx T,1/2
+%[HI/Z,—I/Z,—H—I/z,t,—]’ (C15)

where Y, depicts the summation over s=+1/2. For the forward-
backward asymmetry in Eq. (16), we obtain

For the A, longitudinal polarization fraction in Eq. (17), we ob-

tain
dPh  No 1 2
Lo A 7[2C{/A+&C¥A+3C§P
dg? dI'/dg? 2 q*
2 2
+16(1+ H;T)CZ+6%(C¥A‘SP+4CXA"T), (C18)
q q
where

CY =IH 1ol = 1Y 1o +1H 10 kP = 1HY Ly P
Cyt=cyt - 3|HY14/2,—1/2J|2 + 3|Hm,|/2,1|23
CgP :|H|S/1;,1/2|2 - |H§|P/2$-|/2|27
CF = QL2+ 1H 2P L P
CYATSP =3 2sRIHSP HYA, ),
Gl = Z 23%[HsT,}f6HKﬁ8] + 9{[Hle;LEFI—V?/*z,1/2,+]

T,1/2 VA#
- (R[H—I/Z,t,—Hl/Z,—l/Z.—]‘

(C19)

For the r-lepton longitudinal polarization fraction, we obtain

dPT  Nj, 1 2
L_ A 7[—21)}”‘ + ™ pYA 4 3pSF
dg? dr/dg? 2 q?

"’—T2(61)5VH F_gpYAT|, (C20)

Vi

+16(1 - 2:;% )0} +

where
Dy = Z Yo +1HY o P+ Y o P
DY* =DV 433 IH3 P,
Dy =" H3TP,
DY =Y HIS P PR T P
DYASP =N RIHSP HYL, ),
DA = 3 RIH] S HY A1+ R PHY S, 1 )

T2 VA«
+RIH 5, HiG ) (C21)

dAgs _ Na, élBYA + 2m2 (B;/A +SB3T)
dg? ~dr/dg? 4 7
q
where
B4 = |1‘1’fo/2,1/2,+|2 - |1"'1‘//é,—1/2,—|2’
BYA = 3 RIHY & HYA),
BY = \H{j3, 2P = IH P,
BYA-SP — Z RIHSHYA L,
BYAT = Z RIH S H o1+ RV, o HY 5
- ?{lHlv//;T-l/z,—Hfll/zz,r,—J’
BT = Y RS @
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