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Rare semileptonic B — K(x)l; lf decay in a vector leptoquark model
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We investigate the consequence of vector leptoquarks on the rare semileptonic lepton flavor violating
decays of the B meson which are more promising and effective channels to probe the new physics signal.
We constrain the resulting new leptoquark parameter space by using the branching ratios of B, ; — 1™,
K; — I"I” and 7= — [7y processes. We estimate the branching ratios of rare lepton flavor violating
B—-K (ﬂ)li‘lj+ processes using the constrained leptoquark couplings. We also compute the forward-

backward asymmetries and the lepton nonuniversality parameters of the LFV decays in the vector
leptoquark model. Furthermore, we study the effect of vector leptoquark on the (g —2), anomaly.
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I. INTRODUCTION

The discovery of the Higgs boson at LHC completes
the standard model (SM) picture of particle interactions,
which is quite successful in describing all the observed
experimental data so far below the electroweak scale. Still,
we need physics beyond it in order to solve the hierarchy
and flavor problems. In this context, the study of rare B
decay modes involving the flavor changing neutral current
(FCNC) transitions, b — s/d, are more captivating.
The FCNC processes are highly suppressed in the SM
and occur via one-loop level only. It should be noted that
the current measured data by LHCb Collaboration on
angular observables in rare B decays show significant
deviation from the SM predictions. In particular, the
discrepancy of 3¢ in the famous P angular observable [1,2]
and the decay rate [3] of rare B — K*u"u~ processes
have become a tension in recent times. In addition, the
ratio Ry = Br(B — Ku"pu~)/Br(B — Ke'e™), canceling
the hadronic uncertainties to a very large extent, has also a
2.60 deviation from the SM prediction [4,5], thus indicates
the violation of the lepton flavor universality (LFU).
The decay rate of B, — ¢u"u~ process is also low
(30 deviation) compared to its SM value [6].

Within the SM of electroweak interactions, the gener-
ation lepton number is exactly conserved, since the
neutrinos are deemed as massless particles. Nonetheless,
the observation of neutrino oscillation has provided unam-
biguous evidence for lepton number violation in the neutral
sector. The observation of lepton nonuniversality by the
LHCb Collaboration generically implies the existence of
lepton flavor violating (LFV) decay processes. Since the
observed data on lepton nonuniversality is due to a 25%
deficit in the muon channel, thus LFV is more for
muonic processes than for electronic processes [7]. The
branching ratio of & — zu LFV decay is found to be
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Br(h — i) = 0.84703) by the CMS Collaboration [8],
which has a 2.6¢ deviation from the SM value, thus boosted
the interest of physicists to study more LFV decay
processes in charged sector such as [; = Ly, [; — ljlkik,
B, — [¥I] and B — KWIFIT etc. Theoretically, the LFV
processes are free from the nonperturbative hadronic effects
and significantly contribute some additional operators in
comparison with the lepton flavor conserving (LFC)
processes. In the literature, there are many attempts to
analyze the LFV decays in the B sector in terms of various
beyond the standard model scenarios [9-12]. Even though
there is no direct experimental measurement on such LFV
processes, but there exist upper bounds on some of these
decays [13]. The observation of lepton flavor violating
decays in upcoming and/or future experiments would
provide evidence of new physics beyond the SM.

To settle the observed anomalies at LHCb using a
specific theoretical framework, we extend the SM by
adding a single vector leptoquark (LQ), which is a color
triplet boson and arises naturally from the unification of
quarks and leptons. LQs carry both baryon and lepton
numbers and can be characterised by their fermion number,
spin, and charge. Since the 1980s, LQs have been enthu-
siastically searched for without any positive results,
although they could be produced directly at the colliders.
The existence of an LQ can be found in many new physics
(NP) models, such as the grand unified theories [14,15],
Pati-Salam model, quark and lepton composite model [16],
and the technicolor model [17]. The lepton and baryon
number violating LQs are very heavy to avoid proton decay
bounds. Nevertheless, the LQs having the baryon and
lepton number conserving couplings do not allow proton
decay and could be light enough to be seen in the current
experiments. The interaction of an LQ with the SM
fermions could be due to a scalar LQ doublet with
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representation (3,2,7/6) and (3,2,1/6) or a vector
LQ triplet V3(3,3,2/3), singlet V1(3,1,2/3) or doublet
V2(3,2,5/6) under the SM SU(3). x SU(2), x U(1)y
gauge group. In this work, we consider the vector LQ
model which can produce both scalar and pseudoscalar
operators in addition to the vector currents. We assume
that the LQs conserve B and L quantum numbers and
do not induce proton decay. We investigate the LFV B —
K(m)I71; processes in the context of vector LQ model.
Even though the LFV processes occur at loop level with the
presence of massless neutrinos in one of the loop or
proceed via box diagrams, these can occur at tree level
in the LQ model and are expected to have significantly
large branching ratios. We compute the branching ratios
and forward-backward asymmetries in these LFV proc-
esses. In addition, we also check the existence of lepton
nonuniversality in the LQ model. The complete LQ
phenomenology and the additional new physics contribu-
tion to the B sector has been investigated in the literature
[10,11,18-24].

