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ARTICLE INFO ABSTRACT

Editor: Hong-Jian He We perform an analysis of the consequences of various new physics operators on the lepton flavor
violating (LFV) decay modes mediated through b — s¢,¢, transitions. We scrutinize the imprints
of the (pseudo)scalar and axial (vector) operators on the exclusive LFV decay channels B, —
(¢.K*,K3)¢, ¢, and A, — AZ,£,, where ¢, represent p or 7. The new physics parameters are
constrained by using the upper limits of the branching fractions of the B, — zu and B — K7
processes, assuming the new physics couplings to be real. We then explore the key observables such
as the branching fractions, the forward-backward asymmetries, and the longitudinal polarization
fractions of the B —» (K*, ¢, Kz*)ripﬁ decays. In addition, we also investigate the impact of the
new physics couplings on the baryonic A, — Ar*u* decay channels mediated by the b — s quark
level transition. With the experimental prospects at LHCb upgrade and Belle II, we also predict
the upper limits of the above-discussed observables, which could intrigue the new physics search
in these channels.

1. Introduction

The Standard Model (SM) delineates the elementary particles and their interactions and provides a comprehensive framework
that firmly establishes a wide range of natural phenomena occurring at energies below the electroweak scale. Despite its remarkable
achievements, the pursuit of physics beyond the Standard Model (BSM) remains crucial. This quest addresses numerous experimental
anomalies and theoretical puzzles, including the prevalence of matter over antimatter in the universe, the enigma of dark matter and
dark energy, as well as the hierarchy and flavor problems, among others. The potential way of looking for physics beyond the Standard
Model arises from two distinct avenues. The first one involves indirect effects of new physics (NP) associated with the presence of
heavy new particles, which can modify the Wilson coefficients of the interaction Hamiltonian within the Standard Model framework.
The second approach entails the direct detection of new particles through the ongoing and upcoming collider experiments. Among
various searches for physics beyond the SM, the B meson decays have been considered as one of the potential avenues for BSM search
in the indirect approach for many years. In this respect, the flavor-changing neutral current (FCNC) mediated decays, especially the
(b — s/d) transitions are more captivating for understanding the nature of rare b quark decays. The LHC at CERN, particularly LHCb
[1,2] collaboration recently confirmed the lepton flavor universality (LFU) violating ratios Rgy = B(B = K O pu)/ BB - K®ee) to
be consistent with the SM, which are of the order of unity. On the other hand, there exist various other observables such as the form
factor independent (FFI) observable P! in B — K*u~u™ process and the branching ratios of several decay channels display few sigma
deviations from the SM values. The LHCb [3,4] and ATLAS [5] collaborations reported a 3.3¢ difference from the SM prediction in the
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measurement of the celebrated P’ observable. The other LFU violating observables, respecting the b — s quark level transitions, R K9

and R+ [6] also show dev1at10ns at the level of 1.46 and 1.5¢ compared to the SM predictions, respectively. On the other hand
the branching fraction of the rare B, — ¢uu decay mode reveals 3.36 [7] away from the SM value in the region ¢> € [1.1,6.0] GeV?2.

Unlike the lepton flavor-conserving decays, the LFV transitions indicate a clean probe of NP as they are forbidden in the SM.
Various LFV decays in the charged lepton sector i.e., Z; = £y, ¢; —> €€, ?Z, aswell as in B meson sector, mediated through b — s¢;7 j
transitions, have been extensively studied in the literature [8-15]. The LFV B meson decays provide an ideal platform for NP search,
particularly the results from LHCb and Belle II experiments can be used as a guiding principle in this direction. However, so far we
have only the experimental upper limits for these decay modes. The LHCb experiment reported the upper bound on the branching
ratio of the purely leptonic B, — e*uT decay channel, which is found to be B(B, — e*u¥) < 6.3 x 10~ at 90% C.L. In addition, an
upper limit of 4.2 x 107> in the branching fraction of B, — 7y has also been reported by the LHCb experiment [16]. The LFV searches
in semileptonic B decays, on the other hand, include well-known decays like B — K¢, ¢, processes, where ¢; or £, = e, u, 7. Based on
Run I data with integrated luminosity 9 fb™!, an exclusion limit on B(B — K u~e*) < 7x 107 is reported by LHCb collaboration [17].
Similar searches were also performed for B, — V¢,£, (V = K*, ¢) processes. The current limit on the branching ratios of B — K" ue
and B, — ¢ue, set by LHCb, are 6.8 x 10~° and 10.1 x 10~?, respectively. Despite the experimental difficulties due to missing energy
during reconstruction from the environment of 7 lepton present in the final state of the B meson decays, Belle experiment [18] put
an upper limit on the branching ratio of B* — K*u*7* decay mode as 3.9 X 1073, An analysis is performed using the LHCb data [19]
on the B — K* u*t¥ process. However, no signal is observed, instead, the upper limits on the branching fractions of B — K*zt %y~
and B — K*7~pu* are set to be 1.0 x 107 and 8.2 x 10~° respectively [19] at 90% confidence level.

