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Probing new physics in semileptonic A, decays
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In recent times, several hints of lepton nonuniversality have been observed in semileptonic B meson
decays, both in the charged-current (b — clp;) and neutral-current (b — s/I) transitions. Motivated by these
intriguing results, we perform a model-independent analysis of the semileptonic A, decays involving the
quark level transitions » — (u, ¢)lv,, in order to scrutinize the nature of new physics. We constrain the new
parameter space by using the measured branching ratios of the B, — t*v,, B — mrv, processes and the

existing experimental results on the R, R;,, and R. parameters. Using the constrained parameters,

we estimate the branching ratios, forward-backward asymmetries, and hadron and lepton polarization
asymmetries of the A, — (A, p)lv; processes. Moreover, we also examine whether there could be any

lepton universality violation in these decay modes.

DOI: 10.1103/PhysRevD.99.015015

I. INTRODUCTION

Though the Standard Model (SM) is considered as the
most fundamental theory describing almost all the phe-
nomena of particle physics, still it is unable to shed light on
some of the open issues, like matter-antimatter asymmetry,
dark matter, dark energy, etc., which eventually necessitates
probing the physics beyond it. In this respect, the rare
decays of B mesons involving the flavor changing neutral
current (FCNC) transitions play an important role in the
quest for new physics (NP). Even though the SM gauge
interactions are lepton flavor universal, the violation of
lepton universality has been observed in various semi-
leptonic B decays. Recently, the LHCb Collaboration has
reported a spectacular discrepancy of 1.9¢ (3.30) [1-6] and
20 [7] on the lepton nonuniversality (LNU) parameters
Ry =Br(B — DWp,)/Br(B —» D™iy) and Ry, =
Br(B, —» J/wzi,)/Br(B. — J/ylp;), respectively, from
their corresponding SM values. Analogous LNU parame-
ters are also observed in b — sll processes, i.e., Rgw =
Br(B — K®u*tu)/Br(B — K®ete™) with discrepan-
cies of 2.66 (2.2 —2.4)c [8,9]. The SM predictions, as
well as the corresponding experimental values of various
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LNU parameters, along with their deviations, are presented
in Table I.

In addition, another discrepancy in the b — ulp; tran-
sition is also noticed in the measured ratio

, T Br(BT = 177D,)
R = — 0 —
7- Br(B — n"1"1;)

’ l:ev,uv (1)

where 7 (75-) is the lifetime of the B°(B~) meson. Using
the experimental measured values of the branching ratios
of the B; — 77, and B® — z*[~; decay processes

Br(B, — v 1,)| = (1.09 £ 0.24) x 1074, (2)
Br(B® — 17 p,)|F® = (1.454£0.05) x 1074, (3)

with 7- /750 = 1.076 & 0.004 from [17], one can obtain
RL|EXPt = 0.699 + 0.156, (4)

which has also nearly lo deviation from its SM value
RLISM = 0.583 £ 0.055. It is generally argued that, com-
pared to the first two generations, the processes involving
the third generation leptons are more sensitive to NP due to
their reasonably large mass. As the LNU parameters are the
ratio of branching fractions, the uncertainties arising due to
the CKM matrix elements and hadronic form factors are
expected to be reduced, as they are canceled out in the
ratio. Hence, these deviations of various LNU parameters
hint towards the possible interplay of new physics in an
ambiguous manner.

On the other hand, around 20% of the total number of
hadrons produced at LHCb are A, baryons [18,19], and
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TABLE I. List of measured lepton nonuniversality parameters.

LNU parameters Experimental value SM prediction Deviation
Rl el 6) Gev? 0.74570059 +0.036 [8] 1.003 £ 0.0001 [10] 2.60
R+ | 2€(0.045,1.1] Gev? 0.667007 & 0.03 [9] 0.92 £0.02 [11] 220
R | 2ei.1.6) Geve 0.697 041 +0.05 [9] 1.00 +0.01 [11] 240
Rp 0.391 £0.041 £ 0.028 [6] 0.300 £ 0.008 [12] 1.90
Rp- 0.316 £0.016 £ 0.010 [6] 0.252 £ 0.003 [13,14] 3.30
Ry, 0.71 £0.17 £ 0.184 [7] 0.289 £ 0.01 [15,16] 20

hence the study of A, becomes quite interesting in these
days. The b — qlv;(q = u, ¢) quark level transitions can
be probed in both B and A, decays. Thus, as in B decays
one can also scrutinize the presence of the lepton univer-
sality violation in the corresponding semileptonic baryon
decays A, = (A, p)lp; to corroborate the results from the
B sector and, thus, to probe the structure of NP. The heavy-
heavy and heavy-light semileptonic decays of baryons can
serve as an additional source for the determination of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements V',
[17,20-22]. In the literature [23-35], the baryonic decay
modes mediated by b — (u, c)lp; quark level transitions
have been studied both in model-dependent and model-
independent approaches. The analysis of A, — A.10,
decay in the context of SM and various NP couplings
was performed in [25]. In Ref. [27], the SM hadron and
lepton polarization asymmetries were computed in the
covariant confined quark model. The precise lattice QCD
calculation of A, — (A, p) form factors and the inves-
tigation of semileptonic baryonic b — (u, ¢)I; processes
were performed in [28]. The authors of Ref. [34] inves-
tigated the impact of five possible new physics interactions,
adopting five different form factors of the A, — A .70,
decay mode. Considering various real NP couplings, the
differential decay distributions, forward-backward asym-
metries, and ratios of the branching fractions of these
baryonic decay modes were investigated in [29]. In this
work, we intend to analyze the effect of complex new
couplings on the A, — (A, p)lp; decay processes in a
model-independent way. The main goal of this work is to
check the possible existence of the lepton universality
violation in baryonic decays. The new coefficients are

|

4Gy

constrained by using the branching ratios of the B, . — 77,
B — m1i, processes and the experimental data on the R ),
Ry R. ratios. We then compute the branching ratios,
forward-backward asymmetries, and lepton and hadron
polarization asymmetries of these baryonic decay modes.
We also check the LNU parameters by using the con-
strained new couplings. The main difference between our
approach and the previous analyses in [25,32] is that we
investigate the impact of individual complex new couplings
on all the angular observables, including the lepton and
hadron polarization asymmetries. We use the updated
experimental limits on Rp.), R. ratios, including the
new R;,, parameter to constrain the allowed param-
eter space.

