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Abstract: Experimental data on R(D™), R(K®) , and R(J/ V), provided by different collaborations, show sizable
deviations from the standard model predictions. To describe these anomalies, many new physics scenarios have been
proposed. One of them is the leptoquark model, which introduces the simultaneous coupling of vector and scalar
leptoquarks to quarks and leptons. To look for similar possible anomalies in the baryonic sector, we investigate the
effects of a vector leptoquark U3(3,3, %) on various physical quantities related to the tree-level A, — A € v, decays
(¢ = p, 7), which proceed via b — ¢ £ v, transitions at the quark level. We calculate the differential branching ratio,
forward-backward asymmetry, and longitudinal polarizations of leptons and A, baryons at the u and 7 lepton chan-
nels in the leptoquark model and compare their behavior to the predictions of the SM in terms of ¢2. In the calcula-
tions, we use the form factors calculated in full QCD as the main input and account for all errors coming from the
form factors and model parameters. We observe that at the 7 channel, the R4 fit solution to data related to the
leptoquark model sweeps some regions out of the SM band; nevertheless, the fit has a considerable intersection with
the SM predictions. The Rp type solution gives roughly the same results as the SM on DBR(¢%) — ¢*. At the u chan-
nel, the leptoquark model gives results that are consistent with the SM predictions and existing experimental data on
the behavior of DBR(¢%) with respect to ¢>. Concerning the ¢ behavior of the Arp(g?) , the two types of fits for 7
and the predictions at the u channel in the leptoquark model give exactly the same results as the SM. We also invest-
igate the behavior of the parameter R(¢%) with respect to ¢> and the value of R(A.) in both the vector leptoquark and
SM models. Both fit solutions lead to results that deviate considerably from the SM predictions for R(¢%) —¢* and
R(A.). Future experimental data on R(qz)—q2 and R(A.), made available by measurements of the Ay, = ATV,
channel, will be particularly helpful. Any experimental deviations from the SM predictions in this channel would
emphasize the importance of tree-level hadronic weak transitions as good probes of new physics effects beyond the

SM.
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I. INTRODUCTION

The search for new physics (NP) effects beyond the
standard model (BSM) constitutes one of the main re-
search directions in particle physics. To date, the direct
search for NP effects and the predicted new particles have
yielded null results, and these effects have been excluded
up to a few TeV. However, recently, significant devi-
ations of the experimental data from the standard model
(SM) predictions on some parameters of the weak decays
of some hadrons have been recorded. These deviations
may be considered signs of NP effects and are on the
agenda of many experimental and theoretical groups.

Weak and semileptonic hadronic decays are thus receiv-
ing special attention. Among these decays are the
semileptonic mesonic B — D¢y, and B, — J/y(n.){v,
tree-level decays as well as the loop-level B — K¢+ ¢~
transitions. These channels provide a major opportunity
for both re-testing the SM and investigating NP effects.
In the SM, these decays occur by couplings to W*, Z ,
and y , which are assumed to be universal for all leptons.
Normally, different masses of charged leptons lead to dif-
ferent results in the branching fractions of the semilepton-
ic decays that include these leptons. Extra discrepancies
with the SM predictions on the parameters of these de-
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cays suggest the lepton flavor universality violation
(LFUYV), which may be considered evidence for the pres-
ence of new particles BSM. In particular, because of the
larger mass of 7 , the T channel is highly sensitive to the
contributions of hypothetical new particles, such as the
charged Higgs boson, that appear in the leptoquark (LQ)
model and other NP models.