The paper is organized as follows. In Sec. II, we present
the effective Hamiltonian describing the b — qli‘l;r tran-
sitions, where ¢ = s, d. The angular distribution and the
decay parameters of the semileptonic lepton flavor violat-
ing decays are described in Sec. III. In Sec. IV, we discuss
the new physics contribution due to the exchange of vector
LQ and the constraints on LQ couplings from B, ; — (7],
K; - I"l” and 7= — [7y processes are computed in
Sec. V. The branching ratios, forward-backward asymme-
tries and the lepton nonuniversality of B — K (ﬂ')li_l;r LFV
decays are computed in Sec. VI. Finally, in Sec. VII,
we explain the muon g — 2 anomaly and the conclusions
are summarized in Sec. VIIIL.

II. EFFECTIVE HAMILTONIAN
FOR b — ql; lj+ PROCESSES

In this section, we discuss the effective Hamiltonian
describing the FCNC b — g(= d, s)[; I} transitions. Here
we will focus mainly on the b — sll-‘lj+ Hamiltonian as the
b— dli‘lj+ Hamiltonian can be obtained from it with the
obvious replacements. The effective Hamiltonian for
the quark-level transition b — sli‘l;’(l = e,y,7) in the SM
is mainly given by [25]

=49 v, S cmom
eff — ~ ~ /5 VisVib i i
ff \/i ts V1 P

e

167°

+ C;M [EGIW(WLSPL + mbPR)b]F””

+ CM S sy PLB)LY + CM S (5 PLb)LY .
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where L}, = Liy,l; and Llsj” = ly,rsl;. Here G denotes the
Fermi constant, V,, are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, «,,, is the fine structure constant,
and P; r = (1 F y5)/2 are the chirality projection oper-
ators. The operators O;(i =1, ...,6) correspond to the
tree-level current-current operators (O;,), QCD penguin
operators (O;_¢) and C;’s are the Wilson coefficients. For
i=], C7 v.a Tepresent the SM Wilson coefficients C;9 19
and for i # j they will vanish.

The total effective Hamiltonian for processes involving
the b — sli‘lj+ transition, in the presence of new physics
operators with all the possible Lorentz structures, can be
expressed as

Hegr (b — sl71 ) Heﬁ' + Heﬁ + Heff + Heff? (2)

where H3) is the SM effective Hamiltonian as given in
Eq. (1), and the NP contributions are given as

HYA = —Np[Cy(57#PLb)LY; + Ca(57*PLb)L}Y
+ Cl (57" Prb) LY, + C) (57" Prb) LY. (3)
Hgffg = —Np[Cs(3Pgb)L;; + Cp(EPRb)ij

+ C5(5PLb)Li; + Cp(5PLb)LY), (4)

Hly = —Np[2Cr(30,,b)LYY + i2Cps(50,,b) L], (5)

where Ny = G&g;‘['" Vo Vi, L3 =lysl;, and L’,-‘;'S =
2il;0"ysl;. Here we use 0#ys = —£e" 6,4 to calculate

L’.‘]’./S. In the above expressions Clw, where i =V, A, S, P,
and Cri) are the NP effective couplings which
are negligible in the SM and can only be generated using

new physics beyond the SM.

I1I. THEORETICAL FRAMEWORK
FOR B — K(x)l,];, DECAY PROCESSES

The semileptonic B — K1,1 ; decay involves the quark
level b — sI; [} transitions as mediated by the effective
Hamiltonian of the form in Eq. (2). The relevant kinematical
variables describing this three-body decay are the invariant
mass squared of the lepton pair ¢g> = (Pgz — Pg)?, and the
polar angle 8,. Here P and Py are the four-momenta of the B
meson and K meson, respectively, and 6, is the angle between
the K and lepton /; in the /; — [; rest frame. The polar angle
differential decay distribution in the momentum transfer
squared g for the process B — K1;; can be written in the
form