In this work, we intend to explore the effect of the SMEFT (Standard Model Effective Field Theory) formalism on the exclusive
semileptonic b — sty decays. Given the current and future experimental prospects, we mainly focus on the B — (K*, ¢, K))r*u*
decays. In the B — K}y decay, the tensor meson K7 includes additional polarization states compared to the K*, leading to new
kinematic observables sensitive to novel insights into new physics. Additionally, the b — sty mediated modes also offer an unique
opportunity to probe new helicity structures, complementing the recently measured B — K% yz channel [19]. Furthermore, Belle
[20] and BaBar [21] have observed the radiative decay B — K;y, with a branching ratio comparable to B — K*y. This suggests that
K states could play a significant role in rare B-meson decays, further motivating the study of B — KJzu as a potential avenue for
new physics. A recent study investigating the lepton-flavor violating decay B, — ¢uz [22], utilizing proton-proton collision data at
7, 8, and 13 TeV center-of-mass energies, gathered by the LHCb detector, with a total integrated luminosity of 9 fb~!. However, the
analysis could not achieve any significant signal, leading to an upper limit on the branching fraction of B(B, — ¢ur) < 1.0 x 1073
with 90% confidence level.

In addition, we are also interested to investigate the impact of the new physics couplings on the baryonic A, — Ar*u* decay
channels mediated by b — s quark level transition. Our fit anatomy includes the upper limit of the branching ratios of the leptonic
B, — tu and semileptonic B — K7y processes. Using the constrained values of the NP couplings, we probe the prominent observables
such as the branching fraction, the forward-backward asymmetry, and the longitudinal polarization fraction of the above decay modes
in the presence of various SMEFT operators.

The paper is organized in the following manner. In section 2, we recapitulate the theoretical framework of the EFT framework
of b — s¢,¢, transition. We also present the discussion on various observable associated with the B, — (K*, ¢, K})¢ ¢, and Ay, —
AZ ¢, processes. In section 3, we constrain the new physics parameter space in the presence of various SMEFT operators. We interpret
the outcome followed by numerical analysis of the B — (K*, ¢, K;)r*u* and the baryonic A, — Az*u™ decays in the presence of
new physics coefficients. Finally, we conclude our work in section 4.

2. Theoretical framework

The most generic effective Hamiltonian describing the b — s¢ l‘f; decay is given as [23]

4G a 0\ s s 0
Hopp==—FVaVige X (G200 2@ +C'1 w01 (). e}
\/5 i=9.10,5,P

where G and V,,V,} are the Fermi coupling constant and CKM matrix elements respectively. The relevant operators for the process
are expressed as follows,

o) = (57" Prryb] [£27 1] Ol = (57" Puwyb] [£2rursta] -
Oy’ = [sPrayb] [21] Oy = [sPrayb] [Farstn]

Here, the operators Oy, ¢ p represent the vector, axial-vector, scalar, and pseudoscalar operators, respectively. The primed

(2

operators (9; can be obtained by flipping the chirality of the former operators ©;. The Cé'io g.p are the Wilson coefficients that

have zero value in the SM and can have a non-zero value in various new physics scenarios. In SM, the leptons #,,¢, correspond to
the same flavor which is usually considered as #.
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2.1. The decay observables of b — sffrfz‘ transitions
2.1.1. Exclusive Ay — A¢T ¢ decay channel

To illustrate the kinematics of the A, — A¢ ¢, decay mode, we assume the baryon A, is at rest, while the final state particles A
and the dilepton pair travel along the positive and negative z-axis, respectively. The momenta assigned to the particles A,, A, ¢,
and 7, are represented by the symbols p, k, ¢;, and g, respectively. The spin of the baryon A, (A) on to the z-axis in the rest frame
is denoted as s,(s;). The decay amplitude of the exclusive A, — AZ ¢, process can be written as [23],

ViV,
A4 _ fbt ’YYk ll 08psSk 1 A,
MU (s 50) =~ 5 s em»z [Z'U e :i L HO LR 1]. 3)

In the dilepton rest frame, g represents the four-momentum of the dilepton pair, and 6, denotes the angle between the 7,

and z-axis of the dilepton rest frame. Here the hadronic helicity amplitude HP* correspond to the vector-axial vector (scalar-

V A(SP),A
pseudoscalar) operators whereas the Lfi 41 and LA2 41 are the leptonic helicity amplitudes.

