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Abstract

We study the scalar leptoquark effects on the rare semileptonic decays of A, baryon, governed by the
quark level transition b — sI™I~. We estimate the branching ratios, forward—backward asymmetries,
lepton polarisation parameters and the lepton flavour non-universality effects in these decay channels.
We find significant deviations from the corresponding standard model predictions in some of the
observables due to leptoquark effects. We also investigate the lepton flavour violating decays

Ay — AL, the branching ratios of which are found to be O(10~1° — 10-9).

1. Introduction

The study of the rare B meson decays involving flavour changing neutral current (FCNC) transitions is very
crucial, as they provide sensitive probe to look for new physics (NP) beyond the standard model (SM). These
decays are highly suppressed in the SM due to Glashow-Iliopoulos—Maiani mechanism and occur only through
one-loop level penguin and box diagrams. Recently, several anomalies have been observed in the rare
semileptonic B decays mediated through the FCNC b — s transitions. The most prominent ones are the
observation of 3.7¢ deviation in the angular observable P, [1-3] of B — K*1* 1 ~ mode and the violation of
lepton universality in the B — KI*I~ decays at the level of 2.60 [4] by the LHCD experiment. In addition, LHCb
has also observed significant discrepancy in the decay rates of the B — K*ITI~ processes [5, 6]. Also the decay
rate of the B, — ¢y ~ process [7] has 3.3¢ deviation form its SM value in the low ¢ region. Furthermore, the
observed discrepancy in the ratio of branching fractions of exclusive B — K™ %]~ decay and the inclusive
decays into dimuon over dielectron in the full g* range [8] provide strong evidence of the presence of lepton non-
universality.

The anomalies observed in b — sI™]~ processes at LHCD [1, 2, 4-7] have attracted a lot of attention in recent
times. The implications of these observations have been extensively studied both in the context of various NP
models and in model independent ways [9—13]. These deviations which are at the level of (2—3)o are not
statistically significant enough to provide an unambiguous signal of NP. On the other hand they are also not
small enough to be ignored completely and need to be scrutinized meticulously as many different ways as
possible. If indeed they really evince the smoking gun signal of some kind of NP, such effects must also show up
in other decay channels involving b — s transitions, such as the corresponding A, transitions. Therefore, the
study of the rare A, decays is of utmost importance to obtain an unambiguous signal of NP. Including the
baryonic decay mode A, — A(—p7~)p "~ in the Bayesian analysis of |[AB| = |AS| = 1transitions, a fit of
the Wilson coefficients Cq 1o, C'q 10 has been performed in [14], and it has been shown that, the shift to Cy
prefers to be opposite to the one found in mesonic case. To be more specific, the shift in Cy in baryonic decay is

foundtobe Ag = Cy — CsM = 1.6707, as compared to the mesonic case where its valueis Ay = —1.0970:32
[11]. Whereas the corresponding shifts in C,y are in the same direction, i.e., Ay = 0.7793 for the baryonic case

Ajp = 0.56103; for mesonic case. As pointed out in [ 14], the observed discrepancy in the shift of Cy might arise
from our incomplete understanding of the hadronic matrix elements of the two-point correlators of O ... .3
with the quark electromagnetic current, which effectively shift the Wilson coefficients C; and Co. This could also
be due to the large experimental uncertainties for the A, — A(—pm) ™ ~ observables. However, if this
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persists with improved statistics, this would constitute a breakdown of the universal structure of the transversity
amplitudes at low recolil, as predicted by the operator product expansion.

The important distinction between the A, baryon and B meson decays is the spin of the A;, baryon.
Therefore, the number of degrees of freedom involved in the bound state of baryon is more, hence the systematic
studyof A, — Avyand A, — Ap™p ~ arerelatively less explored in comparison to their mesonic counter parts.
Also the experimental data on various A, decay channels are rather limited. Recently LHCD has reported the
branching ratio of A, — Ap ™t~ [15], which is found to be lower than its SM prediction. This decay process has
been extensively studied in the literature both in the SM and in various beyond the SM scenarios [16—23]. To
supplement these studies, in this paper we would like to analyze the rare baryonic decay processes A, — Al*I™,
where ] = e, p, T in the scalar leptoquark model. In recent times, the scalar leptoquark model has been received
alot of attention, as it can successfully explain most of the observed anomalies associated with the b — sli
transitions. Leptoquarks are colour-triplet bosonic particles which can couple to a quark and lepton pair at the
same time. The existence of leptoquark has been proposed in many extensions of the SM, such as grand
unification model [24, 25], Pati—Salam model [26], extended technicolour model [27] and the composite models
[28]. The leptoquark states can be classified as vectors (spin-1) or scalars (spin-0). They can be characterised by
their Fermion no. F = 3B + L, where Band L are the baryon no. and lepton no. respectively. Scalar leptoquarks
may exist at TeV scale, and can give observable signatures in various low energy processes [33]. The
phenomenology of scalar leptoquarks has been studied extensively in the literature [29—37]. In this paper, we
would like to study the rare baryonic decay processes A, — Al™]™ in the scalar leptoquark model. In particular,
we estimate the decay rates, forward—backward (Agp) and lepton polarisation asymmetries in these modes.
Furthermore, we explore the possibility of lepton non-universality parameter in A, decays and also the lepton
flavour violating (LFV) decays mediated via the scalar leptoquarks.