The outline of our paper is follows. In Sec. II, we present
the general effective Lagrangian of b — (u, ¢)lv; processes
in the presence of NP and the necessary theoretical
framework for analyzing these processes. The constraints
on a new parameter space associated with b — (u, ¢)ly,
transitions are computed from the experimental data on
Ry, Ry, Ry, Br(B,, — t0,), and Br(B — nti,) observ-
ables in Sec. III. In Sec. IV, we discuss the branching ratios
and all the physical angular observables of A, — (A, p)I7,
processes. Our findings are summarized in Sec. V.

II. THEORETICAL FRAMEWORK

The most general effective Lagrangian associated with
B, — B,1ly; decay processes, where By = A, By = A, p
mediated by the quark level transition b — ¢glv;,(q¢ = u, ¢)
is given by [36,37]

Lep =——=Vd (1 + V) ly,wr@ry*by + Vrly,wrary*br + Splrvigrby + Srlrvr@rbr + Tplro,,viGro* by}

V2
+H.c.,

(5)

where Gy denotes the Fermi constant, V,, are the CKM matrix elements, and ¢(l), x = Py gq(l) are the chiral quark
(lepton) fields with Py x = (1 F y5)/2 as the projection operators. Here V; r, Sy g, T represent the vector-, scalar-, and

tensor-type NP couplings, which are zero in the SM.

In the presence of NP, the double differential decay distribution for B, — B, [, processes with respect to ¢ and cos 8, (6,
is the angle between the directions of the parent B; baryon and the [~ in the dilepton rest frame) is given as [25,33]
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dl’ \2 m7 1 Amy

dq* q* \ / q
where

A = 2sin291(H%2’0 + HE%’O) + (1 —cos 191)2H%2.+ + (1 4 cos GI)QH%%’_,
Ay = ZCO5291(H12 + Hzg,o) + sinzé’l(H;Jr + Hi%,_) + Z(H;, + HE%J) —4cos0,(HyoHy, + H_10H_1,),

Ay = HSP2 + HSf’ZO,

'\'I\)

2 2 2 2 2

Ay = p [251n291(HT + H,Tot + H%Jﬂ +HT, L0 + 2H; H'TOt +2HT, L HT, 01) + (1 + cos 91)2(1‘1{%_0,_ + Hi_,[

+2HT‘o Hi_,,) + (1 —cos6,)*(H] 1+0 +H L +2H1+0 L ] +2(:0$29,(HT e +H'0z Hi ~ —|—HT2,0[

2

+ 2Hl HTOI +2HT, e 10t) + s1n29,(HIT2+O +HT Lt H%O’_ + HT Lt 2HT Io 1+ ,+2HT, Lo, Hf%’_’t),
AS:—cosef(HloH +H_ 10HS o) + (Hy, HSP+H 0)

cos?6, . ’ cos 6, . ’
Ag = 5 (H%,OH%,+, +H10H10[+H—%,OH_IE 4 + H_ 10H '0t> 5 (H%IH%+ —l—H] H'0t+H—%~fH—%,+—

(1 —cos,)? (1 + cos 6;)?
+ H—%,tHi%.o.) + 3 (H‘ +H1 +.0 +H; + l Ly ,) + 4 (H—%,—Hi%,o,_ + H—%,—H%’_,,)
2
sin“g,

+ (Hy +H1T ot H%*H;H + H_l’_Hfl oot H_l’_Hf L,

+2H%70H%T’+’_ +2HL,0HLT +2H_ HT Lo H2H 10H” L0.)
A; = —2cos 9,(H%S.€H%T’+’ + HSPHT .+ Hf’;OHf%’_ + HSP HT, o;) (7)
with

H Vé HXA A Hﬁ‘AC,» H,‘{A( A H‘—/ﬂAC,—ﬂw’ HfAC,/lw = _HézAc,—AM,v
Hﬂf =0 — st A=0 + H . A=0° Hf,\ Anp HEAA[_,—,lN,,v H/fl)Ac./INP = _Hf/IAC,—/lNP’
H,{ vy _H/IAC,/I’,/I’ H{Ar,a,z =0 (8)

and

GHV [ a*\JAMG, . M3, , ¢7)
- i Ma,b.c) = a® + b* + ¢ — 2(ab + be + ca). 9)

20 ’
1

Here Mp , and m, are the masses of the B () baryons and charged leptons, respectively. The helicity amplitudes in terms of
the various form factors and the NP couplings are given as [25,33]
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=(1+V,+Vg) \/\/;—_[(MB, + M) f1(4*) — *f2(q%)].

H?() =(1+V,- VR)%KMBI - Mg,)91(4%) + 4*92(q%)],

HV+ = (14+V,+ Vr)V20_[-f1(g%) + (Mp, + Mp,) f2(q%)],
H; =14V, = V)20, [-91(¢*) — (Mp, — M3,)9(q%)].

¥

H%Vt =(1+V,+Vg) (Mg, —Mg,)f1(q*) + ¢*f3(4%)].

Ve
Hi = (1+V,=Vpg) \/.Q_-[(MB, +Mp,)91(4*) - 4°93(4%)),
: v
i, = (0 + 80 2 My, = My )1 () + 25(6P)
HY, = (5= 50) e (M, M)y (47) = 554

2
H;+_0 = _TL\/;(fT\/ Q. (Mp, —Mp,) + 9r/O_(Mp, + Mp,)),
H%Tﬁ_ ==T,(fr/ 0O+ +QT\/E),

2
H%T,H =T, |:_\/:2(fT\/E(MBI + Mp,) + gT\/Q_+(M31 - Mg,)) + 2q2(f¥\/a_ 9¥@)

10,: [—frvVO- = gr/ Oy + f1A/O_(Mp, + M) — gf /O, (Mg, —Mp) + f5/0_-0, + g3/O,0_]

HT

—Lt- =Ty fT\/~ 97\/7
2
H;’O._ =T {\/;(fT\/Q_JF(MB] - Mp,) - QT\/_Q—:(MB1 + MBZ)):|7

2

2
Hi_,l =Ty |:_\/:2(fT\/E(MBI +M32) —9r Q+(MB1 _MBZ)) + 2‘12(f¥\/@+ 9¥@) )

_10, [—frVO-+ 9r/ Oy + fYVO_(Mp, +Mp) + giA/O (Mg, —Mp) + f31/0-0, — g3/ 0, O]