For the detailed expression of the lepton hehclty amplitude, we refer to Ref. [23]. Here i = L, R correspond to the chiralities of the
lepton current, and A =t,+1,0 represents the helicity state of the virtual gauge boson that decays into the dilepton pair. The symbols
A, are the helicities of the leptons. Additionally, the parameters 5, and 7., are assigned a value of 1 and —1, respectively. The

expressions of H v j Ak and H., s If /1" in terms of Wilson coefficients (WCs) and form factors (FFs) can be found in [24]. Alternatively,

in the literature, transversity amplitudes: A’ Lt AiL(II)O and Ag, (. Apy() are often employed instead of the hadronic helicity

amplitudes. The expressions for these transversity amplitudes can be found in Ref. [23]. The amplitudes L;li"ll and L?Ml are defined
as follows: '

Lyl = (6,06 DIEH(1 F 15)6110),

P o )
LA =& (N0 Iy, (1 F 75)E110).

Here, e# represents the polarization vector of the virtual gauge boson that decays into the dilepton pair. The detailed calculations of

Lfi A1 and L/12 ! can be found in Ref. [23]. Based on these definitions, one can derive the differential branching ratio of Ay = ANCE,
as follows
‘127’3 (K sin? 0 + K, cos? 0, + K cos6)). (5)
dqu cos 91 1ss 1 lee 1 le 1

The angle 6, can vary within the range —z < 0, < #. The long-distance aspect of the decay is encapsulated within the A, = A

transition matrix elements, which are parameterized in terms of six q2 dependent form factors, denoted as f V/ A [25]. For our
numerical analysis, we utilize the form factors obtained from lattice QCD calculations [26]. The resulting d1fferent1a1 branching ratio
is given by:

dB

) _2K1ss+chc 6)
dq?
Additionally, the FBA (Forward-backward asymmetry) is expressed as,
3 K
¢ _ 1lc ()]

FB 2K|ss+chc '

where the squared dilepton invariant mass (¢>) varies within the range (m; + m,)> < ¢> < (m A, — M )2

2.1.2. Exclusive B— K37 sz‘ decay channel
Utilizing the effective Hamiltonian governing b — s¢,¢, transition, provided in Eq. (1), one can derive the transition amplitude
for the B — K;f;’fz_ decay mode. The hadronic matrix elements of vector and axial-vector currents for B — K7 transitions can be

parameterized in terms of g>-dependent FFs: V (¢%) and Ay, l’z(qz). The expressions in detail are given as follows [27],

Nl 2V(®)
(K3 (k. )57 bI B(p)) = = ——="—€"""" €] p ks
B Kz
* *
(k. €M) |57 y<b| B(p)) = i N PR ] B 2y 4
(K3 (k. €)|57"ysbI B(p)) = i(mp +my:)A((q7) |ep 2| img:Ag(q7)——>—q
2 2
ey T4 L
—iAy) (g ) ——— [P+ B — ———q¢"|. ®)
mp + Mg q?

where, p (k) is the four momentum of B (K;‘) meson.
We employ the recent values of form factors from the light cone QCD sum rule (LCSR) approach given in Ref. [28]. In this method,
the form factors can be expressed as
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Table 1
Fit parameters corresponding to B — K
form factors in LCSR method.

Form factor  «, a
vEek 0.22008 —0.90%0%
a4 030755 —123%3
A 019555 ~04655
Al 0114005 04002
1
FoT— L3 ol () - 200" ©

1- qz/mRyF n=0

\ 1 —q? =/t —1o

where z(¢?) = Y —F"—, t, = (mBimK*)z, to=t,(1 —+/1—1_/t,) and mp  are the resonance masses corresponding to the
V=2 +\[T—1g 2

form factors. The associated parameters are provided in Table 1. The resonance masses employed in our numerical calculations are
given as

mp 4, =5.336 GeV,  mpy =5412 GeV,  mp 4, 4, =5.829 GeV. 10)
The differential decay distribution describing three body B — K;¢,¢, decay can be expressed as [29]
2
— 4T _ A+ B(gP)cosb, + C(g) cos? 6, , 1)
dq?dcos0,

where 6, is the leptonic polar angle which describes the angle made by lepton #; to the dilepton rest frame. The ¢>-dependent
coefficients A(q?), B(¢?), and C(q?) are given in Appendix B. Using Eq. (11), the differential decay rate can be given as

dr C
L = <A+ —), 12
dq? 3 (12)
and the lepton FBA is found to be
1 0
1 dr ar B
A = —— dcos6 ——/dcosé‘ = . 13
()= g / “dcos0,d? “dcosb,d e 2(a+5) (19
0 -1 3