Over the past two decades, the experimental measure-
ments of different parameters related to the aforemen-
tioned decay channels have greatly improved at the B
factories. The branching ratio of B — D¢y, decay,
which is highly sensitive to NP scenarios, is considered
one of the major sources of the LFUV. The parameters
R(D) and R(D™) defined as

B(B — DY1v,)

R(DW) = ,
) B(B — DWe(t)Ve(u)

(M

with average values measured by BaBar, Belle, and LH-
Cb Collaborations [1]:

R(D) =0.340+0.027 +£0.013, 2
and

R(D*)=0.295+0.011+0.008, 3)

indicate deviations of 1.40- and 2.50° , respectively, from
the related SM predictions. Another source is

BR(B — K®Wutu™)

Ri = BRBS KOere) @
The LHCD collaboration measured
Rg = 0.745* 090 (stat) £ 0.036(syst) )
in the interval ¢?¢[1,6] GeV" [2],
Ri- = 0.66" )} (stat) £ 0.03(syst) (6)
in the region ¢?€[0.045,1.1] GeV", and
Rg- = 0.69" (4 (stat) £ 0.05(syst) (7

for ¢?€[1.1,6] GeV’ [3], indicating deviations from the
SM expectations of (2.2—-2.6)c [4, 5]. Recent LHCb data
on R(J/y) for the decay of B, — J/ytv, [6],

R(J/w) = 0.71 £0.17(stat) + 0.18(syst), ®)

exhibits serious deviations from the SM predictions [6-
12]. A recent, more precise SM prediction made in [13],

R(J/¥)=0.25+£0.01, supports the existing tension
between the SM theoretical prediction and the experi-
mental data. In this study, the authors also calculated
R(n.) in B, — J/n.tv, , which may be the subject of dif-
ferent experiments in the near future. Any deviations of
the measured results from the SM predictions will further
suggest the importance of tree-level charged weak de-
cays as possible probes of NP effects (for further related
studies see [14-22]).

Experiments have mainly focused on the tree-level
mesonic transitions based on b — ¢ £ v,, while similar dis-
crepancies may be detected at tree-level baryonic trans-
itions that proceed via b—c{¢v,. The semileptonic
Ap = ALV, channel is an important channel that is ex-
pected to be the focus of experimental and theoretical
work. The form factors of this transition as main inputs
for the theoretical analysis of this mode in the SM and
BSM are available via various methods and approaches.
In Ref. [23], for example, the related form factors were
calculated in full QCD. Using these form factors,
B(Ap = AeTVy)
B(Ap = Aeptvy)
needs to be verified experimentally.

Many new physics models have been proposed to ex-
plain the aforementioned experiment-SM anomalies. One
of the most popular, currently researched new physics
models that can play an important role in solving these
anomalies is the LQ model [24, 25]. LQs, which natur-
ally appear in several new physics models such as the ex-
tended technicolor model [26], compositeness [27], Pati-
Salam model [28], and grand unification theories with
SU(5) [29] and SO(10) [30], are hypothetical color-triplet
bosons. LQs can carry both lepton (L) and baryon (B)
quantum numbers with electric and color charges. These
particles couple simultaneously to both leptons and
quarks and, as a result, modify the amplitudes of the
transitions to which they contribute. According to their
properties under the Lorentz transformations, they can be
divided into two main categories: spin 0 scalar
leptoquarks and spin 1 vector leptoquarks. In this study,
we consider a single vector leptoquark U;(3,3, _%) , which
can provide a simultaneous explanation of the anomalies
in the b — ¢ and b — s transitions. The numbers inside
the bracket represent the SM gauge group SU(3)x
SU2)x U(1) transformation properties: they refer to the
color, weak, and hyper-charge representations, respect-
ively. Vector leptoquarks were studied theoretically in

. 2
[31-40]. Using the vector LQ U3(3,3,§), we calculate

several observables such as the differential branching ra-
tio, the lepton forward-backward asymmetry, the longit-
udinal polarization of the leptons and the A, baryon, and
the ratio of the differential branching ratios in the 7 and
u(e) channels R(A.), for the A, — A€V, transition. Us-
ing the form factors calculated in the full theory, we nu-

R(AL) = =0.31+0.11 was obtained; it
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merically analyze the physical quantities in both the SM
and vector LQ model and compare the obtained results.
Future experimental data will help to determine whether a
discrepancy with the SM predictions exists in the chan-
nels of interest and in this case, whether the anomalies
can be described by the vector LQs. Note that in Ref.
[34], a similar analysis on the tree-level A, —» A .7V, de-
cay is performed in both scalar and vector leptoquark
scenarios using the form factors calculated from the QCD
sum rules in the HQET limit and lattice QCD with 2 + 1
dynamical flavors. Although there have been studies on
the polarization of the parent baryon A, as an observable
in Refs. [41, 42], we do not discuss it here since it was
found to be negligibly small by the LHCD setup [43].