The paper is organised as follows. In section 2 we present the effective Hamiltonian responsible for the
b — sItl” processes and the decay parameters for the semileptonic A, — AITI~ decays in the SM. The NP
contribution due to the exchange of scalar leptoquark has been presented in section 3 and the constraints on the
leptoquark parameter space has been obtained by using the measured branching ratios of the rare decays
B; — I"l".In section 4, we present the numerical analysis for the branching ratios and other physical
observables such as the forward—backward asymmetry, lepton polarisation asymmetry and the lepton non-
universality by using the constrained leptoquark couplings. We compute the branching ratios of the LFV
Ay — Alflf decays in sections 5 and 6 contains the summary and conclusion.

2. Theoretical framework for the analysis of A, — AI"]~ decay process

In this section, we will discuss the SM contributions to the branching ratios and other physical observables of the
Ay — AI'I7, 1 = e, p, T processes. The effective Hamiltonian describing the decay process A, — AT~
involves the quark level transition b — sI*1~ and is given by [38]

4G 6 e
Hefr = — —wavz‘[zciw)of + G

\/E s lon2 (ga-;w(msPL + mbPR)b)FIW
i=

+ C;ff&(g’Y#PLb)l_”)/pl + Clog(?y#PLb)l_’yl,’%l], @)
A7 4

where V. are the CKM matrix elements, G denotes the Fermi constant, cvis the fine-structure constant, C;’s
are the Wilson coefficients evaluated at the renormalized scale ;1 = m, [39]and P;, Pr = (1 F )/2 are the
chiral operators. The sum over i includes the current—current operators i = 1, 2 and the QCD-penguin
operatorsi = 3, 4, 5, 6.

In addition to the short distance contributions these processes also receive additional contributions arising
from the long distance effects due to the real ¢z resonant states of J /1, ¥/, i.e., Ay — AJ /¢ ()) — AITI-.
These resonance contributions can be included by modifying the Wilson coefficient Cy. Thus, the modified
coefficient (C5™) contains a perturbative part and a resonance part which can be written as

Cst = CM + Y (5) + C&, )

where C3M is the SM Wilson coefficient evaluated at the b quark mass scale [39], the perturbative part Y(s)
receives contributions coming from one-loop matrix elements of the four quark operators [40] and the long
distance resonance effect is given by [41]

myT(V; — I*T7)

.3
Cres — _7;(3c1 + C; + 3Cs + C4 + 3Cs5 + Co) > Ky, — . )
a V() s My — S~ imyly
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Here the phenomenological parameter # is taken to be 1.65 and 2.36 [42] for the lowest resonances ] /1 and 1’
respectively in order to reproduce the correct branching ratio
of BB — J/YK* — K*I"I") = B(B — J/YK*)B(J /) — I'T7).

The matrix elements of the hadronic currents in (1) between initial A, and the final A baryon can be
parameterised in terms of various form factors which are presented in appendix A. Thus, using these matrix
elements, the transition amplitude for the A, — AITl™ processes can be written as [16, 18]

G]: «
NEX:
+ Iy ysl{iap (v (D1 Pr + EiPp) + iot"q, (D, Pr + E;Pyp)

+ q"(D3Pr + EsPr))up,}], 4)

where the parameters A;, B;, D;jand E;with i = 1, 2, j = 1, 2, 3 aredefined as

M(Ay — AIF) =

Vi Vil Tyl (s (7 (A Py + ByPy) + i0#q, (A;Pg + BoPp))uy,)

T T
A :Ceffﬁ — gi _ zmbc7fi + gi
1 9 2 qz 2 >
g
Blzcgefffi+g1_ zmbc7fi &i ,
q’ 2
fi—8
D = G2
j 10 2
fit+g
E = GoL—~ (5)
2
Using the transition amplitude (4), the double differential decay rate is given by
&r  Gfa? "
= —— |Va, ViI> ma, vi N2(1, 1, 8) KG, 2), 6
= e VP ma v X2 K6, 2) (©)
where
KG, 2) = Ko@) + z Ki(3) + 22 Ka(8), ™)

§=s/m ib and z = py, - p," is the angle between the momenta of A, and I in the dilepton invariant mass
frame. The complete expressions for Ky (), K1(5) and K, (5) are given in appendix B. Here

vi= 1 — @dm’/g®) and \(1, 1, §) = (1 — r)> — 2§ (1 + r) + §2isthetriangle function with r = m, /m,,.
The physical allowed range for s = ¢” is
amf < s < (my, — mp)?. ®)
Another interesting observable is the zero-crossing of the forward—backward asymmetry, wherein the position
of the zero value of the forward—backward asymmetry parameter (Agg) is very useful to look for the NP signal.
The normalised forward—backward asymmetry is defined as
2 2
fl dAI‘ dz— [° dAF dz
0 dsdz —1dsdz ©)
fl d’r fo aer
0

Ap(8) =

dz + d
ddz g4

which can be simplified to
KiG)
Ko(®) + K2(8)/3

The polarisation asymmetries P; (i = L, N, T) are defined as
o Sa=t - Sa=-&

P = ———F——, an

i (= é) + = () = —é)

where é;’s are the unit vectors along the longitudinal, normal and transverse components of the I polarisation

and #) is a unit vector, used to write the I four-spin vector (s ), along the I spin in its rest frame as