* 12 12
|thVts

T Giak,p;
FaenPy Zl cosf;),  (6)

dg?dcosf, 2255M3
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where f3;; = \/(1 - (m’:zm">2)(1 — {m qm ) and the kinemati-
cal factor A = M, + M + q* = 2(M3M% + M%q> + M3q°).
The twelve angular coefficients /;(cos 6;) appearing in the
angular distribution depend on the couplings, kinematic

variables, form factors, and the polar angle 6,, which are
defined as

1,=2 [(1 _(ITJ)>((12 —(g* = (m;+m;)?)cos*0,) | HY |

(7 —m3)
+4kﬁRe[H?,H§;]cos91
(m;—m;)? _ 5
(g7 = (my+m;)?) | HY | (7)
'

= (1= g m o

q
i)

N
) 2 gy B |2] ®)

q
I3 =2(q* — (m; + m;)*)|Hs|?, )

, (10)

Re[HOH{]cos 0,

Iy =2(¢% = (m; — m;)?) | Hp[?

(m; —m

Is = 8(1 —qu')z)((mi + m;)?

+ (¢* = (m; + m;)?)cos6))

(m; 4+ m;)?

16:32<1— . )((mi—mj)2

+ (g% = (m; — m)?) cos® )| HY |, (12)

I; =4Re [Zk(mi + m;)HY H cos 0,

(m; —my;)
e

I = 4Re [Zk(mi —m;)HYH} cos 6,

(¢ = (m; + mj>2>H'VHz} , (13)

(m; +m;)

\/q—(CJ(

Iy = —8Re [Zk(m

m.,->2>HgH;z] ,

1 0r*
m;)H{,H7" cos 6,

(m; +m;)

Vi

n (¢ - <<—m,->2>H°VH%f*], (15)
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1,0 = 16Re [Zk(m,- + m;)H',HY'; cos 6,

(m; —m;)

Wj(qz = (m; + mj)z)H(t)H(}tE ) (16)
111 = —16k\/ que[HsH(%t*] COS 91, (17)
11, = 32k\/ ¢*Re[HpHY;] cos ;. (18)

Here k = (f;;1/q*)/2 is the lepton momentum and the
expressions for the helicity amplitudes are given as

A f
Hy= [ (@ CrrCor @)+ 20m T

+Myg
(19)
t M M2 !
Hy = 37 (CM+ Cy + Cy) fold?). (20)
A
H) = \/%(CfiM +Ca + COf (), (21)
M3 — M?%
Hy :T(CSM‘FCA‘*‘C/ Wfo(d?), (22)
M% _M%( / 2
Hg Zm—(cs+cs>fo(q ), (23)
b
MZ _ M2
Hp = % (Cp + Ch)fo(d), (24)
b
H(%t = _2CTM \—/k_M fT(f] ), (25)
VA
HYs = —2Crs me(qz)- (26)

The above expressions are calculated by using the
parametrizations of matrix elements of the various
hadronic currents between the initial B meson and the
final K meson, in terms of the form factors f, f,, and
Sfras[5]

(K(Pk)[57b|B(Pg)) = f1(q*)(Pp + Pk )

M3 - M2
+ [fola?) bk

—f+(q2)}TCI”’

(27)
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(K(Pg)|50" b|B(Pg))

—; fT(qz)

M, -, (ot Pr)a =" (Py+ Pr)]. - (28)

It should be noted that, in general, the angular coefficients of
semileptonic decays take the form

I;(cos ;) = a; + b; cos 0; + c; cos® 0. (29)

The differential decay rate for the decay B — K1;1; can be
found by integrating over the polar angle in Eq. (6) to get

dr 22 BiiVAV Vi 2 2
Fen ij thV ts ZJ“

— (30)
dq2 212 SM%

where the coefficients J; = [, I;(cos 0;)d cos 0, are given
below as

Ji —4[<1—Wi;72mj>2>%(2q2+(m[+m ) |HY 2

=) 2 (o, + )\ @ (31)
q
m: m; 2
=4 (1= D) Saqr k(= mp
m m 2
L) —<mi—m,,->2>|Hz|2], (32)
q
J3 =4(q* — (m; + m;)?)|Hg|?, (33)
Ty = 4(q* = (m; = m,)?) [HP. (34)

(m,- - m')z 1
Js = 16(1 - ) 5 2(m; +m;)* + ) | HY|?,

q 3
(35)
m; m 2
s =641 = D) L= o+
(36)
5y =8 (me‘;’j’f’ (¢ = (my + m)PR[HLHS), (37
Js :8<m\jq,;"f) (¢* = (m; — m))*)Re[H\H}].  (38)
Jo = =160 — o Rl |
q
(39)
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(m; — mj)
/qz