The outline of the paper is as follows. In the next sec-
tion, we present the effective Hamiltonian responsible for
the transitions under consideration in both the standard
and LQ models. In Section III, we depict the transition
amplitude and matrix elements defining the transitions
under study. In Section IV, we calculate some physical
quantities related to the baryonic A, — A.£V, channel
and numerically analyze the obtained results. We com-
pare the LQ model predictions with those of the SM in
this section. We reserve the last section for the summary
and conclusions.

II. THE EFFECTIVE HAMILTONIAN

The hadronic transition of A,—A.fv, proceeds via
b—clv, attree-level. The low-energy effective Hamilto-
nian defining this transition in the SM can be written as

G B _
H = 7‘%‘/01,%(1 —ys)b Py (1 =ys)ve, )

where Gy is the Fermi weak coupling constant, and V,;, is
one of the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. Considering the LQ contributions of the
exchange of vector multiplet U% at tree level, the effect-
ive Hamiltonian including the SM contributions and LQ
corrections can be written as [32, 33]

GgV, _ i
Himsro =F72b[cv[m(1 —y5)vel@b)

—Callyu(1=ys)v @ ysh)|. — (10)

where Cy and Cy4 respectively represent the Wilson coef-
ficients including the SM contributions and the contribu-
tions of the operators coming from vector and pseudo-
vector type LQ interactions. At the u = My scale, Cy and
C, are written as

V285 (Vo)er

Cy=Cs=1+ .
YT 4GV My

(11)

In the 7 channel, we use two optimal solutions, called
R4 and Rp, obtained by fitting the parameters on the data
in the B — D™¢v channel [32, 44, 45]. Ref. [44], using a
general operator analysis, identifies which four-fermion
operators simultaneously fit the R(D) and R(D*) results.
According to [44], the values below yield the best fit val-
ues for the coefficients with acceptable ¢> spectra and
sznin <5; obtained from these analyses, the values for
83 (Vier are [44]

0.18+£0.04 Ry

' (Vo) —(M”)2 (12)
8o P T\ Tev ) | Z2884004 Ry

where My is chosen as My =1 TeV at the scale u= My
by considering the constraints on the vector LQ mass
provided by CMS collaboration [46, 47]. Although the fit
results of R4 and Rp are quite different, the Cy and Cy
coefficients almost have the same absolute values as Ry
and Rp are entered with different signs. It is thus difficult
to distinguish between the two results as they lead to the
same values for some physical observables. In the literat-
ure, these best fit values are used in the analysis of many
physical quantities associated with different semileptonic
channels. In [34], using the above best-fit solutions, the
effects of vector LQs on some physical quantities defin-
ing the semileptonic A, — A.7v, channel are analyzed. A
recent work [45] investigates possible NP effects on the
observables of the A, — A 7v; channel using the same fit
values. For more details on these parameters and their ef-
fects on physical quantities, see, for instance, [31-34, 44,
45] and the references therein.

In Ref. [33], by attributing the difference between the
experimental and indirect determinations of V., to the
leptoquark contribution, the following constraint in theu
channel is obtained:

8 Vedau

cb

2
)e[—o.l,—0.011x103(@) . (13)

Ve IR
| cbl C( TeV

which will be used in our analyses.