2.1.3. Exclusive B, — (K*, )¢ 1‘1,”;’ decay channel
For the analysis of the decay B(,) > (K*, )¢ ¢ *, we adopt the kinematics and the angular conventions as described in references
[30,31]. The hadronic matrix elements involve a more extensive set of q2-dependent form factors which include

(K*()150,,4" (1 = y5)b| B(p)) = 2ie 1y o™ PP KT (47) = (€ - )2p = @), — €, (my = my I T5(q”)

q2
[k, - 0| 5@,
B K*
oo <M D *V c 2V 2 P
(BP0 = 19blB0) = 0" Pk -2 i i) 14
) . Ay . 2mpe
SR e g = [A3(q®) = Ao@®)]. a4)

The polarization vector of the K*(¢) meson is denoted as ¢,. The form factor A3(q2) related to Al(qz) and Az(qz) is given by
2my A3(g?) = (mg + my) A (g?) — (mg — my) Ay (g?).

The ¢2-dependent differential branching ratio, after integrating the full angular distribution over the angles given in Appendix C,
are expressed as

dB 1
P FBI{@) + 6136 ~ I5(¢%) ~ 213(¢*)] (15)
Similarly, the forward-backward asymmetry and lepton polarization asymmetry, are given as follows
) 315(4%) +3/21¢(¢%)
App(q7) = s (16)
3IE(q7) +61(¢%) — I5(g?) — 213(g?)
5 316(q%) - I5(¢%)
F()= 17)

31(¢2) + 61362 — L) — 213(¢Y)
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Table 2

Form factors for B — K*¢,¢, (left panel) and B, — ¢¢,¢, (right panel).
F % % * F % ) 7]
14 0.34+004 -1.05+024 237+1.39 Vv 039+0.03 -1.03+0.25 3.50+1.55
Ay 036+005 -1.04+027 1.12+1.35 Ay 039+005 —-0.78+026 241+1.48
A 027+0.03 0.39+0.19 —0.11+048 A, 030+0.03 048+0.19 0.29 +0.65
Ay 026+0.03  0.60+0.20 0.12+0.84 Ay 025+£0.03 0.76+0.20 0.71+0.96
T, 028+0.03 -0.89+0.19 1.95+1.10 T, 031+0.03 -0.87+0.19 275+1.19
T, 0.28+0.03  0.40+0.18 0.36 £0.51 T, 0.31+0.03  0.58+0.19 0.89+0.71
T, 0.67+0.08  1.48+0.49 1.92+1.96 T, 0.68+0.07 2.11+0.46 4.94 +2.25

The form factors associated with the transversity amplitude are obtained using the LCSR method [32] and are expressed as follows:

Fi(g) = ﬁ PALCOEE V)N (18)

£\ te=q2 =[5~ :
where z(¢g?) = A e (mBimV)z, to=t,(1—+/1—-1t_/t,)and mp  are the resonance masses corresponding to the form

s le
Vi =2+t —1g

factors. In our calculations, we use the resonance masses as follows:

mp g, =5336 GeV.  mp ) =5412GeV.  mgq 417y = 5829 GeV. (19)

We apply the above formalism originally developed for B — K*¢¢, decay mode to analyze the process B; — ¢¢¢,. This is achieved
by straightforwardly substituting the relevant mass and form factors for the corresponding vector meson ¢. The numerical values for
the parameters associated with the form factors with 1o uncertainty are given in Table 2.

3. Phenomenological implication

SMEFT-inspired LFV transitions have garnered significant attention. Given the absence of any new particles observed so far beyond
the electroweak scale, it is conjectured that the scale of NP is substantially higher compared to the current running scale of the LHC.
In this context, the SMEFT offers a powerful framework for elucidating LFV decays which encompasses a comprehensive set of
dimension-six operators constructed from the fields of the Standard model. The corresponding Lagrangian is given as follows [33]:

1 il .
Lsyerr =Lsm — T{[C,(;)] (o] }’HO'HQJ)(L"J/,,O'"L/})
ACU[ (20)
(Drijappi iN T Vi ijaB,Ai 1iNesx 78
+ 1P (O QI y, L) + [CL (@ dh)@ O] | + e,

Here Q and L represent the left-handed quark and lepton fields, which transform as doublets under SU(2) whereas ey, and dy are
the singlet right-handed charged leptons and down-type quarks, respectively. Here A, is the cut-off scale which can be associated
with the mass of the heavy NP degrees of freedom. The above equation includes the set of all the dimension six operators contributing
to the b — s¢,¢, transitions. It should be noted that none of these above operators contain tensor currents.