Here the coefficients J;; = J;, = 0. Next, we define the
forward-backward asymmetry (Agp) for the leptons by
integrating over cos 6; in Eq. (6) as

App(q?) = (Al dcos 6, 4T

Jip =32 (q* — (m; + mj)z)Re[Hf)H%]- (40)

dg*d cos 0,
0 ar ar
—/ dcos)—5——|/—=. (41)
- dq~dcos0;)" dq

After integration, we obtain

X

Arp(q?) = S0 7 (42)
=11

where the quantity X is defined as

(mlz_mg) 0 pyr= 0 gyt
X = 8kRe T(HVHV—'_HAHA)

+ (m; + m;)(HY)H§ + 4H HYY)
+ (m; — mj)(H%HTD — 2HHY")

2\ (HYHY — 2H HY) . (43)

Another interesting observable is the lepton nonuniversality
parameter, which has been recently observed by LHCb in
the BT — K'ITI~ process and has a 2.6¢ discrepancy
from the SM prediction in the dilepton invariant mass bin
(1 < ¢* <6) GeV2. Analogously we would like to see
whether it is possible to observe nonuniversality in the
LFV decays. Hence, we define the ratios of branching ratios
of various LFV decays as

Br(B = Ku~e™)

Br(B = KII) (44)

He __
Ry, =

Br(B — Kre™)
R =— " = ) 45
Kl Br(B — KI*I7) (45)

Br(B — Kt u")

R}, =——— =, 46

KL Br(B — KItI) (46)
Br(B — Ku'y)

R =—_"" " PP 47
K" Br(B - Kete™) (47)
.. Br(B— Kt

Ry =) (48)

Br(B - KI'I")’

where [ = p, e. Similarly, one can obtain the branching ratios
and other physical observables in B — 7rli‘lj+ processes by
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incorporating the appropriate CKM matrix elements, form
factors and the NP effective couplings. Recently, LHCb has
measured the ratio of branching fractions of BT — zu"u~
over BT — KTyt~ processes [26], given as

Br(B* — atutu)
Br(B* — KTutu™)

= 0.053 £ 0.014(stat) & 0.001(syst).
(49)
In the same context, we also define the ratio of branching

fractions of B* — z*[;[] and B* — K*I;Ij LFV proc-
esses as

1.1 BI'(B+ - 7T+ll_l+)
R} = I,
T Br(BY - KYUL))

(50)

IV.NEW PHYSICS CONTRIBUTIONS DUE TO THE
EXCHANGE OF VECTOR LEPTOQUARK

There are 10 different LQ multiplets under the SU(3) . x
SU(2); x U(1)y SM gauge group [22], of these one half
have scalar nature and the rest have vectorial nature under
the Lorenz transformation. Vector LQs have spin 1 which
exist in grand unified theories, SO(10) including Pati-
Salam color SU(4) and larger gauge groups. The scalar and
vector LQ multiplets are differ by their weak-hypercharge
and fermion number. The strongest bounds on the vector
LQs can be avoid by demanding chirality and diagonality
of the coupling and diquark coupling have to be forbidden
to evade proton decay. There are three relevant vector LQ
multiplets, (3,3,2/3), (3,1,2/3), and (3,2,5/6) [23],
out of which only (3,3,2/3) leptoquark conserves both
baryon and lepton numbers.

A. Q=2/3 vectors

There are two vector LQ multiplets V3(3,3,2/3) and
V1(3,1,2/3), having fermion number zero and electric
charge Q =2/3. The interaction Lagrangian of the
isotriplet state V) with the SM fermions is given by [23]

LB =g, 0t- V,(,S)y/‘L +H.c., (51)

which conserves both lepton and baryon number and
contributes new Wilson coefficients, CI{,% as

Cle— _clo_
\/EGF Vlb V?r Aem

T (gL )sl (QL)ZI
. (52)
M,

Here, Q(L) is the left-handed quark (lepton) doublet, g; is
the LQ coupling having left-handed quark current and 7
represents the Pauli matrices.
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The Lagrangian for the isosinglet state, V(1), is given by

LV = (g, 07'L + gpdrr*lx)V +He.,  (53)

where dp and [ are the right-handed down quark and
lepton singlets, respectively, and gp is the LQ coupling
with down quarks and right-handed leptons. This LQ
violates baryon number and has the coupling to both
left- and right-handed fermions; i.e., it is a nonchiral LQ.
In addition to Cy 4, new Wilson coefficients, these nonchiral
LQ contributes scalar and pseudoscalar operators given by