III. THE TRANSITION AMPLITUDE AND FORM
FACTORS

The amplitude of the decay A, — A {v, is obtained
by sandwiching the effective Hamiltonian between the
initial and final baryonic states:

MEAE = (A o | H g | An ). (14)

where A; and A, are the helicities of the parent and
daughter baryons, respectively. The hadronic matrix ele-
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ments of the axial and vector currents, inside the
Hamiltonian, are parameterized by six hadronic form
factors (fi23 and g123) [48, 49]:

M) = (Ao, o | V| Ap, A1)

=iy, (Pz,/lz)[wfl (@)
+icrqufz<q2>+q“f3<q2>]uA,)<p1,Al>, (15)

and
M= (A, 2 | AF | Ap, Ay)

= ﬁA(.(pZJlZ)[’)’,ugl(qz)
+io g 82(q7) + q“gz(qz)}ysu/\h(m,/h), (16)
é[yﬂ,yv] and ¢* = (p; — p2)* is the four mo-

where o, =

mentum transfer. Here, V¥ =¢y,b and A¥ =¢y,ysb rep-
resent the vector and axial vector parts of the transition
current, respectively, and ia (p2,42) and up,(p1,4;) are
the corresponding Dirac spinors for the final and initial
baryonic states, respectively. The transition matrix ele-
ments can also be parameterized in terms of the four-vec-
tor velocities v, and vy,

My =N A2 | VF | A, A1)
=i, (Pz,/lz)[)’yFl(qz)
+F2(6]2)Uy+F3(q2)U,/,}MAb(P1,/11), (17)
and
M =N Az | A* | Ap, A1)

=iip, (PZ,/12)['YMG1(‘]2)
+Gz<q2>uﬂ+G3<q2>v;,]ySuA,,<p1,Al>. (18)

As we previously mentioned, the form factors F,3
and G 3 have been calculated in full QCD and are avail-
able [23]. The following relations describe the two sets of
form factors in terms of each other (see also [23, 32,
48, 49)):

2 2
F(@? =F1(q)+(ma, +ma. )[Fz(q) . B@ ]
2’/nA 2mA(
2 Fl(q) F3(q)2
flg) = n "

2 _Fag)®  Fi(g)
Kl = S o
2 2
81(q)* =G1(g)* + (my, —mA,,)[—GZ(q) L G3@) ]
2mA,, 2mA(
»_Ga@)? Gz(q)2
gZ(q) zm/\, 2mA[ ’
2 _Gaq)® _Gs(g)
g3(q)" = " amy (19)

We introduce the helicity amplitudes in terms of the
various form factors and the NP couplings:

HyY = €"(Aw)Ac, A2 | VAV | A 1),

and

Hya, =H) , —H) ., (20)

where Ay indicates the helicity of W_, . .. The expres-
sions of the helicity amplitudes are defined as follows
[23, 32, 49, 50]:

HV V (mA,) — A, )2 - q2
1/2, 0= \/?

V(ma, +mp ) —g?
%

HY )y =200, = mp )2 = Pl=Fi () + (ma, +ma ) fo(qP)],

[(ma, +ma) f1(d) = G (D],

Hi\po= [(ma, —ma)g1(g?) + 2P,

Hiy = 200ma, +mp )2 = 1=g1(¢2) + (ma, —ma )g2(aP)],

_ Nmp, +mp ) —q?
1/2,1 - \/C?
_ mp, —mp)?—q?
1/2,2‘ - \/?

—ma) i@+ D],

[(ma,

[(ma, +ma)g1(q?) — &33P,

ey
where HY , =HY,  and H} 6 =-H" _ . We use
these hehc1ty amphtudes to calculate the desued physical
quantities in terms of the hadronic form factors.

IV. PHYSICAL OBSERVABLES

Using the helicity amplitudes in terms of the hadron-
ic transition form factors discussed in the previous sec-
tion, we introduce some physical observables, such as the
differential decay width and branching ratio, the lepton
forward-backward asymmetry, and R(A.), that define the
transition under consideration . Using the form factors
from full QCD, we discuss the behavior of these quantit-
ies with respect to ¢> and compare the SM predictions
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with those of SM+LQ to search for possible shifts.