(10)
|
where Q. = (Mg +Myz)?—¢*> and f(_a) g(b) (i) Convexity parameter:
1 2 P2 1
(i=1,2,3,T and a, b =V, S) are the various form factors. o 1 &2 4T
After integrating out cos @, in Eq. (6), one can obtain the g- Cr(q*) = 2 2 < 2 > . (12)
dependent differential decay rate. Besides the branching dU'/dq”d(cos 0))" \dq~d cos
ratios, other interesting observables in these decay modes are (iii) Longitudinal hadron polarization asymmetry
(i) Forward-backward asymmetry parameter: parameter:
1"/12 I/Z/dq FAZ:—1/2/dq2
> 0 d’T Pi(q*) = 5 . (13)
App(q”) = / dcost)—————— r'/dg*
. dg*dcos 6,
| 2T I where dI>=*1/2 are the individual helicity-
— / dcos 6, 2—) /—. (11) dependent differential decay rates, whose detailed
0 dg°dcos ;)" dgq expressions are given in Appendix A [33].
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(iv) Longitudinal lepton polarization asymmetry param-
eter:

dl—vl,:l/2/dq2 _ dl—*/l,:—l/Z/qu

Pi(q*) = dr/dg? :

(14)

where dI2=*1/2 are the individual helicity-depen-
dent differential decay rates, whose detailed expres-
sions are given in Appendix A [33].

2
R /qmax dF( »— PMVI //qmax
Ap =
P 15 GeV? GeV?

(v) Lepton nonuniversality parameter:

R N Br(Bl - BzT_l_/T)
B, = BT(BI g BQl_l_/l) ’

l=e,u. (15)

(vi) The LHCb Collaboration has measured the ratio of
the partially integrated decay rates of Ag — pub;
over the AO — Atup; process as

= (1.00i0.04i0.08) x 1072 (16)

and put constraints on the ratio |V,;|/|V.,| = 0.083 £ 0.004 + 0.004 [20]. Similarly, we define the following
parameter, to investigate if there is any possible role of NP:

RT . /qrznax dr(Ab d pTl/.L_ //qmax
A.p —
ok 15 GeV? GeV?

III. CONSTRAINTS ON NEW COUPLINGS

After assembling the expressions for all the interesting
observables in the presence of NP, we now proceed to
constrain the new coefficients by using the experimental
bounds on the Br(B,, . — 7,), Br(B — nti,), RL, Rpy), and
R;/, parameters. In this analysis, the new Wilson coefﬁc1ents
are considered as complex. We further assume that only one
new coefficient is present at a time and accordingly compute
the allowed parameter space of these couplings.

The branching ratios of the B, — [y, processes in the
presence of NP couplings are given by [38]

_ . GEV,|? m7 \2
Br(B, — ) =——"— tp,f3,mMs, -t

87 3,
2 2
x| (1 B Sgr)
+V _V - - )
( L R) m (m;,—l—m )( L R
(18)
|
dBr(B, — Plo) G|V,
df 1920M3,

—12Re[(1 + V; + Vg)T5] 2

.

).

A
ANy = Actle) o (17)

where M B, is the mass of the B, meson. By using the
masses of all the particles; the lifetime of the B, meson;
CKM matrix elements from [17]; and decay constants
fp,=190.5+42 MeV, fp =489+ 443 MeV from
[39,40], the branching ratios of the B, . — 7' v, processes
in the SM are found to be

Br(Bj — tw)[™M = (848 £0.5) x 10, (19)

Br(Bf = tty,) ™M = (3.6 £ 0.14) x 1072, (20)
Using the current world average of the B, lifetime, the
upper limit on the branching ratio of the Bl — 7',
process is [41]

Br(Bf — t%1;) < 30%. (21)

The branching ratios of B, — Plv, (P = x, D) are given as
[42,43]

2 2 2 mi\? 2 ? 2 3m; 2
a*\[A(M3, . M}. q%) l_q— |1+ Vp + Vgl 2q2 Ho"’E?Hz

3 2m
+§|SL+SR|2H +8|TL|2<1+ 7 >H2+3Re[(1+VL+VR)(S* + Sp)]——

HsH,

\/q_

(22)

where the helicity amplitudes in terms of the form factors (F ) are expressed as
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M0, M) M3, M3

— 2 — 2
HO_ q2 F+(q )7 HI_ \/? Fo(q )’
M3 —M> MM, M}.q%)
Hy=—"—"Fy(¢*) Hr=-— : Fr(q?
S o(q>) Hr My, + M, r(q°)
(23)

Using the values of the B — z form factors from [44—47],

the obtained branching ratios of the B, — rlv; processes in

the SM are given as
Br(B - ntup,) "M =

(135+£0.10) x 1074, (24)

dBr(B, — Viy))
dq?

-7 G127|qu|2 q
Be19283 M3,
.

3m?

+2q

Br(B® - 777 7,)|SM = (9.40 +0.75) x 1075, (25)

It should be noted that the branching ratio of the muonic
channel agrees reasonably well with the experimental value
as given in Eq. (3), whereas the tau channel is within its
current experimental limit [17],

Br(B® - nt170,)[B¥P < 2.5 x 107*, (26)

The branching ratios of B, — VIy,, where V = D*, J/y,
are given as [42,43]

mZ 2 m2
003, 35 ) (1= ) L v vap) | (1428 ) 3, 18,4 13

3m?

m2
~H} ,} 2Re[(14 V) V] [(1 +2q’2) (Hyo+2Hy Hy_)+= v — H}, ,]

2m 2
|SL—SR2H2+8|TL|2<1+ )(H%++H2 +H3. ) +3Re[(1+ V= Vg)(S] — Si)]

HSHV,[ — 12Re[(1 + VL)TZ]

X—
v

+ 12Re[V T} ] —=

\/_

where Hy 1, Hy, Hy;, and Hg are the hadronic ampli-
tudes [42,43].