App () = (10)

o o
o_ BN A St
s) = , Sy=fH+ ——0p. (12)
+ my = E+ + mlp+

Thus, the observables Py, Prand Py correspond to longitudinal, transverse and normal polarisation asymmetries
respectively. The observables P; and Prare P-odd, T-even, while Py is P-even, T-odd and CP-odd. The explicit
expressions for forward—backward asymmetry and all the polarisation parameters are taken from [16, 18, 19].
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Another interesting observable is the lepton universality violation (LUV) parameter, which has been recently
observed by the LHCD collaboration in BT — K*'I*]~ process and has 2.60 deviation from its SM predicted
value [6]. Analogously, we define the parameter (Ry) as the ratio of branching fractions of A;, — AI*l™ into
dimuon over dielectron as

_ Br(Apy — Apfu)

Ry = . 13
A Br(A, — AeTe?) (13)

3. NP contribution due to scalar leptoquark exchange

In this section we will consider the effect of scalar leptoquarks to the A, — AI*I~ decay processes. The exchange
ofleptoquarks will contribute additional operators to the SM effective Hamiltonian and thus, the various
observables may deviate significantly from their corresponding SM values. The scalar leptoquark multiplets with
representations X (3, 2, 7/6) and X (3, 2, 1/6) under the SM gauge group SU (3)c x SU (2), x U (1)y
conserve baryon and lepton numbers and do not allow proton decay. These baryon and lepton number
conserving scalar leptoquarks can have sizable Yukawa couplings and could be light enough to be accessible in
accelerator searches. Thus, they could potentially contribute to the b — sI™]~ transitions and one can constrain
the underlying couplings from experimental data on B; — I*]~ processes as well as from B; — B, mixing.

The interaction Lagrangian of the scalar leptoquarks X = (3, 2, 7/6) with the SM bilinear fermions is given
as[33, 34]

L=\ gixXTel] — N & XTQ] + h.c., (14)

where i, j are the generation indices, X is the leptoquark doublet, Q; (L) denotes the left handed quark (lepton)
doublet, the right handed up-type quark (charged lepton) singlet is represented by uz (eg) and € = ioyisa2 x 2
matrix. The multiplets defined above are represented as

_ ‘/a o ur (VL
X = (Yu)’ QL = (dL), and LL = (eL)' (15)

Now expanding the SU(2) indices, the interaction Lagrangian (14) takes the form
L=—N gl y(Vae] — Yord) — N b (Viul, + YId)) + he. (16)

aal

Thus, from equation (16) one can obtain the interaction Hamiltonian for b — sl;"l;” processes after performing
the Fierz transformation as

i3 \iZ¥ _ )\13 \i2¥
Hiq = SM2 (57" (1 — v5) bl (1 + )] = nYE (Og + Onp). (17)

Comparing (17) with the corresponding SM effective Hamiltonian (1), one can obtain the new Wilson
coefficients as

)\i3)\i2*
CNP — CNP — ’/T e ‘e . (18)
’ 10 2V2GraV, VI M2

Similarly, the interaction Lagrangian due to the exchange of the scalar leptoquark X = (3, 2, 1/6) is
L£=-\dy(Vael — o) + hec., (19)

which contributes to the primed Wilson coefficients (Cy ;) corresponding to the semileptonic electroweak

penguin operators Oy |, (i.e., the right-handed counter parts of the SM operators Os 1) and are given as

T PRP i

22 GyaVp, ViE - Mg

N =t = (20)

Thus, from the above equations (18) and (20), one can find that there are four additional Wilson coefficients
Cg(,)IISIP , which will contribute to the b — sI*I~ processes due to the scalar leptoquark exchange. Thus, the

modified parameters (5) in the amplitude (4), become

4
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Table 1. Constraints on the leptoquark couplings obtained from var-
ious leptonic By — I~ decays [29], where Mg denotes the mass of the

scalar LQ.
Decay Process Couplings involved Bound on the
LQ couplings (GeV~2)
B, — ity s <50 x 10°°
S *
B, — e*e¥ R <254 % 10°°
S
B, — 777 1] ﬁiﬁa.l <12 x 1078
S
T T
+ g . —g  2m fi +g
Ai — CglNPfl gl 4 (Cgeff + Cé\IP)ﬁ gl - bC7SM i 1 ,
2 2 q2 2
T T
B; = (Cgeff + CgNP)fz 8i _ 2b C7SM i LI Cg/NPf; gz,
2 q 2 2
fitg fi — &
INP 7] ] SM NPy 7J ]
Dj=Cyo > + (Cip” + Cyo )T)

fi+g fi— &
J J+ Cl/é\IP J J‘

Ej=(Cip" + CH >

(21
Next, we have to find out the constraints on the leptoquark couplings to see how various observables behave in
the LQ model. The detailed calculation of the constraint on the new leptoquark parameter space has been
presented in [29-31], therefore here we will simply quote the main results. We constrain the leptoquark coupling
by comparing the theoretical [44] and experimental [45-47] branching ratios of B; — [Tl processes and the

B; — B, mixing data [8]. For completeness, here we briefly outline the procedure for obtaining the constraints
from B; — ptu ~ processand B, — B, mixing, however, the technical details can be found in [29-31].