A. The differential decay width

Making use of the amplitude and standard prescrip-
tions, the differential angular distributions for the
Ap = ALV, decay channel can be written as [23, 32, 48,
49, 51]

dL(A,—A LV GHVal P A, |( m2)2

! mp
-—| [A1+ Az,
dg*dcos®, 5127r3m%\b 2 g 2]

(22)

where

Ay =Cy[2sin*®(H7 ) o+ H2 | 5 o) + (1 —cos®))?
X H{ ) +(1+cos®)’H? ) 1],

Ay =Cy[2c08°O((Hy )y o+ H2 | o) +5in°0;
X (H%/Z,l + HEI/Z,—I) + 2(H12/2,t + Hzl/z,z)
—4cos®(Hy2,Hip0+ H-12,H-1/20)],

Pal= va

2mA
A=(m} )*+ (mif +(gH)* - Z(mf\h mf\{ + mf\qu + mih 7).
(23)

s

b

Here, O, indicates the angle between the momenta of the
lepton and the baryon A, in the ¢* rest frame.

B. The differential branching ratio

F(0)
) - 7O
R R b e SRR
A A A T,

where &, &, & and &, are fit parameters; and F(0) de-
notes the value of the related form factor at ¢*> = 0. The
numerical values of these parameters are presented in
Table 2.

The differential branching ratio as a function of ¢ is
obtained as

|

dI'(A ALY

DBR(¢?) = IMdCOS@l Tou  (25)
1 dg?dcos®;

h ..
where T'y, = —. In order to see how the predictions of
T

the vector LQA?nodel deviate from those of the SM, we
plot the differential branching ratio of the A, — A.fv,
transition at the 4 and t channels in the SM and vector
LQ models in Figs. 1 and 2. Figure 1 depicts
DBR(q?) - ¢* at the u channel including all errors coming
from the LQ model parameters, form factors, and other
input parameters. Note that the main errors result from
the uncertainties of the form factors and that the errors
coming from the LQ model parameters are very small at

Table 1. The values of input parameters used in our calcula-
tions [52]. Note that in this table we provide only the central
values of the input parameters, while in the numerical calcula-
tions, we also take into account their uncertainties.

In this subsection, we perform a numerical analysis of Input parameter Value
the differential branching ratio and discuss its depend- mA, 5.6196 GeV
ence on ¢> at the p and 7 channels. To this end, we need m, 22864 GeV
the values of the input parameters presented in Table 1 ™, L47%10-12 §
[52]. Moreover, we ne.ed the fit functions of the. form Gr 1166 105 Gev-2
factors calculated via light cone QCD sum rules in full Vol 0.0422
theory as the main inputs in the SM and BSM. As men-
tioned, these fits are available in Ref. [23]. They are giv- i 01056 GeV
en in terms of ¢° as s 1.7768 GeV
Table 2. Parameters of the fit functions for different form factors for A,—A. decay [23].
Form factor F(g*=0) & & & &4
Fi(d?) 1.220+0.293 1.03 ~4.60 28 -53
Fa(q?) ~0.256 +0.061 2.17 -8.63 51.40 -85.2
F3(¢) -0.421+0.101 2.18 -1.02 18.12 -32
Gi(g) 0.751+0.180 1.41 -3.30 21.90 —40.10
Ga(g?) -0.156+0.037 1.46 -6.50 41.20 ~74.82
G3(g?) 0.320+0.077 2.36 -2.90 28.20 -45.20
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the u channel. This figure also includes the data provided
by the LHCb Collaboration [53]. It is evident that the LQ
model and SM produce the same predictions for the dif-
ferential branching ratio at the u channel and that they in-
clude the data. The ¢*-behavior of the DBR in both mod-
els is consistent with the data: the DBR increases as the
¢* increases and then starts to decrease after reaching a
maximum.

For the DBR(q*)—¢* at T channel, Fig. 2 shows that
there are considerable deviations of the R4 type LQ mod-
el predictions from the SM band. The band of the Rp type
LQ model predictions also shows a shift from the SM
band but the violation is relatively small compared to that
for the Ry type LQ model.

In Table 3, we present the branching ratios in the u

DBR(A, » A 1 V,)x 10° (GeV2)

2 n 6 8 0
q%(GeV?)
Fig. 1. (color online) The dependence of the DBR on ¢* for
the Ay — Acuv, transition in the SM and vector LQ models
with all errors. The experimental data come from the LHCb
Collaboration, Ref. [53].