In this analysis, we consider the new physics contribu-
tion to the third generation lepton only and the couplings
with light leptons are assumed to be SM-like. By allowing
only one coefficient at a time, we constrain its real and
imaginary parts by comparing the theoretically predicted
values of Br(B; — 77v,) and R. with their corresponding
30 range of observed experimental results for b — urv,
transitions. We have also used the upper limit of the
branching ratio of the B® — z*7~, process. In Fig. 1,
we show the constraints on real and imaginary parts of new
coefficients V; (top left panel), Vy (top right panel), S;
(middle left panel), and S; (middle right panel) obtained
from the Br(B} — 7'v,), Br(B® - zt7r70,), and R.
observables. Since the branching ratio of the B} — 77 v,
process does not receive any contribution from the tensor
operator, the allowed region of the real and imaginary parts
of the tensor coupling (7} ) is obtained only from the upper
limit on Br(B® — z*777,) and is presented in the bottom
panel of this figure. Now imposing the extrema conditions,
the allowed range of the new couplings associated with the
b — utw, transition is presented in Table II. For the case of
the b — cti, decay processes, the constraints on the real
and imaginary parts of individual V (top left panel), V

m
(HroHyo+Hyr Hy  —Hp_Hy_)

ﬁ

(HroHyo+Hyr  Hy_—Hry, HV+)}

(27)

|

(top right panel), S; (middle left panel), and S (middle
right panel) coefficients obtained from R. and R;,,
parameters are shown in Fig. 2. Till now, there has been
no precise determination of the form factors associated
with tensorial operators for the B. — J/y I, process both
from the theoretical and experimental sides. In addition,
the leptonic B. meson decays do not receive any con-
tribution from tensor coupling. Therefore, the constraints
on T; coupling are obtained from the experimental data
on R, which is shown in the bottom panel of Fig. 2.
In Table II, we have presented the allowed values of
(Re[Vy(g)] = Im[V(g)]) and (Re[S,(z)] — Im[Sy(g)]) coef-
ficients, which are compatible with the 3¢ range of the
experimental data.

The constraints on these parameters are obtained earlier
from various B decays in Refs. [13,14,25,29,38,43,48-50].
Our analysis is similar to Refs. [25,32]. In Ref. [25], the
authors have considered the couplings to be complex and
constrained the new coefficients associated with b — c7v,
from R-) data. However, they have not included the tensor
couplings in their analysis and found that the effects
produced by the pseudoscalar coefficient are larger than
those obtained from the scalar coefficient. In Ref. [29], the
author assumed the couplings as real and computed the
allowed parameter space by comparing the Rjw), R
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"T’E 0.0
.E g
-0.5
-1.0 - . .
-1.0 -0.5 0.0 0.5 1.0
Re[Sg]

2
1_
S ol
E
-1}
-2 .
3 —2 -1 0 1
Re[V.]
1.0 :
0.5]
@ o.0f
E
-0.5}
-1.0 - - -
Z1.0 -05 0.0 0.5 1.0
Re[S,]
1.0
05}
£ 00
s o
-05
-1.0 '
21,0 -05
FIG. 1.

0.0 0.5 1.0
Re[T.]

Constraints on V (top left panel), V (top right panel), S; (middle left panel), S, (middle right panel), and T'; (bottom panel)

coefficients associated with the b — uz?, transitions, obtained from the Br(Bf — z7v,), Br(B — #72,), and R. observables. Here the
constraint on the T; coupling is obtained from Br(B — zzr,) experimental data.

parameters with their corresponding 36 experimental data.
In [50], the authors have considered the covariant confined
quark model and studied the effect of new physics in the

B — D*t7r,. They took the new coefficients as complex
and constrained them using the experimental values of R, and
R p+ within their 26 range. Recently, the decay process B, —
(J/w)zv, has been studied, in the covariant confined quark
model [49], where the parameter space is constrained by using
the experimental values of Rp, Rp+, and R, Jw within 2¢
range. The new coefficients are considered to be complex and
their best-fit values are V; = —1.05 4+ i1.15, Vp = 0.04+
i0.60,and T'; = 0.38 — 0.06. Though our analysis is similar
to these approaches, we get more severe bounds on the phases

and strengths of the couplings due to additional constraints
fromthe Br(B, — 7v,) and R, parameters forthe b — c77,
case and from the Br(B,, — 7v,) and Br(B — nzv,) observ-
ables for the b — uti, process.

IV. NUMERICAL ANALYSIS AND DISCUSSION

In this section, we present the numerical results for
semileptonic A, decay modes with third generation leptons
in the final state. The masses of all the particles and the
lifetime of A, are taken from [17]. The ¢ dependence of
the helicity form factors (f | o, G410 hp1, Ry 1) in the
lattice QCD calculation can be parametrized as [28,32]
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TABLE II. Allowed ranges of the new coefficients.

Decay processes New coefficients Minimum value Maximum value
b — utv, (Re[V], Im[V.]) (—2.489,-1.5) (0.504, 1.48)
(Re[Vg], Im[Vg]) (—0.478,—1.185) (0.645, 1.198)
(Re[S.], Im[S;]) (—0.136,-0.396) (0.672, 0.398)
(Re[Sg], Im[Sg]) (—0.6743,—0.398) (0.1265, 0.398)
(Re[T;],Im[T;]) (—0.473,-0.773) (1.07, 0.773)
b — crr, (Re[V], Im[V,]) (—2.224,-1.228) (0.225, 1.225)
(Re[Vg], Im[Vg]) (—0.129, -0.906) (0.173, 0.89)
(Re[S; ], Im[S;]) (—=0.116,—0.788) (0.474, 0.8)
(Re[Sg], Im[Sg]) (—1.076,-0.809) (0.06, 0.807)
(Re[T;],Im[T;]) (—=0.0094, —0.028) (0.0467, 0.028)
2
1.0
L) 0.5]
T O g, 0.0
-1F -0.5
-2 ' - ' -1.0 ' ' '
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FIG. 2. Constraints on V; (top left panel), V (top right panel), S; (middle left panel), Sz (middle right panel), and 7'; (bottom panel)
new coefficients associated with b — czi, transitions, obtained from the Br(Bf — 7'v,), Rpw, and R 7w observables. Here the

constraint on the 7, coupling is obtained from R experimental data.
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1

—————— e} +ajz(),
1- q2/(m£016)2

fild?) = (i=+,1,0),

(28)

where mgole is the pole mass and

) = V2 VT (29)

Vie—@+ i —15

with 1, = (Mg £ M 32)2. The values of the parameters

mgole, 05,1 associated with (axial)vector and (pseudo)scalar
form factors (f, | o, g..10) are taken from [28]. In the
lattice QCD approach, the m!