3.1. Constraint from B; — p* ~ process
In the leptoquark model the branching ratio for the B; — p 1 ~ mode can be given as

G2 4m?
Br(B: — ptp ) =+ 6;3 75, %5 M, m| Ve VEPICH" + CiFF — Cio 1P - M—Z‘
BS

NP INP |2
Co — Cio

SM
Cio

=BrM | 1 + = BrM |1 + rel?™]2, (22)

where Br3M is the SM branching ratio and the parameters rand ¢\? are defined as
relo™ = G’ — Gy~ . (23)
Ciy'
Now comparing the SM theoretical prediction of Br(B, — " 7) [44]
Br(B, — ptu)|sm = (3.65 & 0.23) x 1079, (24)

with the corresponding experimental value [45-47]
Br(B, — ptpu~) = (2.9 £ 0.7) x 1079, (25)

and assuming that each individual leptoquark contribution to the branching ratio does not exceed the
experimental result, one can obtain the bound on the NP parameters rand ¢N?. The allowed parameter space in
r — NP plane which is compatible with the 1o range of the experimental data is

0<r<035 with /2 <o < 37/2. (26)
These bounds can be translated to obtain the bounds for the leptoquark couplings as
|/\23 )\zz*l |)\22 )\32*|
0< "R _ 17 7

< > F— <5x107GeV 2 for 7/2 < N < 3m/2. (27)
MY MV

Similarly, one can obtain the upper bound on the product of various combination of leptoquark couplings from
B; — I~ processes which are presented in table 1. Using the bounds on leptoquark couplings one can obtain
the constraints on new Wilson coefficients using the equations (18) and (20).

5
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3.2. Constraint from B; — B, mixing

In this subsection, we will discuss the constraint on leptoquark couplings from the B, — B, mixing, which in the
SM, proceeds through the box diagram with internal top quark and Wboson exchange. The effective
Hamiltonian describing the AB = 2 transition is given as [48]

2

G
Hett = 6;2 Vi V12 Miy So (x0) 0 (5b)v— 4 (5b)y—a, (28)

where 7 is the QCD correction factor and Sy (x,) is the loop function given in [48].
Thus, the B; — B mixingamplitude in the SM, can be written as
Y A— (Bs|Hest|Bs) = G—FZMZ |Vip ViEI? 1 Bsf 2 Mg, So (1) (29)
12 2Mj, s| /Leff | Ds a2 W ts|” Tlg DsJp M,

The corresponding mass difference can be computed from the mixing amplitude through AM; = 2|M,|. Now
using the particle masses from [8], 77, = 0.551, the Bag parameter Bg = 1.320 & 0.017 £ 0.030 and the decay
constant fBj = 225.6 £ 1.1 & 5.4 from [49], the value of AM; in the SM, is found as

AMM = (17.426 + 1.057) ps-, (30)

which is in good agreement with the experimental result [8]
AM, = 17.761 + 0.022 ps~. (31)

For X (3, 2, 7/6) LQ, the mixing amplitude receives additional contribution from leptoquark and charged
lepton in the box diagram whereas for X (3, 2, 1/6) both charged lepton and neutrino will contribute to the
mixing amplitude. The effective Hamiltonian due to the leptoquark X (3, 2, 7/6) is given by

WX 1 (m?) - -
Hege = ————— I| == |(by"Prs) (b, Prs), 32
= s M2 (a2 (by"Pps)(byPLs) (32)

i=e, [, T
and for X (3, 2, 1/6) leptoquark the corresponding effective Hamiltonian becomes

(Abi*ASi)Z li

Hesr =
¢ 12872 | M?

i=e, /L, T

mz 1 — —
I| =% | + — |(by"Pgs) (b, Pgs). 33
(Mf) MSZ(V rS) (0, PrS) (33)
where the loop function I(x) is given as

1 — x2 + 2xlogx

I(x) = 34
(x) 122 (34
Thus, the contribution to the mixing amplitude due to the exchange of scalar leptoquark is given by
/\32*}\22)2 R
M = O s PP My, forX(, 2, 1/6),
12 1927 2M2 "Is B,fBS B; ( /6)
(35)
LQ (/\32)\22*)2 “ ) . /
MR = 222 LB 2 My, forX(3, 2, 7/6).
12 384m2ME P f, Ma

Including both the SM and leptoquark contributions the total mass difference is given as

c )\32)\22* 2
14— (( 2)) , (36)
16GE| Vip Vig| " myyy So (x¢) Mg

where the constant ¢ = 1for X (3, 2, 1/6)and 1/2 for X (3, 2, 7/6). Now varying the mass difference
(AM,/ AMM) within its 1o allowed range [8], the constraint on | 2X22/Mg| is found to be [31]

AM, = AMM

)\32)\22
0< < 7.5 x 107° GeV} for X (3, 2, 7/6),
Ms
)\32)\22
0< < 5.0 x 107° GeV™} for X (3, 2, 1/6). 37)
S

In order to relate this results with the bounds obtained B; — 144 process, we scale the couplings obtained from
B; — B, mass difference for a benchmark leptoquark mass of 1 TeV and the bounds in equation (37) is translated
as
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Table 2. Numerical values of the form factor
£(0), £,(0) and the parameters involved in the
double fit for A, — A transition.

Parameter LCSR (twist-3) [21]
A0 0.14°4%}
a 291404,
b 2267032
£(0) (1072 GeV™Y —0.47+008
a 3.4400¢
’ 2980
)\32)\22
0 < |=5I<75x107°GeV=2,  forX(3,2,7/6),
S
A32)22 (38)
0 < |[=—51<50x10%Gev?  forX(3, 2, 1/6),

S

which are reasonably higher than those of obtained from B; — 1 process. Hence in our analysis, we will use
the bounds (26) as discussed in the previous subsection.