1.0 1.0
r ky
S 0.8F S 0.8F
[ [
o 9
q 5
2 06 S o6}
X X
5y ¥
04} ~ o4}
< <
1 0
< o2 < oz2f
4 [4
o ]
a a

0.0 0.0

4 5 6 7 8 9 10 1
q*(GeV?) q9%(GeV?)

1.0 1.0
T 0.8F N
3 3
o e
Q 5
S 0.6f e
X X
15 S
P X %
< <
*t *
< o2 <
4 4
] ]
[=] a

0.0

4 5 6 7 8 9 10 1
9%(GeV?) 9%(GeV?)

Fig. 2. (color online) The dependence of the DBR on ¢ for the A, — A7V, transitions in the SM and vector LQ models (separately

and together) with all errors.

Table 3. Values of the branching ratios for the A, — Acu~v, and A, — A.77 v, transitions.

Present work (%) Exp. [52] (%) Ref. [34] (%)
BRM(A}, — Acpvy) 5.8973-22 6.2+14 -
BRSM(A), > AT7Vr) 1.867079 - 177399
BRYU(A, — Acu™vy) 5.8912:22 - -
BRC(Ap = ATVy) 238708 - 2277047
BRRJ (A = A 7770 210195 - 2.24*0.17
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and 7 channels obtained in the SM and LQ scenarios. We
also present the experimental data from PDG available
for the A, — A.uv, a transitions and the predictions of
Ref. [34] in the 7 channel. We see that the SM and LQ
predictions in the x4 channel are consistent with the exper-
imental value. Note that as mentioned for the differential
branching ratio, the SM and LQ model have the same
predictions for the branching ratio in the u channel.
However, in the 7 channel, as also discussed in the case
of differential branching ratio, the predictions of both the
R4 and Rp type LQ models differ considerably from the
SM result, with the violation for the R4 type model being
larger. The values of the branching ratios from Ref. [34]
and the 7 channel were obtained using the form factors
calculated via lattice QCD with 2 + 1 dynamical flavors
in the HQET limit. For comparison, there is consistency
between our results and those of Ref. [34] for the branch-
ing ratios of the A, —» A.77v, transition in both the SM
and vector LQ scenarios witin the errors presented here.

C. The lepton forward-backward asymmetry

In this subsection, we address the lepton forward-
backward asymmetry (Agg), which is one of the import-
ant parameters sensitive to the new physics. It is defined as

dr dr
fol 2—dcos®l - fol ———dcos®,
5 dg?dcos®; -1 dg?dcos®;
App(g7) = T

dcos®,;
(26)

dcos®; +

d
f‘) dg?dcos®; -1 dg2dcos®;

We plot the dependence of the lepton forward-back-
ward asymmetry on ¢ at the x4 and 7 channels in both the
SM and vector LQ model in Figs. 3 and 4 considering all
errors encountered in the calculations. From these figures,
we conclude that the predictions of the two models are
roughly consistent for all the possible cases at all lepton
channels. In the case of u, the Apg changes its sign at
very small values of ¢, whereas this point is shifted to-
ward the average values of ¢ in the case of 7 . Future
data on the values and signs of Agg at different lepton
channels and comparison with the predictions of the
present study would provide useful knowledge about the
decay modes under study and the internal structure of the
participating baryons as well as restrict the parameters of
the models BSM.

D. The parameter R(¢%)

In this part, we present the results of the differential
branching ratios in the 7 and u channels, i. e.,

_ DBR(g*)(Ap = AcTVr)
" DBR(¢®)(Ap = Acptvy,)’

R(g%) (27)

0.6
o.4r SM m—
<
3 o2f
<
Y
<
B
< —0.2(
-0.4
2 4 6 8 10
q(GeV?)
Fig. 3. (color online) The dependence of the Apg on ¢* for

the Ay — Acuv, transition in the SM and vector LQ models
with all errors.