pole> a{;’l parameters linked to
tensor form factors (A, | , iz+’ 1) of the A, = A.ly; process
are computed in [32]. However, currently no lattice results
are available on the tensor form factors associated with the
A, — plp, process. Hence, we relate the tensor form
factors of the A, — ply; decay mode with its (axial)vector

form factors by using the HQET relations as [33,51,52]
(Mg, + MBz)2f+ -4*f.
(Mg, +Mp,)* - ¢*
r=9r=rr=9g=0. (30)

Sr=9r=7,1=

El

The detailed relations between the helicity form factors
(f+1.00 9+1.05 iy, hy ) with other various hadronic

form factors (f1,3, 9123, f7> 97> f¥(s), g‘T/(S)) are listed in
Appendix B [51]. Using all these input parameters, the
predicted branching ratios of the A, — (A, p)ub, proc-
esses in the SM are given by
Br(A, - p,u‘D”)|SM = (4.31 £ 0.345) x 1074,
Br(A, = A D,)SM = (4994 +£0.4) x 1072, (31)

1.4

— V. Only
1.2}

— Error

dBr/dgZ X 10*
o o o -
= & o o

o
N

o
=)

5 10 15 20
q*[GeV?]

FIG. 3.

which are in reasonable agreement with the corresponding
experimental data [17]

Br(A, — ppp,) = (4.1£1.0) x 1074,
Br(A, = A7) = (6.21]4) x 1072 (32)

The values of the forward-backward asymmetries in these
channels are found to be

(Afg) M, , = 0.316 4 0.025.
(Afg) I, = 0.19 £0.0152. (33)

In Eqgs. (31) and (33), the theoretical uncertainties are
mainly due to the uncertainties associated with the CKM
matrix elements and the form factor parameters. After
having an idea about all the required input parameters and
the allowed parameter space of new couplings, we now
proceed to discuss various new physics scenarios and
their impact on A, — (A, p)tv, decay modes in a
model-independent way.

A. Scenario A: Only V; coefficient

In this scenario, we assume that the additional new
physics contribution to the SM result is coming only from
the coupling associated with the left-handed vectorlike
quark currents, i.e., V; # 0and Vg, S; ¢, T, = 0. Since in
this case the NP operator has the same Lorentz structure
as the SM operator, the SM decay rate gets modified by
the factor |1+ V| Imposing a 3¢ constraint on the
Br(B;, — tTv,), Br(B’ - zt771,), RL, R, and Ry
observables, the allowed parameter space of V; couplings
associated with b — (u, ¢)zv, is shown in Figs. 1 and 2.
Using the minimum and maximum values of the real and
imaginary parts of the V coefficient from Table II, we
present the differential branching ratios of the A, — pr~ 70,

1.2

— V. Only

— Error

dBr/dqZ X 102

0.0

4 5 6 7 8 9 10 11
q’[GeV?]

The ¢ variation of the branching ratio of the A, — p7r~ 7, (left panel) and A, — A7"D, (right panel) processes in the

presence of only the V; new coefficient. Here the orange bands represent the new physics contribution. Blue dashed lines stand for the
SM and the theoretical uncertainties arising due to the input parameters are presented in gray.
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FIG.4. The variation of the R, (left panel) and R, (right panel) LNU parameters with respect to g* in the presence of only the V; new

coefficient.

(left panel) and A, — A,.77 0, (right panel) processes with
respect to ¢* in Fig. 3. In these figures, the blue dashed lines
represent the SM contribution, the orange bands are due to
the presence of the new V; coefficient, and the gray bands
stand for the theoretical uncertainties associated with the
input parameters like form factors, CKM matrix elements,
etc. The branching ratios of A, — (A., p)r D, deviate
significantly from their corresponding SM values due to
the NP contribution. In addition to the decay rate, other
interesting observables, which can be used to probe new
physics, are the zero crossing of the forward-backward
asymmetry and the convexity parameters. From Eq. (12),
one can notice that the convexity parameter depends only
on the V; » and T couplings. The values for the forward-
backward asymmetries of the A, — (A, p)zD, processes
in the SM are

(Afg) L, = 0.115 4 0.0092,
(Afp) ;;\1:/[_)/\[ = —0.09 £ 0.007, (34)

and the corresponding values for the convexity parameters
are

(CHM,, = —0.157 £ 0.013,
(CH)IM,, = ~0.098 + 0.008. (35)
TABLE III.

We found no deviation from the SM results for the forward-
backward asymmetry and convexity parameters due to the
presence of the V; coefficient. In Fig. 4, the left (right)
panel depicts the ¢ variation of lepton universality
violating parameters R,(R, ). We observe that the NP
contribution coming from the V; coupling has a significant
impact on the R, and R,_parameters. The variation of the
R} , parameter with g* for this case is presented in the left
panel of Fig. 7. The numerical values of the branching
ratios and the LNU parameters for both the SM and the
V-type NP scenario are given in Table III. Besides the
branching ratios, forward-backward asymmetry, and LNU
parameters of the A, — (A., p)t, processes, the NP
effects can also be observed in the hadron and lepton
polarization asymmetries. However, no deviation has been
found in the presence of V; coupling from their corre-
sponding SM results.

B. Scenario B: Only V coefficient

Here, we assume that only the new Vp coefficient is
present in addition to the SM contribution, in the effective
Lagrangian (5). To investigate the effect of NP coming
from the Vj coefficient, we first constrain the new
coefficient by imposing a 3¢ experimental bound on the
b — (u, c)tv, anomalies. Using the values from Table II,
we show the plots for the branching ratios of the

The predicted values of the branching ratios and lepton nonuniversality parameters of the A, —

(A.. p)to, processes in the SM and in the presence of only the V;  coefficients.