The SMEFT Wilson coefficients can be constrained from low energy processes, and are related to the Wilson coefficients in Eqn
(1) as

Gy ==Cly" = +AU72 T (T ) @)
C;flfz = _C’lf(l)fz = +Avgm m([qﬂd]zsmz’z’ (22)
C?f’z _Cﬁlfz — +f2m aemI;;V*l a qud]23f 12, (23)
C;f]fz _ _Cli 12 _ +_2 z ([C;eqd]nf]fz ‘ 24)

A2 aem thV* |

Now, we examine the constraints on various combinations of SMEFT Wilson coefficients derived from measurements of mesonic LFV
decays. We consider the branching ratios of the decay modes B, — ¢ l_f; and B — K7 1‘5; and use their experimental upper limits
provided in Table 3 at 90% confidence level.
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Table 3
Experimental upper limits for LFV B de-
cays at 90% C.L.

Observable Exp. limit

B(B, — u*t¥) 42x107° [16]
BBt - K*tu~tt)  3.9x107° [34]
B(B* - K*u*t™)  4.5x107° [35]

The branching fraction of these decay modes are expressed as [36,37]

Tp, agmG [Vip V*l2

BB, - ¢7¢3) = 5, A2y m3 ot )

6473 m%x &
2 2
xd[m2, —(my —my Y1|(my +m, )Cro + —2—Cp
Bs ! 2 ' 2T my4mg (25)
2 2
+ [y = Ongy - myp) Y |(mgy = mp, )(Co) + —=— o Cs)l 1
- _1n-8 2
BB* = K*¢eh) = 10 { ACsi P+l il +2%, [Conl

(26)
+c ;0;2|c10+| +c ", RelC C9+]+cP10 Re[C}, c10+]},

where we have adopted the notation Cy, = Cy + C;(. To calculate the branching ratios for these processes, we use the values of
particle masses from PDG [38], CKM matrix elernents from the UT-fit collaborations [39], and the decay constant of B; meson as
f B, =215 MeV [40]. The values of the coefficients ¢’ #1ts are taken from [41]. For our analysis, we utilize the Egs. (25) and (26) to
constrain the various combinations of SMEFT Wilson coefﬁcients. For convenience, we sum over the oppositely charge lepton decays
modes e.g., B(B, - u*t¥)=(B; - u~t*) + (B, —» pu*r7) and similarly for other channel as well. Here we consider the constraints
coming from the ur decay channel. It is generally established that consideration of primed operators is unappealing to fit the b — s£¢
data [37,42-45] and hence, the use of only unprimed operators is well accepted. In our analysis, we set the cutoff scale to be 1 TeV.
Now we perform the y? analysis to obtain the NP parameter space allowed by the current data. The y? function is defined as

(OTh(CNP) OExp)

(AOPPY 4 (A@SMy2

A =3 27)
1
where (9;”‘ and (‘)Fxp represent the theoretical values and the measured central value of the observables, respectively. The denominator
represents the error associated with the Standard Model and experimental values. The measured value and the upper limits of each
observable are listed in Table 3 which are incorporated into the fit. We note that there are only a 90% C.L for the upper limits on
the branching ratios of Bt — K*u*7¥ and B, — pu*7¥. In order to incorporate these observables into our fit, we take the branching
ratio to be (0.0+U.L/1.645). These decays are highly suppressed in the Standard Model so the error associated with the SM value is
considered to be zero. The allowed NP couplings are obtained by minimizing the y? function. We obtain the allowed new physics
parameter space in the planes of [C,eqd]BT” - [C;lq)]ﬂ”‘, where the red, green and blue regions represent the 1o, 20, and 3¢ contours

around the ;(iin value. The regions are shown in Fig. 1, where we illustrate the constrained parameter space governing the SMEFT
Wilson coefficients for the final states involving ru. Here we focus on the two-dimensional scenario involving the SMEFT new
physics couplings [Cf,lq)]n”‘ and [C,eqd]”“‘ which enables us to elucidate the intricate relationship between these coefficients within
the SMEFT framework.