0.6
0.4f
02
.
<
L oo}
<
e
¥ 02
0.4
4 5 6 7 8 9 10 1
q2(GeV?)
Fig. 4. (color online) The dependence of the Apg on ¢> for

the A, — A.7v; transition in the SM and vector LQ models
with all errors.

which is one of the most important probes for searching
for new physics effects. Experiments have shown serious
deviations from the SM predictions on this parameter in
some mesonic channels, and we have witnessed serious
violations of the lepton flavor universality in mesonic
channels. The A, — A.{v, transition is an important tree-
level baryonic transition that is accessible in experiments
like the LHCD. Testing the experimental data on R(A.)
and comparing them with theoretical predictions are crit-
ical. We plot the dependence of R(¢*) on ¢*> in the SM
and vector LQ model in Fig. 5. From these plots, we see
that the results obtained using both the R4 and Rp type fit
solutions in the LQ model deviate considerably from the
SM predictions. Only at higher values of ¢*> does the Rp
type fit solution show some intersection with the SM pre-
dictions.

It is instructive to give the values for R(A.) in both
the SM and LQ scenarios. By performing the integrals
over ¢” in the allowed limits, we find

(0.314-0.339) SM

(0.410-0.421) LQ R4

(0.335-0.445) LQRj
(28)

B(Ay > ATV,)

A= BNy = A ™
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10  Rp e

SM

Fig. 5.

From the obtained results, we conclude that for both
the Ry and Rp type solutions, the LQ model predictions
deviate considerably from the SM predictions. The band
related to the Rp type LQ model shows only a very small
overlap with the SM predictions. We compare our results
for R(A.) with the predictions of Ref. [34] in Table 4. It is
clear that our results and the prediction of Ref. [34] for
R(A.) are close to each other, and the ranges overlap. Fu-
ture experimental data will indicate whether there are
LFUYV in the A, — A€V, channel.

Table 4. Results for R(A.) compared with the predictions of
Ref. [34].
Present work Ref. [34]
R(AHM 0.314-0.339 0.320-0.340
RADR (for Ry) 0.410-0.421 0.410-0.450
R(AM (for Rp) 0.335-0.445 0.400 - 0.440

E. Longitudinal polarization of A, baryon and / lepton

In this subsection, we present the A, baryon and
lepton (u and 7 or) polarizations, which are important
parameters for searching for new physics effects. These
parameters are defined as

dl—vl::l/Z/qu _ dl—vl::—l/Z/qu
dr/dg? :

Py (g = (29)

(color online) The dependence of R(¢%) on ¢* in the SM and vector LQ models (separately and together) with all errors.

and
=1/273,2 _ AT =—1/2/3,2
P(gty = I /da AT 7 /dg (30)
dr/dg? ’
where
dr=1/2 m? 4 P ) 2
dg? :?[§CV(H1/2,1+H1/2,0+3H‘/2”)]
8 2 2 2
+§CV(H1/2,0+H1/231)’
=12 mp4 o o, 2 2
CdP =?[§Cv(H71/2,—1+H*1/2’0 #3125,
8 2 2 2
+ §CV(H—1/2,—1 +H—1/2,0)’
dra=1/2 m? 5 4 > 2 2 2
S dg? :?CV[§(H1/2,1+H1/2,0+H—1/2’—1+H‘1/2’0)
) 2
+4(H1/2,z+H—1/2,t)]’
dra=-1/2 8C%, ) ) 2 2
S dg? :T(Hl/z,l+H1/2,0+H—1/2,—1+H—1/2v0)'

€3]

The dependence of the A, baryon and lepton polariza-
tions on ¢° at the u and 7 channels in the SM and vector
LQ models with all errors are presented in Figs. 6, 7, 8 ,
and 9. We observe that the LQ and SM predictions show
considerable differences in Py, —¢* in the u channel.
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However, in the T channel, the SM and both the LQ scen- have shown sizable deviations from the SM predictions.
arios have roughly the same predictions for Py —¢>. In Testing for similar possible deviations in the baryonic
the case of P,, in some regions, we see small shifts sector is crucial. Different experiments may focus on this

between the SM and LQ predictions. For P, , the R4 and ~ question in the near future. In this situation, theoretical
Ry type LQ scenarios yield almost the same predictions, and phenomenological studies can play an important role

but both deviate considerably from the SM prediction. before experimental results are available. The anomalies
between the data and SM predictions in the aforemen-

tioned mesonic channels can be removed by introducing
o4f some NP scenarios BSM. Among these models are the
vector and scalar leptoquark models. We have investig-
ated the tree-level A, —» A.lv, in the SM and vector
leptoquark models and compared their results. Our aim is
to provide results from different models that can then be
compared with future experimental data.