Values for V; coupling

Values for Vi coupling

Observables SM prediction
Br(A, = ptD;) (2.98 £0.238) x 10~
R, 0.692

Br(A, —» Aft0,) (1.76 £0.14) x 1072
Ry, 0.353

Rp., (1.693 £0.19) x 1072

(0.298 — 1.34) x 1073

(1.693 —2.533) x 1072

(2.98 — 8.17) x 10~

0.692-3.09 0.692-1.895
(1.76 —5.29) x 1072 (1.76 —3.4) x 1072
0.353-1.06 0.353-0.68

(1.693 —2.4) x 1072
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Ay, = p(A.)tb, process in the top left panel (top right
panel) of Fig. 5. In these figures, the cyan bands are due to
the additional contribution from the Vj coefficient. We
notice a significant deviation in the branching ratios from
their corresponding SM results. The predicted values of the
branching ratios for the Vj coefficient are presented in
Table III. Apart from the branching ratios, we are also
interested to see the effect of this new coefficient on various
g*-dependent observables. The g variation of the forward-
backward asymmetry and the convexity parameters for the
Ay, = pt7 v, (left) and A, — A.77 0, (right) decay proc-
esses are depicted in the middle and bottom panels of
Fig. 5, respectively. The deviation of convexity parameters
from their SM prediction is not so significant. In the
presence of the Vj coefficient, the numerical values of
the C} parameters are

(CRlye, = —0.169 — —0.147,

(C) [N La = —0.105 — —0.094. (36)
The effect of the Vi coefficient is found to be rather
significant on the forward-backward asymmetry observ-
ables of both A, — p(A.)r"D, decay modes, and the
corresponding numerical values are

(Ap)IXe,, = —0.248 — 0.115,

(Afg)[NF_ s, = =023 > —0.09. (37)
The left and right panels of Fig. 6 depict the variation of R,
and R, parameters with respect to g*. Though there are
no experimental limits on these parameters, significant

1.0 . 0.7 . :
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E sm ® sm
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0.0 : 0.0 .
5 10 15 20 4 5 6 7 8 9 10 1
q°[GeV?] q*[GeV?]
0.4 0.2 :
Vg Only . Vg Only
___________ " 0.1}
" N B e m—
0.2F _____ sm N . SM T N
s \ 0.0 -
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—0.05\ 7 0.00f ----- SMm 7
- \ & s \ Vi
& -0.10F \ & g \ y
= \ P = 005} \ Y
& 015\ V 4 S \ &
\ P \, %
—020f v —010f N 7
\ N ’,¢' \\ 5
0.25 ) N -~ ™ =
— V. s~~ ———— ~\~~ "‘—’
080l . -015F  SimmeeeemmT )
’ 5 10 15 20 4 5 6 7 8 9 10 1
q*[GeV?] q°[GeV?]

FIG. 5.

The top panel represents the ¢ variation of the branching ratio of A, — pt~, (left panel) and A, — Af 7™, (right panel) for

only the V new coefficient. The corresponding plots of forward-backward asymmetry and the convexity parameters are shown in the
middle and bottom panels, respectively. Here cyan bands are due to the additional new physics contribution coming from only the V

coefficient.
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FIG. 6. The variation of the R, (left panel) and R, (right panel) LNU parameters with respect to g* in the presence of only the V new

coefficient.

deviation from their SM values is noticed in the scenario
with only the Vi coupling. The right panel of Fig. 7
represents the ¢® variation of the R} , parameter. The
corresponding numerical values are listed in Table III.
Though the presence of the V; coefficient has no effect
on the lepton and hadron polarization asymmetries of b —
(u, ¢)z, decay modes, the V coefficient has a significant
impact on these parameters. In the top panel of Fig. 8, the
distribution of the longitudinal polarization components of
the daughter baryon p (left panel) and A, (right panel) are
shown both in the SM and in the presence of only the Vp
coefficient, and the corresponding plots for the charged =
lepton are presented in the bottom panel. The integrated
values of the hadron longitudinal polarization asymmetry
parameters in the full physical phase space are

Ac
(PHIRV,, = -0.897,  (PP)M,, =-0797, (38)
0.020

0.000

q? [Gev?]

(PPY[VEOMY — _0.897 — 0.276,

Ap—p
(PP 08y = —0.797 — —0.068, (39)

and the corresponding numerical values for the charged
lepton 7 are

(PL) /S\lz\:[—w = —0.514, (P7) 1S\I:,A—>AC = —0.207, (40)
(P3|, = —0.577 — —0.433,
(P3)I\", = =025 — —0.146. (41)

C. Scenario C: Only S; coefficient

Here, we explore the impact of only the S; coefficient
on the angular observables of heavy-heavy and heavy-
light semileptonic decays of A, baryons. In Sec. III, we
discussed the constraints on the S; coupling. In the top

0.015 Vg Only
----- SM
H

~ 0.010 i
k> /
"3 /
« /

0.005| o

0.000

FIG. 7. The variation of the R} , parameter with respect to g2 in the presence of only the V, (left panel) and V (right panel) new

coefficients.
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FIG. 8. The plots in the left panel represent the longitudinal polarizations of the daughter light baryon p (left top panel) and the

charged 7 lepton (left bottom) with respect to g> for only the V coefficient. The corresponding plots for the A, — A.7~7, mode are
shown in the right panel.
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FIG.9. The top panel represents the g2 variation of the branching ratios of the A, — pz~D, (left panel) and A, — Af 7D, (right panel)
decay modes in the presence of only the S; new coefficient. The corresponding plots for forward-backward asymmetries are shown in
the bottom panel. Here red bands are due to the additional new physics contribution coming from only the S; coefficient.
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FIG. 10. The variation of R, (left panel) and R, (right panel) with respect to g* in the presence of only the S, coefficient.

panel of Fig. 9, we present the plots for the differential
branching ratios of the A, — pzi, (left) and A, — A 70,
(right) decay processes with respect to g in the presence of
the S; coefficient. The corresponding plots for the forward-
backward asymmetry are shown in the bottom panel. In
these figures, the red bands stand for the NP contribution
from the S, coefficient. The additional contributions provide

q°[GeV?]

1.0

0.5}

-0.5¢

-1.0

5 10 15 20
q°[GeV?]

FIG. 11.

a deviation in the branching ratios and forward-backward
asymmetries from their SM values. The ¢ variation of the
R, (left panel) and R, (right panel) LNU parameters in the
presence of S; coupling is given in Fig. 10. In the presence
of only the S; coupling, the longitudinal polarization
components of the p (top left panel) and A, (top right
panel) daughter baryons with respect to ¢ are presented in

P ()

q%[GeV?]

The plots in the left panel represent the longitudinal polarizations of the daughter light baryon p (left top panel) and the

charged 7 lepton (left bottom) with respect to ¢> for only the S, coefficient. The corresponding plots for the A, = A,7~7, mode are

shown in the right panel.
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TABLE IV. The predicted values of branching ratios, forward-backward asymmetries, longitudinal hadron and lepton polarization
asymmetries, and lepton nonuniversality parameters of the A, — (A, p)zD, processes in the SM and in the presence of only the S;

and T; new coefficients.