4. Implications of the results

In this section, we illustrate the implications of our results in b — s7,¢, transitions. The allowed parameter space is constrained
by using the combined measurements of B, - t*u™ and B — K*7*u¥, experimental upper limits set at 90% C.L. is shown in Fig. 1.
Here we focus only on the 7y mode. For our computation, we set the cut-off scale A, =1 TeV and use the best-fit values of the
Wilson coefficients as [C},/ 13 = —0.0705 and [Cj,q1™ = 0.0019.

Using these values, we analyze the ¢> dependencies of the key observables such as the branching fraction, the lepton forward-
backward asymmetry, and the longitudinal polarization fractions in the discussed b — s£ ¢, transitions. The plots presented in Sec. 4
utilize the 1o standard error values of the form factors.
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[Cieqal?®*™

Fig. 1. Constraints on the NP couplings obtained from the combined measurement of B(B — 7u) and B(B — K*tu), where the red, green and blue regions represent
the 1o, 20, and 30 contours, while the black star indicating the best-fit value.

4.1.

q°[Gev’]

Fig. 2. Branching ratio (in units of 107%) of A, — Az*y~ (left) and A, - Az~ u* (right).

Impact of SMEFT NP coefficients on A, — A ¢, decay observables

Branching ratio: Considering the A, — Ar*u* decay process, the g>-dependent differential branching ratio is depicted in the
Fig. 2. In the high ¢ region the decay rate distribution indicates that the contribution of the new Wilson coefficient is quite
substantial. The solid black line in these plots represents the value of the differential branching ratio considering the central
values of the form factors. The band on both sides of the central solid line indicates 1o uncertainty for the corresponding
observable. From the differential branching ratio plot, it is evident that both decay modes are expected to have similar order of
branching fractions. However, the predicted value of B(A, — Au* ™) is found to be slightly higher than that of B(A, — Au~z™t).

Forward-backward asymmetry: Taking into account the lepton forward-backward asymmetry, the A, - Ar*u~ decay exhibits
a zero crossing in the FBA curve, whereas in the case of A, — Az~ u%, no such zero crossing is observed. Such asymmetry curves
are shown in Fig. 3. The zero crossing for the former A, decay occurs at g>=9 GeV?. For A, — Az~ u*, the forward backward
asymmetry remains negative throughout the entire ¢ region. The difference in the behavior of the forward-backward asymmetry
parameters for A, - At u~ and A, — Aut ™ processes can be understood as follows. It should be noted from Eqns. (A.1)-(A.8)
that the angular coefficients, associated with the decays A, — Ar¥u* depend on the form factors, as well as on the masses
of the charged leptons. The dependence of these coefficients on the masses of the charged leptons are expressed in different
combinations of m, and m_ where m, = m; + m,, m; m, being the masses of #; and ¢,, respectively. Therefore, the value of the
forward-backward asymmetry parameter will be different for A, > Artu~ and A, — Aptr™.

The numerical estimation for the branching ratio and Ay are computed using the central value of the form factors and best-fit points
of the SMEFT Wilson coefficient. This has been shown in Table 4. As mentioned before the obtained results correspond to the cut-off

scale A

cut =1 TeV, and the evolution of the branching ratios of the A, — Ay*r¥ with the cut-off scale are shown in the Fig. 4.
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Fig. 5. Branching ratio (in units of 107°) of B — Ky u*7™ (left) and B — Ky pu~7* (right).

4.2. Impact of SMEFT NP coefficients on B — K} ¢ Tf 5 decay observables

« Branching ratio: Fig. 5 shows ¢>-dependent differential branching ratios of the B — K} u*t* processes. The contribution of
SMEFT NP couplings is significant in the intermediate invariant mass squared region. The behavior of the differential branching
ratios for both decay modes are of similar. However, the value of B(B — KJ utt™) is slightly higher than that for the B(B —
K} ).

« Forward-backward asymmetry: Fig. 6 depicts the g> dependency of the forward-backward asymmetry. The two plots illustrate
distinct behavior for the two different decay modes. For B — K7 utt™ decay, the observable Ay is negative throughout the
entire ¢2 region, while for B — K;TJr 4~ decay, the forward-backward asymmetry curve has a zero crossing around g2 = 8.5 GeV?

region.

The numerical estimation is given in Table 4, whereas, the cut-off dependent branching fraction is depicted in Fig. 7.
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Fig. 6. Forward-backward asymmetry of the B — Ky t*u~ (left) and B — K3 -t (right).
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Fig. 8. Branching ratio (in the units of 107°) of B — K*zu (left) and B — ¢z (right).