4. Numerical analysis

After having the detailed knowledge about the SM observables and the bound on the new leptoquark couplings,
we now proceed for numerical analysis. We have taken the particle masses and the life time of A, baryon from
[8]. The ¢* dependence of form factors derived in the light cone sum rule (LCSR) approach can be parameterised
as

£:(0)
1 — a(q®/m},) + b(g*/m})*

where the values of the parameters f;(0), aand b and are listed in table 2 [21]. The other form factors are related
to these two and the HQET form factors (F, ) through [21]

fi(g* =

(39)

my
fi=¢ =f=ga=F+—F,
my,

F
f2=g2=f3=g3=—2,
my,

=g =—4" (40)

In thelattice QCD formalism, the A, — A helicity form factors, i.e., f 0810 hy,, and ﬁ+, 1 in the physical
limit can have the simple form [23]
1
f@) = ——7——lad +al 2@ + af [2(4)P], (1)
1 - q /(mpole)
where the values and uncertainties of the parameters a}, @} and ab from the higher-order fit are given in table 5 of

[23]. These helicity form factors are related to the form factors ffﬂ and gi(T) used in this work as follows:

2 2

q q
fo=h———"—"hH [fi=h -y +mdfy, fo=H+—""Hh
mp, + my mp, — my
7’ q’
ng = gl + —gza gJ_ :gl + (’7/11\17 - m/\)gzi g() = gl - —g3’
m/\b — Mmp mAh + ma
T
My, + My 7 T h
T L
+ 2 qz 1 2 ma, + my
R N (Ve O & s T ng
hio=gl + T Tl =gl (42)
mA[, — M\

In our analysis, we have taken the form factors computed in the LCSR approach for low g° region (as these are
not so well-behaved in the high g* regime), and for high g” theory we have used the lattice QCD calculations of
Ay, — A form factors [23]. The values of the Wilson coefficients used in our analysis are evaluated at the

7
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Figure 1. The variation of branching ratio of A, — Ae*e~ (left panel), A, — Ap T ~ (right panel)and A, — A77~ (bottom
panel) with respect to low and high ¢” including the LD contributions, both in the SM and in the X = (3, 2, 7/6) leptoquark model.
In each plot, the green band represents the leptoquark contribution and the blue solid line is for the SM. The grey band represents the
theoretical uncertainty arises due to the input parameters in the SM. The black data points in A, — Ap ™ ~ process represent the
bin-wise experimental data.

renormalisation scale ;1 ~ m;, = 4.8 GeV. In the LQ model, the NP contributions to the branching ratios and
forward—backward asymmetry parameters are encoded in the new Wilson coefficients. By using the above input
parameters and the values of the new Wilson coefficients, we show in figure 1, the qz variation of branching ratio
of Ay — Aete™ (topleft panel), A, — Ap*p ~ (top right panel) and A, — A7t7~ (bottom panel) processes
for the full kinematically accessible physical region. In these plots, we have shown the contributions arising from
the exchange of X = (3, 2, 7/6) leptoquark. The SM contributions are represented by blue lines and the grey
bands denote the theoretical uncertainties arising due to the uncertainties associated with the CKM matrix
elements and the hadronic form factors. The green bands represent the leptoquark contributions to the
branching ratios. The bin-wise experimental results for A, — Ap Ty~ process [15] are shown by black data
points. There is slight deviation in the decay distribution between the predicted and observed data. The
corresponding results coming from the exchange of the X = (3, 2, 1/6) LQ are shown in figure 2. From these
figures, one can see that the branching ratios of A, — Ae*e™ and A, — A7"7~ decay processes deviate
significantly from their SM predictions, whereas the NP effects on A, — Ay ™y ~ branching ratio is not so
prominent. In table 3, we present the integrated values of branching ratio for all the above processes, where we
have used the veto windows as (8 GeV? < mj, < 11 GeV?)and (12.5 GeV? < m};, < 15 GeV?)[15],to
eliminate the backgrounds coming from the dominant resonances A, — AJ /v (") with J /1 (¢)") — IT17. The
predicted branching ratio for A, — Ap ™y~ is almost consistent with the observed data

Br(Ay, — ApTp ™) = (1.08 & 0.28) x 1076 [8]. Also, as seen from table 3, the experimental result can be
accommodated in the leptoquark model. Within the SM, the forward backward asymmetry parameters in the

B — KI*I~ decay processes are identically zero since they only involve scalar and tensor types of currents,
whereas B — KI*I™ processes are described by only vector-type interactions. However, for semileptonic

Ay — Al decay processes, the forward backward asymmetry depends on two combinations of the Wilson
coefficients Re(C£T C%) and Re(CS™ C/) [16] and thus, can have negative values in the SM. The contribution
due to the new Wilson coefficients (C;?Ifo(/)) may enhance the rate of asymmetries and can shift the zero position
of these asymmetries. In figure 3, the variation of forward—backward asymmetry for A;, — At~ (left panel),
Ay — A7H7 (right panel) modes are depicted with respect to g> both in the SM and in the X = (3, 2, 7/6) LQ
model including the LD contributions and the corresponding integrated values are presented in table 3. Similarly
the variation of forward—backward asymmetries for X = (3, 2, 1/6) LQ exchange are shown in figure 4. We
found no significant deviation of the zero position of Agg from its SM value due to the leptoquark contributions
in Ay — Ap'u ~ process. However, there is certain discrepancy between the observed and predicted results in
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Figure 2. Same as figure 1 for X = (3, 2, 1/6) LQ exchange.