Values for Sy coupling Values for T; coupling

Observables Values for S; coupling
Br(A, - ptD;) (2.98 —5.25) x 107
Afy —-0.019 - 0.139
Py —0.896 — —0.73
P} —0.515 - 0.123
R, 0.692-1.266
Br(A, = Al77D,) (1.76 = 2.7) x 1072
Al —0.121 - —0.06
P -0.796 - —0.725
P} —-0.207 - 0.178
Ry, 0.353-0.539

Ry p (1.693 — 1.95) x 1072

(2.98 —3.48) x 107* (0.298 — 6.68) x 1073

0.086 — 0.177 —0.172 = —0.125
~0.896 — —0.6 ~0.896 — 0.337
—0.515 — —0.31 ~0.515 — 0.037
0.692-0.81 0.692-8.8
(1.76 —2.2) x 1072 (1553 — 1.82) x 102
—0.786 — —0.005 ~0.034 — —0.09
—0.796 — —0.4 ~0.79 = —0.812
—0.207 — —0.0021 -0.207
0.353-0.44 031 = 0.364
(1.582 — 1.693) x 102 0.0192-0.367

the top panel of Fig. 11 and the bottom panel depicts the
longitudinal lepton polarization asymmetry parameters for
the A, — p(A.)tD, processes. The lepton polarization
asymmetry parameters provide a profound deviation from

0.4 T
— Sg Only
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the SM in comparison to their longitudinal hadron polari-
zation parameters. The top left panel of Fig. 18 shows the
variation of the R} , parameter with g*. In Table 1V, we
report the numerical values of all these parameters.
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— Sg Only
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FIG. 12. The top panel represents the ¢ variation of the branching ratios of the A, — p7r~7, (left panel) and A, — A} 7", (right
panel) decay processes in the presence of only the Sy coefficient. The corresponding plots for the forward-backward asymmetries are
shown in the bottom panel. Here green bands stand for the additional new physics contribution coming from only the Sy coefficient.
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FIG. 13.  The variation of R, (left panel) and R,  (right panel) with respect to ¢* in the presence of only the Sy coefficient.

D. Scenario D: Only S; coefficient

In this subsection, we perform an analysis for the semi-
leptonic decay modes of A, baryons with the additional Sg
coupling. Using the allowed ranges of the real and imaginary
part of Sg coupling from Table II, the branching ratios of the
A, — pro, (left) and A, - A 7D, (right) decay processes
with respect to ¢* are presented in Fig. 12. The bottom panel
of this figure represents the g> variation of the forward-

0.0

q%[GeV?]

5 10 15 20
q°[GeV?]

backward asymmetry for A, — pzo, (left) and A, - A 70,
(right). In these figures, the green bands are due to the
additional new contribution of the Sy coefficient to the SM.
We observe a profound deviation in the branching ratios and
forward-backward asymmetries of these decay modes from
their SM values. The left (right) panel of Fig. 13 shows the
effect of S; coupling on the ¢ variation of the R » (Ry)
parameter. The longitudinal polarization components of the

q%[GeV?]

FIG. 14. The plots in the left panel represent the longitudinal polarizations of the daughter light baryon p (left top panel) and the
charged 7 lepton (left bottom) with respect to ¢ for only the Sy coefficient. The corresponding plots for the A, — A, 7~ D, mode are

shown in the right panel.
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The top panel represents the ¢> variation of the branching ratio of A, — pz~7, (left panel) and A, = AZ 7”7, (right panel) for

only the T'; new coefficient. The corresponding plots of forward-backward asymmetry and the convexity parameters are shown in the
middle and bottom panels, respectively. Here magenta bands are due to the additional new physics contribution coming from only the 7',

coefficient.

p (top left panel) and A, (top right panel) daughter baryons
with respect to ¢> in the presence of the contribution from
only the Sy coefficient are presented in the top panels of
Fig. 14, and the bottom panels depict the longitudinal lepton
polarization asymmetry parameters for the A, — p(A.)70,
processes. We notice significant deviation of the hadron and
lepton polarization asymmetries from their corresponding
SM values due to the additional contribution from the Sp
coupling. The plot for the R}, , parameter with g* in the

presence of only the Sy coefficient is presented in the right

panel of Fig. 18. The numerical values of all these
parameters are presented in Table IV. Since the convexity
parameters are independent of scalar-type couplings, the
Sy r coefficients play no role for this parameter.

E. Scenario E: Only T; coefficient

The sensitivity of tensor coupling on various physical
observables associated with semileptonic baryonic
b — (c,u)tp, decay processes will be investigated in this
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FIG. 16. The variation of R, (left panel) and R, (right panel) with respect to g* in the presence of only the T, coefficient.

subsection. The allowed region of real and imaginary parts
of the tensor coupling is presented in Sec. III. Using all the
input parameters and the constrained new tensor coeffi-
cient, we show the g variation of the branching ratio (left
top panel), forward-backward asymmetry (left middle
panel), and convexity parameter (left bottom panel) of
the A, — prv, decay mode in the left panel of Fig. 15. The
right panel of this figure represents the corresponding plots

5 10 15 20
q*[GeV?]
1.0 :
— T.Only
o5t = SM

5 10 15 20
q*[GeV?]

for the A, — A.tv, process. Here the magenta bands
represent the additional contribution coming from the
new T, coefficient. For the A, — pti, process, as the
bound on 7; is weak, the branching ratio, forward-
backward asymmetry, and convexity parameter deviate
significantly from their SM predications compared to the
observables for the A, — Az, process. For the A, —
A, tU, process, the deviations are quite minimal as the

0.0

P (G

q*[GeV?]

FIG. 17. The plots in the left panel represent the longitudinal polarizations of the daughter light baryon p (left top panel) and the
charged 7 lepton (left bottom) with respect to g> for only the T, coefficient. The corresponding plots for the A, = A.7~7, mode are

shown in the right panel.
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FIG. 18. The variation of the R} , parameter with respect to ¢ in the presence of only the S; (top left panel), Sk (top right panel), and

T; (bottom panel) coefficients.

coefficient 7 is severely constrained. In the presence of
the 7' coefficient, the numerical values of the convexity
parameters are

(CoR, = —0.017 — —0.027,
(C)IN-_p, = —0.121 — ~0.098. (42)

The plots for the lepton nonuniversality parameter R, (left
panel) and R, (right panel) are shown in Fig. 16. The top
panel of Fig. 17 represents the hadron polarization asym-
metry parameters of the A, — pzo, (left panel) and A, —
A 7v, (right panel) process and the corresponding plots for
the lepton polarization asymmetries are given in the bottom
panel of this figure. We observe that the LNU parameter,
longitudinal hadron, and lepton polarization asymmetries
of the A, — pzv, process have a large deviation from their
SM values due to the presence of tensor coupling, whereas
negligible deviations (R, has some deviation from its SM
result) are noticed for the observables of the A, — A 70,
decay mode. The g? variation of the R} , parameter is
depicted in the bottom panel of Fig. 18. Table IV shows the
integrated values of all these angular observables.