4.3. Impact of SMEFT NP coefficients on B — (K*, )¢ 1_"0; decay observables

+ Branching ratio: The numerical values for the expected branching ratios of the decay process are provided in Table 4. In Fig. 8,
we present the ¢2-dependent differential branching ratio of B, — (K*,¢)r*u* decay processes. Each mode of B,) — (K*,¢)
process has almost similar ¢> dependencies of the differential branching ratio irrespective of the charge of the heavier lepton.
Therefore, we have shown a single curve for both modes 7+ u¥.

Forward-backward asymmetry: We observe a zero-crossing position for both modes in the ™ u* final states, whereas no such
behavior is found for y~z* modes. The observable App exhibit the zero crossing around 7 GeV? for B(B,) - K*(¢)r~u*
processes. In contrast, for B(B,) - K*(¢)u~z* channel, the behavior of the observable remains positive throughout the q*
range. This is shown in Fig. 9 and Fig. 10. We also provide the prediction for the forward-backward asymmetry for the decay
process which is provided in Table 4.

Longitudinal polarization asymmetry: The ¢ dependent lepton longitudinal polarization asymmetry of B — K*zy and B —
¢t u decays are shown in Fig. 11. The observables have similar behavior irrespective of the charges of the lepton pair. In addition,
the numerical values of F; are also given in the Table 4.
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Fig. 11. Longitudinal polarization asymmetry of B — K*zu (left) and B — ¢ru (right).

As mentioned earlier, for our numerical computations, we set the cutoff limit A, =1 TeV. The evolution of the branching ratio for
the decay process is depicted in Fig. 12.

The above results are shown in the context of LFV b-hadron decays via the relevant WCs CI(;) and Cy,,4, considering the future
experimental limits of B(Bt — K*t*u¥) and B(B, - t*u™) decays. The essence for finding these numbers in Table 4 is that the BRs
of these processes which are also induced by the above mentioned WCs, should lie below their future limits. Therefore focusing on
these numbers is crucial for the experimental point of view.

The decay modes discussed in our work so far have not been observed and only the experimental upper limit exists for B - K*zu
decay. In scenarios involving CI(]) and Cy,,, the upper limit for B(B - K*zp) (~ 1075) aligns with the anticipated direct experimental
upper limit [46]. Similarly, for B; — ¢ty decay, no experimental upper limit exists so far. In our work, the upper limit for BR is
estimated to be ©(107>). It is interesting to note that these numbers fall within the scope of the future bounds that are expected to
be obtained through upgrades at LHC [46]. Taking into account for B — K}zu and Ay — Aty processes, the estimated BRs are of

10
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Fig. 12. Cutoff dependent branching ratio of B — K*ru (left) and B — ¢z (right).

Table 4

Predicted upper limits of B and Agg for the Ay - Az*u™, B —
(K*,¢)r*p* and B — K;7*u* decays, with 7, prediction for
B, = (K*,p)r*p*.

Observable B 4 r
Decay mode i L
Ay = At pt <2.40x 107 <-0295 -
Ay = At pm <143x107° <-0054 -
B— K*ttyu~ <3.29x 107 <0.496 <0.565
B—- K*t™ut <3.26x 107 <0.165 <0.561
B, — ¢t u* <5.61x107° <0.174 <0.549
B, — ¢ty <5.66x% 107 <0.497 <0.553
B— Kit~u* <4.71x 1070 <-0.321 -
B— Kty <4.38x107° <0.017 -

the order 107° and 1075, respectively. Although these two decay modes are not observed so far, it is anticipated that bounds on their
branching fractions could be obtained in the upgraded LHC.

5. Conclusion

The observation of any LFV decays indicates a clear signal of the presence of new physics beyond the SM, as such decays are
strictly forbidden within its framework. Various extensions of the Standard Model have been proposed to explain lepton flavor-
violating processes, which, in turn, motivate a closer examination of these decays. In this work, we have studied the lepton flavor
violating By, decays based on b — sty transitions. For this purpose, we constrained the parameter space of NP couplings weighted
by (pseudo)scalar and axial (vector) operators, by using the upper limits of Br(B — 7x) and Br(B — K u) in the presence of SMEFT
Wilson coefficients. Using such constrained NP parameters, we have investigated the impact on the branching fraction, forward-
backward asymmetry and the lepton polarization asymmetry of the exclusive B, — (¢, K*, K3)ru and A, — Aty processes. In the
study of A, — Aty processes, the observables such as the branching fraction and the forward-backward asymmetries are discussed
in our analysis. We observed that in the presence of new SMEFT couplings, these observables receive significant contributions. In
the presence of NP coupling, the branching ratio for A, —» Artu~ and A, —» At~ u* decays are estimated to be 1.43 X 1075 and
2.40 x 107>, respectively. In contrast, the zero-crossing in the forward-backward asymmetry curve has been found only for the
Ay = At~ mode. For the decays B, — (K*,¢)r~ ut and B, — (K*, @)zt u~, the branching ratios are estimated to be of the order
of 103, with minimal difference in their central values. However, the branching fraction for the B — KJ7*p™ decay is predicted to
be of @(107%). Furthermore, the zero-crossing point in the forward-backward asymmetries for the B — (K*, ¢, K;‘);ﬁr‘ modes are
obtained within this framework.