Table 3. The predicted integrated values of the branching ratio, forward-backward asymmetry, lepton polarisation asym-
metry and the lepton non-universality with respect to their respective g° range for the A, — Ay (7)* 1 (7)~ processes in the

SM and the LQ model.

Observables SM prediction Valuesin Y = 7/6 LQ model Valuesin Y = 1/6 LQ model
Br(A, — Aeter) (1.168 + 0.134) x 10~° (1.168 — 1.91) x 10~¢ (1.168 — 2.13) x 107°
Br(Ay, — Aptp ) (1.165 £ 0.132) x 107° (1.165 — 1.37) x 10=° (1.165 — 1.52) x 10~°
(AL) —0.567 —0.567 — —0.446 —0.567 — —0.54

Py 0.34 0.3 — 0.34 0.24 — 0.34

(PHy —45 x 107 —(4.5 — 2.87) x 1074 —(0.45 — 3.26) x 1073
(P —0.0192 —0.0192 — —0.013 —0.0192 — —0.012
Br(A, — ATHr) (2.13 £ 0.215) x 1077 (2.13 — 4.38) x 1077 (2.13 — 8.32) x 1077
(Afs) —-0.38 —0.38 — 3.2 x 1073 —0.38 — 7.68 x 1072
(P[) 0.075 0.047 — 0.075 6.3 x 107 — 0.075
(PF) —2.3 x 1073 —(7 —23) x 1073 (—=0.23 — 2.0) x 1072
(P —0.05 —0.05 — 8.1 x 1073 —0.05 — 0.0316

(R}f;) 0.997 0.67 — 0.997 0.68 — 0.997
(RENpeasn 0.998 0.71 — 0.998 0.74 — 0.998

the high ¢° regime. The forward—backward asymmetry for A, — A77~ process however, has significant
deviation from the SM in both the X = (3, 2, 7/6)and X = (3, 2, 1/6) leptoquark model. Besides the
branching ratios and forward—backward asymmetry parameters of A, — AI"]™ processes, the NP effects can
also be observed in the lepton polarisation asymmetries. In the left panel of figure 5, the distribution of the
longitudinal (top), transverse (middle) and normal (bottom) polarisation components for A, — Aptp ~
process are shown both in the SM and in the X = (3, 2, 7/6) LQ model, and the corresponding plots for

Ay — A7TT process are presented in the right panel. The integrated values of all the three polarisations in the
full physical phase space have been presented in table 3. In figure 6, we have shown the variation of the different
polarisation parameters for A, — Ap ™ty ~ processinthe X = (3, 2, 1/6) leptoquark model. It is found from
table 3, that the transverse and normal polarisation values are very small in the SM and even the leptoquark
model does not give any significant deviation.
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Analogous to the lepton flavour non-universality parameter Ry, i.e., the ratio of branching fractions of
B — Ku*tp ~over B — Kete™, we would like to see whether it is possible to observe lepton non-universality in
the A, decays. We have define these parameters ase.g., Ry = Br(A, — Ap*p 7)/Br(Ay, — Aete™).In
figure 7, we show the variation of lepton nonuniversality parameter R{" (top-right panel), R{* (bottom-left
panel) and R{" (bottom-right panel) in their respective q” region. Also, we show the low-q” behaviour of R}
(top-left panel), in the range 1 < g2 < 6 GeV>2. These results are for X = (3, 2, 7/6) leptoquark. Similarly the
lepton nonuniversality plot for X = (3, 2, 1/6) leptoquark exchange is shown in figure 8. The integrated values
of the lepton non-universality parameter in both SM and LQ model are presented in table 3. We found that there
is significant violation of lepton universality in A;, decays, though there is no experimental evidence so far. The
violation of lepton universality is more pronounced for the processes having 7 as final particle. However, as the
reconstruction of tau events are extremely difficult, this observable may not be sensitive enough to be observed
in near future. As seen from the top-left panel of figures 7 and 8, the parameter R} is very promising for the Belle
II experiment, as the LHCb, being a hadronic machine works better in muon mode than electron.

5.LFV A, — Al; I decays

In this section, we will compute the branching ratios of LFV A}, decays mediating through the exchange of scalar
leptoquarks. The LFV decay processes are extremely rare in the SM as they are either two-loop suppressed with
tiny neutrino masses in one of the loop or proceed through box diagram (which is also highly suppressed due to
tiny neutrino mass). However, they can occur at tree level in the LQ model and are expected to have significantly
large branching fractions. The observation of neutrino oscillation has provided unambiguous evidence for
lepton flavour violation in the neutral lepton sector which in turn provides motivation to explore other LFV
transitions suchas ; — Ly, I — L, B — liil;F etc. Though there is no direct experimental evidence for
such processes, but there exists experimental upper bounds on some of these modes. The LFV decays in the B
meson and in the charged lepton sector have been widely investigated in the literature [29, 36, 50]. Therefore, it is
interesting to see whether LFV decays could be observed in A;, decays also.
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Ay — Apu  precess with respect to g2 / mﬁb inthe X = (3, 2, 7/6) LQ model. The corresponding plots for A, — A7"7~ mode
are shown in the right panel.