In particular, we calculated the (differential) branch-
ing ratios and forward-backward asymmetries at the u
and 7 lepton channels and saw no deviations of the LQ
results from the SM predictions or from the existing ex-
perimental data in the u channel. In the calculations, we
used the form factors calculated in full QCD as the main
input and accounted for the errors coming from the form
factors and model parameters. At the r channel, the res-
ults of both models on Agg also agree. This result is ex-

V. SUMMARY AND CONCLUSIONS pected since in the LQ model, the NP effects are en-
) countered via Wilson coefficients that appear in both the

Thus far, the direct search for NP effects has only numerator and denominator in the Apg formula, and their
yielded null results. There is hope that these effects can effects are canceled. However, we observed that at the 7
be hunted indirectly in some hadronic decay channels. channel, the leptoquark models, especially the R4 type fit
Recent experimental data on R(D™), R(K™) , and R(J/y) solution, sweep some regions out of the SM band on the

Pr(Ab = Ac pvy)

2 4 6 8 10
q%(GeV?)

Fig. 6. (color online) The dependence of P, on ¢> for the
Ap = Acuv, transition in the SM and vector LQ models with
all errors.

PA(Ap = Ac T V)

PAc(Ap > Ac T V)

-1.0

q’(GeV?) 9%(GeV?)

PAc(Ap = Ac T V)

Pr(Ap > N T V)

q%(Gev?) q%(Gev?)

Fig. 7. (color online) The dependence of Py, on ¢? for the A, — A.7v, transition in the SM and vector LQ models with all errors.
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— SM mmm
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-0.995F
~1.000 . . . . .
2 4 6 8 10
9%(GeV?)
Fig. 8. (color online) The dependence of P, on ¢* for the Ay, — A.uv, transition in the SM and vector LQ models with all errors.
0.2
0.0 >
[
9
s °
=02 x
< 18
1 ~
< -04 <
< J
s
-0.6 x
(=]
08 . . . . . . . .
4 5 6 78 o 10 M
*(GeV?) *(GeV?)
s s
~ ~
< <
1 1
] ]
< <
o o
08 . . . . . . . .
4 5 6 7 8 9 10 1
q*(GeV?) *(GeV?)
Fig. 9. (color online) The dependence of P, on ¢> for the A, — A.7v, transition in the SM and vector LQ models with all errors.

DBR(¢%)— ¢* graph.

We also investigated the behavior of R(¢*) with re-
spect to ¢*> and extracted the values of the parameter
R(A,) in different scenarios. We observed that the LQ
predictions for R(¢*)—¢*> and R(A.) using both the R4
and Rp type fit solutions deviate considerably from the
SM predictions.

Finally, we considered the A, baryon and lepton po-
larizations, which are also important parameters for
searching for new physics effects. We observed that the
LQ and SM predictions show considerable differences in
Pa —¢* in the p channel. However, in the 7 channel, the
SM and both the LQ scenarios yield roughly the same

predictions for Py —¢?. In the case of lepton polarization,
P,, we see small shifts in some regions between the SM
and LQ predictions. As far as the P;, the R4 and Rp type
LQ scenarios produce almost the same predictions, but
their results deviate considerably from the SM prediction.

The overall differences between the LQ and SM pre-
dictions for the parameters related to the tree-level
Ap — A Lves transition detected in the present study in-
dicate that this mode is an important baryonic b — ¢
based transition that may be considered a good probe to
search for NP effects. Future data on the physical quantit-
ies considered in the present study, which will be avail-
able after measurements of the A, — A.7 v, channel, will
be very useful in this regard.
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