Furthermore, we presented the cut-off scale dependency of the branching ratios for these b — sty mediated decay modes. Addi-
tionally, we made predictions for the upper limits of the aforementioned observables as summarized in Table 4. The findings reveal
that our predicted values are substantial and within the reach of current or forthcoming experiments. If detected in these experiments,
this would offer a definitive indication of new physics.
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Appendix A. The angular coefficients of A, - A¥,¢, process

The of the angular coefficients K|, ... can be expressed as follows:

int
+ Klss,lcc,lc’

VA
Klss,lcc,lc =K +K

1ss,1ce,lc 1ss,1ce,lc

where, the KV'4 KSP and K" are given as follows,
1ss,1ce,1c’ 1ss,1ce,lc lss lce,le

1ss
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Here, we have defined m_ = m; ¥ m, with m;,m, as the masses of #; and 7, respectively.

Appendix B. Inputs required for B — KZ’F ¢,¢, decay mode

c@ =220 { (1AL + 1AL - 2|Ag|2) HL=R),

(B.1)
B()=2 ﬂ+ {Re [A“A” L R)] “Re [A”A! +(L - R)|
m m_ "
+—2Re [AL(AY + AD)] - —=Re [AL(AY — AD) } . (B.2)
Ve Ve
2 2
2_3)1 my\ o m-\ Il 2 12
A =3 {Z [<l+q—2>ﬂ_+<l+? 2 <|AL| +]AL] +(L—>R))
+1 (B2 + 52) (1402 + 4% + dmm e [0 A0 +AII*AII +ALALY AT AL
2 - + L R q L° "R
1
+5 (B + P2 =2p32) (1471 + |A'R|2> +5 (|ASP|22 +14517)
2
+=pIRe [Ag(A] +AL)*] - T p2Re [Asp(A] —AR)*1}. (B.3)
Ve Ve
Appendix C. Inputs required for B — (K*,$)¢ ¢, process
The full angular distribution for the decay process can be expressed as
d*T(B - K*(—» Km)¢;¢F) 9
= —1(¢*0,.0x.9). (c.1)
dq*dcosO,dcosOxdep 32
where
I(q%. 0.0, ) =I:(q")sin® Ok + I{(g*) cos” O + [I5(g*) sin” O + I5(q*) cos® O] cos 20,
+ I3(qz) sin? Ok sin? 0,cos2¢ + 14(q2) sin 26 sin26, cos ¢
+ I5(¢%)sin 20 sin 0, cos ¢ + [13(q7) sin® O + I¢ (g*) cos” O cos b,
+ I;(g)sin 20 sin 0, sin ¢ + I5(g°) sin 20 sin 20, sin ¢
+ I(g%)sin” 6 sin” B, sin 2¢), c.2)

with 6,, 0y and ¢ varies as —7 < 6,,0 <7 and 0 < ¢ < 27 respectively.
The angular coefficients in terms of transversity amplitude can be expressed as:
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1/2 m2 — m2
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q q
1/2
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/2 2 2
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1/2 2 2
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The transversity amplitude can be written as follows [31],

405)
AKB N N2 [(C9 - CIO)m—q

+ My
2
AE® = N V2 = i) [(Co clo)ﬂ ,
I i — My
N+ ApAy(q®)
AR =— 2—\/_2(@ FCy) [(m M. — q*)mp + my) Ay (g°) - ﬁ
Mg«\ q *
1/2 )
c c
AL® — N ZB (G Cpp) + — S P )| Ay, (C.4)
q> my+mg \my—my, mp+my
where,
F emV )’B
N _V”’VTS T 321058
3 x 2107
MA@ b, P =a* +b* + ¢t — 2(a2b2 + b2c? + 2adP). (C.5)

In the above equation, G is the Fermi coupling constant whereas Tp, represents the life time of B; meson. The term proportional
to V,V;, survives in the SM limit.
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