As discussed earlier, these processes occur at tree level due to the exchange of scalar leptoquarks. In the
leptoquark model the effective Hamiltonian for b — sll-’l;r LFV process is given as [29, 36]

Hiq = Gro Gy Pb) Ty (1 + 75)1)s (43)
where the coefficient G q is
N3\ 2%
Grq = . 44
Q= o (44)

Using the form factors given in the appendix A, the amplitude for the LFV A, — Al ;" decay is given by
M, — AT = Gig [Ty, (1 + v5) 1) (@ (7" (A{ Pr + B/ Pp))uy,

. (45)
+ ri0uq” (AP + BiPyun, + q"ia(AsPr + BiPrun,} 1.
The coefficients A/ and B/ in (45) are related to the form factors through
— +
Ali — fk—gk and Blé = —fk gk, k = 1, 2, 3. (46)
2 2
Now using this transition amplitude, the branching ratio for the A, — Al,»_lj+ process is given as
¢ _ Gl o A (47)
dsdcos @ 263 Mg ’

11



I0OP Publishing

New]. Phys. 18 (2016) 093051

S Sahoo and R Mohanta

0.002

— LQ Model |

Pr

— SM

— LQ Model

| ]

e =

0.3 0.4 0.5 0.6
lmyy?

15 .
— LQ Model
10 _sm ]
0.5+ 4
o
0.0
-0.5- 1
-1.0 , , , , ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6
q2/n1\b2
0.10 T -
0.05
& 0.00
-0.05
-0.10 - -
0.1 0.2
Figure 6. The polarisation plots of A, — Ap ™ ~ process for X = (3, 2, 1/6) LQ exchange.

040 045 0.50 0.55

Pimy,?

0.60

— LQ Model

— SM

region.

2 3 4 5 6
¢ [GeV?]
1.0 : : : : - -
— LQ Model
0.8/ — sm 1
& 0.6
=
E<
x 0.4 9
0.2+ |
o_o I I I I I I
15 16 17 18 19 20
7 [GeV?]

— LQ Model

— SM

2.0 : .

10 15 20
7 [GeV?]

1.5

— LQ Model
— SM

15 16

17 18 19 20
¢ [GeV?]

Figure 7. The variation of lepton universality violation R{“ (top-right panel), R{® (bottom-left panel) and R (bottom-right panel)
with respect to ¢* for X = (3, 2, 7/6) LQ exchange. Here R}® (top-left panel) shows the non-universality in the low ¢> € [1, 6]

where

I1G5) =1,(5) + L(§)cosO + L (8)cos? 0,

(48)
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with

R 1 R .
Ih(§) = Z(IA{IZ + 1B/ + m3, 8 (IAJ2 + |BJP)I[(1 — r)? — §%]

2 2
~ m; +mj I 1% a I %
—2J78|1 — —F (Re(A/B| ") + mj,$Re(A;B,7))
q

2 2)2
— Re(A3B) ") JT —(m’—zm’) + 3(m? + m))

myy

2 2
+ 2mAb§(1 - le;zmj))[(Re(A{Az'*) + Re(B{By*)VT(1 — 1)
q
— (Re(A{B)™) + Re(B{AJ)(t — 1)]
2 2
+ %ﬂ[(Rem{Aé*) + Re(B{B{*)VF(1 — t) + (Re(A{B{¥) + Re(B{A{™))(t — )]
Ay

2 42)2
+ [?(mf +mj) — (m'—zm’)][%(m;lz + IB;]?) — JFRe(Aalle*)],

mAb

~

R JAA 1, s
L) =322 [‘ES('A{'Z = IBIP) + Onf = m) (A =t = AP + B

2 2

1mi — m;
S [VF(Re(A/AT") + Re(B/B;") — (Re(4/B;") + Re(B/A;"))]
Ay
lmjz_mi2 /NES Il %k LS INES
+ ET[ﬁ(Re(AIAs ) + Re(B/B3")) + (Re(A/B;") + Re(BjA37))]
Ay

S
+ E(rni2 — m})(Re(A;A;) + Re(BéBa’*))],

(49)

(50)
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panel) processes with respect to ¢* in the X = (3, 2, 7/6) leptoquark model. Here the required leptoquark couplings are computed
by using the scalingansatz X/ = (m;/m;)"/* X',

and

A A

§2

. 1 .

1) = 22| LR + BP — i SOASP + B3P | G
Here, \; = A (asdefined in section 3), A\, = n%f + rhf + §2 — 2(1%1-21?1]»2 + rhizsA + rﬁjz§), and

t = (1 + r — §)/2. The full kinematically accessible physical range for these processes is given by

(mi + mj)* < q* < (my, — mp)> (52)

As there is no intermediate particle in the SM which can decay into two leptons of different flavours, so in
comparison with the A, — AITl™ processes, LFV decays have no long distance QCD contributions and
dominant charmonium resonance background. The required input values for numerical evaluation are taken
from [8] and the values of the g° dependent form factors are taken from LCSR approach [21]. To determine the
values of various LQ couplings, which are involved in the LFV decays, we use the following assumptions. As we
know that the expansion parameter of the CKM matrix in the Wolfenstein parametrization (), can be related to
the down type quark masses as A ~ (1m1,/m,)"/? in the quark sector, while in the lepton sector one can have the
same order for A with the relation A ~ (my,/m;, )!/4. Hence, for other required leptoquark coupling, we assume
that the coupling between different generation of quarks and leptons follow the simple scaling laws, i.e.,