V. CONCLUSION

In this work, we have performed a model-independent
analysis of baryonic A, — (A., p)IU; decay processes by
considering the generalized effective Lagrangian in the
presence of new physics. We considered the new couplings
to be complex in our analysis. In order to constrain the new
couplings, we have assumed that only one coefficient is
present at a time and we have constrained the new
coefficients by comparing the theoretical predictions of
the Br(B,. - t'v,), Br(B — n1i,), R, Ry, and R,
observables with their measured experimental data. Using
the allowed parameter space, we estimated the branching
ratios, forward-backward asymmetries, and convexity
parameters of the A, — (A, p)lb, decay processes. We
also investigated the longitudinal polarization components
of the daughter baryon (p, A.) and the final state charged
lepton, z. The convexity parameters only depend on the
(axial)vector- and tensor-type couplings and are independent
of the S; g, T, coefficients. Inspired by the observation of
lepton nonuniversality parameters in various B meson
decays, we have also scrutinized the lepton universality
violating parameters (R, Ry , R} ,) in the baryonic decay
modes. We found significant deviation in the branching
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ratios and the R,, R, , and R, , parameters from their
corresponding Standard Model values, in the presence of
additional new vectorlike coupling (V; coefficient).
However, such coupling does not affect the convexity
parameter, forward-backward asymmetries, or lepton and
hadron polarization asymmetries. We further noticed a
profound deviation in the branching ratios and all other
angular observables of the semileptonic baryonic b —
(u, ¢)z; decay processes due to the additional contribution
of Vi coupling to the SM. The branching ratios, forward-
backward asymmetries, longitudinal hadron and lepton
polarization asymmetry parameters, and the LNU observ-
ables deviate significantly from their corresponding Standard
Model results in the presence of S, z coefficients. These
coefficients do not have a significant effect on the R, ,
parameter. We have also computed the branching ratio,
forward-backward asymmetry, convexity parameter, hadron
and lepton polarization asymmetries, and LNU parameter of
the A, — p(A,)70, decay process by using the additional
contribution from new tensor (7;) coupling. All of the
angular observables of the A, — pri, process receive
significant deviations from their SM values, compared to
the corresponding parameters of the A, — A.7v, decay
mode. To conclude, we have explored the effect of individual

|

dl—%zzl/Z m% 4 5 5 5 2 °
o [g (H, +Hi,+3H}) + 3 (Hy, _+

HT

1
5.0,

8 2 1 2 2 2
2 2 SP T T T
5 (HYy + HY )+ 4HSY + S (HT, _+ HI, +H

complex Vg, Sp g, and T, couplings on the angular
observables of baryonic decays of A, baryons. We found
a profound deviation from the Standard Model results due to
the presence of these new couplings. We noticed that the V
and §; couplings significantly affect all the observables and
the tensor coupling plays a vital role in the case of the A, —
ptv, decay mode. Though there is no experimental meas-
urement on these baryonic b — (u, ¢)ro, decay processes,
the study of these modes is found to be very crucial in order
to shed light on the nature of new physics.
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APPENDIX A: HELICITY-DEPENDENT
DIFFERENTIAL DECAY RATES

The expressions for the helicity-dependent differential
decay rates required to analyze the longitudinal hadron and
lepton polarization asymmetries are given by [33]

+H" +HT

T T
140 L+t + 2H5,+,—H

]
2.0,

T T
+ 2H%,+.OH%,+,1>

T? T T T T
+ H%. et ZH%’ +,—H%,().z +2H! H! )

3 3 %,+.0 §.+.0 7,+.l
4ml
+ S ((HyoH] .+ HyoH], -+ H ] o Hy H )+ 2(H HED)
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8 2
T T T T 2 2 SP
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+3 [H%’ Lt H%m + H%’ Lot H%’H + H_%’ Lt H_%,OJ + H_%,O._ + H_%,_J
T T T T T T T T
+ 2(H%.+.—H%.0,t + H%,+,OH%,+.I + H—%,+,—H—%,O.t + H—%,O,—H—%.—.IH
4m1
+ [6(H%JH%S€ + H_%,,Hfgo) + (H%‘OH;%_ + H%,OH%T’OJ

W

T T T T T T
+Hy Hl_ +H H +HH, +H M +H o H o+ H HY )
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dr+=-vz g 2m? 2 2 2 2
_ 2 2 2 2 L yT T T T
dg*> 3 (H%,Jr + H%,o + H—%.— + H—%.o) + 3¢ [H%,+,— T H%,o,z + H%.+,o + H%,+,t
T? T2 T? 72 T T T T
+H, A HL, +HL, +HL,  +2(H H, +H GH
8m
T T T T ! T T T T
FHL H g L HL ) NZe (HyoH, , +HyoHl, +H H  +H H
+ H_%’OH% Lt H_%’OH%OJ + H_%’_Hf%’ow_ + H_%,_Hf%’_,t). (A1)
APPENDIX B: FORM FACTOR RELATIONS
The relations between various form factors are given as [51,52]
7 2
— B ———— s = _—— ) — - M M )
fo f1+MBl_MBZf3 f+=nh i +M32f2 fi=rfi—(Mp + Mpg,)f>
e 2
g _— s = + —_— N = + M - M N
Jo = G My, + My, 93 9+ =91 My, — M, [%5] gL =g+ ( B, 32)92
Mp + Mg 1
h, = _ 1 2 T’ h T’
+ 2 2 A 1=/ Mp, + M5, 1
~ MB MB ~ 1
h :gT+ 2gT’ h :gT+ gT’ Bl
+ 2 7 1 1 2 My, — My, 1 (B1)
with
e
f=fr=fiah =Y+ My~ My, =T
B, B,
2
T_ o _ S0 T — (o + S(M M 2 T _ 4q T B2
% =9r—9rq>. g1 = (97 + (M, +M3))q", g My -y, 93 (B2)
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