Ni = (m;/m; )/4Niwith j > i. Thus, using the values of the leptoquark coupling as given in table 1, one can
obtain the bound on required LQ couplings involved in LFV decays. Using these values we plot the variation of
branching ratio of LFV decays such as A, — A “e™ (top left panel), A, — A7 e* (top right panel) and

Ay — A7~ pt (lower panel) with respect to g” in figure 9 and the predicted upper limits of the branching ratios
are given in table 4. So far there is no experimental evidence on the LFV A}, decays. However, since the predicted
branching ratios are O(10~°), they can be searched at LHCb and exploration/observation of these modes would
definitely shed some light in the leptoquark scenarios.

6. Conclusion

In this paper, we have studied the rare semileptonic A, — AI*l~, 1 = e, u, 7 baryonic decays in the scalar
leptoquark model. The leptoquark parameter space has been constrained using the experimental limits on the
branching ratios of the two body leptonic decays B; — I*]~. We have computed the branching ratios, the
forward—backward and lepton polarisation asymmetries (P; 7 ) using the new leptoquark couplings. We have
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Table 4. The predicted upper limits of the
branching ratios, which are obtained using the
upper limits of the LQ couplings, of LFV

Ay, — AT processes, | = e, i, T inthe

X = (3, 2, 7/6) leptoquark model. Also the
required leptoquark couplings are computed
by using the scalingansatz AV = (m;/m;)!/* X',

Decay process Predicted branching ratio
Ay — Ap et 1.56 x 10
Ay — Are" 32 x 1071
Ay — A7 4.6 x 107°

shown explicitly the results for both the relevant X = (3, 2, 7/6) and X = (3, 2, 1/6) leptoquark models. The
zero-position of the forward—backward asymmetry is found to be insensitive to the additional leptoquark effect.
These models also give negligible contribution to the transverse polarisation asymmetry. In addition, we also
estimated the LUV parameters in these decays analogous to Rgin B — KI*I~ process. The LFV A, decays are
also studied and the predicted upper limits on these branching ratios are found to be O(10~1° — 10~%), which
could be searched in the LHCb experiment.
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Appendix A. Form factorsin A;, — A transition

The transition form factors for A, (P) — A(p’) decays can be parameterised as [16, 43]
(AP 57 bIA(P)) = fiiayutin, + foi0u g un, + f,q, 8atin,
(AP 55 bIA(P)) = GiiamuVstn, + &IniCwa Vs n, + &, IaVsUA
(AP 510, bIAL(P)) = fritniouun, + ff 8a(Vud, — %d,)un, + f7 (Bud, — Bq,) dauin,
)=

(A(p") 5100 Y5bIAL (P)) = gritaicy,ysua, + & a(Wuq, — Y, ) Vs UA,

+ & (Buq, — Bg,)invsun, (A1)

and for dipole operators
(M) 1510, 9" BINL(P)) = fl dinyuun, + f, B0 q un, + f; 4, dnun, (A.2)
(A(P") 510, q"v5bIAL(P)) = g linyustin, + & Al g Ystin, + & 4, AnYstia, (A3)

withqg = P — p’and
sz = fr — ng’
1= Uy + £2(my + mp)1d%

T _ q’ T
== (my, — mA)f3 ’
& = & — &>
g = g + g (my — my,)]q%

T _ a

(mAb + mA) 3

(A.4)

Appendix B. Expressions for K | ,(5) functions

The complete expressions for Ky ) »(§) functions required to calculate the double differential decay rate is given
by [18]
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+ 64mim}, (1 — r — §)Re(D;'Es + D3E") + 64m}, J7 (6m} — $m},)Re(D;'Ey)

+ 64m}m} T (2my,SRe(DSEs) + (1 — r + $)Re(D;*Ds + E;Es))
+ 32m3, 2m} + mj, 8$)((1 — r + §)my, VTRe(A*A; + B'By)

— mp, (1 — r — $)Re(A’B, + ASB) — 247 [Re(A"By) + mj, $Re(ASBy)])

+ 8my, (4mi (1 + 71— §) + mi [(1 — N? = DAL + |BP)
+ 8my, (4mi A + (14 r = 831 + m}, S[(1 — 1? — 2D (|A* + [Ba)
—8mj, (4mi (1 +r —3) — m{ [(1 — N? = DD + |E?)
+ 8m3, $v} (—8my, 3VTRe(DSE,) + 4(1 — r + §) VTRe(D{"D; + EEy)
—4(1 — r = HRe(D{'E; + DIE) + mp,[(1 — 1)? = S1[ID,* + |EoPD),
K1(8) = — 16m} sviv X {2Re(A*Dy) — 2Re(B;'Ey)
+ 2mp,Re(B*"D, — BSD; + ASE, — A'Ey)}
+32m3,3 viv A {my,(1 — r)Re(AFD, — BYE,)
+ J7Re(A;D; + AD, — BYE, — BEy)},
and
Ka(8) = 8mg, vi A8 (1A + |Bol* + D2 + |Eo)
— Smﬁbvf A (AP + |Bil* + IDi* + |Ei?).
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