CNP — _ (NP _ ” (gL)sl(gL)ZI, (54a)
Y A \/EGFth V;Fsaem M%/(l)
C'NP _ NP _ r (9R)s1(9R) i (54b)
Y A \/EGFth V;‘saem M%/(l)
_CNP — NP _ V2n (92)51(9r) 1 (54c)
P — s * 2 ’
GFthVtsaem Mv(l)
2 ) *
Cg\IP _ Cg\lP _ \/_ﬂ (gR)sl(gL>b1 . (54d)

= . 5
GF th Vtsaem Mv(l)

B. 0 =4/3 vectors

The vector LQ with charge Q = 4/3 has one isospin
doublet state V*(3,2,5/6), whose coupling with fermion
bilinear is given by [23]

£O) = gp0Cir, VP vy + g, dGr Vi L + He.  (55)

This LQ also has both left-handed and right-handed lepton
couplings and violates baryon number. Now performing
the Fierz transformation, the additional Wilson coefficient
contribution to the b — gl~I" process is

CNP — NP _ - (gR)bl(gR):l’ 56a
! A \/EGF th V;ks Ao M%/(Z) ( )
_CNP _ NP _ r (gL)bl(gL>§l’ 56b
! A \/EGF Vth V;Fsaem M%/(Z) ( )
CNP — NP _ V2z (9R)bi (9 )5: (56¢)
PSS T GaV,Vi M2, ¢
FVibVisQem v
2 *
_C/[I)\TP _ CgNP _ \/_” (gL)bl(gR)sl . (56d)

- 2
GF th V;‘saem Mv(z)

V. CONSTRAINT ON THE
LEPTOQUARK COUPLINGS

After having an idea about all possible new physics
contributions to the SM, we now proceed to constrain the
new Wilson coefficients by comparing the theoretical

035022-5



DURAISAMY, SAHOO, and MOHANTA

and experimental branching ratios of various rare decay
processes.

A. B;; — I'"l” processes

The rare leptonic By, — uu~ processes are mediated
by the FCNC b — (s,d) transitions, and in the SM the
branching ratios depend only on the Wilson coefficient C,.

|

PHYSICAL REVIEW D 95, 035022 (2017)

In addition to the Cg) 4 Wilson coefficients, the vector LQ

also contributes scalar and pseudoscalar (C(S/)P) Wilson
coefficients to the SM. However, there is no additional
contributions of tensor Wilson coefficients Cr 7, due to the
exchange of vector LQ.

The branching ratio of the B, — upu~ process in the LQ
model is given by [27,28]

G} 4m?
Br(B, —~ w*u") = 755, @l My 2V Vig PICMP |1 =S5 (1P 4 ISP2), (57)
T B,
where
po =G M (GG
o CﬁM 2m, \my, + my CiM o ’
LQ /LQ
S = CS - CS

Here, the CXM‘Q and Cg’)LQ Wilson coefficients are gen-
erated due to the vector LQ exchange and are negligible
in the SM, which implies PSM =1 and S™ = 0. The
experimental result is related to the theoretical predictions
as [28]

1—y2
Br"(B, - utp) = |———1—|Br**(B, - pu"yu~),
1By = u'H) L ,Myjr (B = 1'p7)

(59)

where y, = TBqAFq /2 and the observable Ar is the mass

eigenstate rate asymmetry equals to +1 in the SM. For
calculational convenience, we define the parameter R, as

~ BB, - putp)

= S =[PP +I[SP. (60)
O BrM(B, - )

If we apply chirality on vector LQ, then the Cg_)}%Q Wilson
coefficients will vanish and there will be additional con-

tribution of only CE;?LTQ Wilson coefficients to the SM.
Hence, the R, parameter can be given as [11,18]

2

CLQ _ C1Q '
A __ZA L =14, (61)

q

where the parameters r and ¢ are related to the new
Wilson coefficients as

cR_

rei? =
CSM
A

(62)

1 4m? M%;q my,
M%q 2m, \my, + my

> = |S]eits. (58)

SM
CA

[
Now comparing the theoretical [29] branching ratios of the
B, — ptyu~ processes with the 1o range of experimental
values [30], the constraint on r and ¢"* is computed for
scalar LQ model in our previous work [11,18]. If we
assume that both the scalar and vector LQs have same-order
mass, Mo = 1 TeV, one can use the same constraint on r
and @\ parameters to study the processes mediated via

vector LQ. For B, — u*u~ process, the constraints are
found to be [11]

0<r<035 with 7/2<¢"° <37/2, (63)

and for the B, — p™u~ process [11],

0.5<r<1.3, for (0<gN? <7z/2) or (3z/2 <P <2n).
(64)

Using Egs. (52), (54a), and (54b), this can be translated to
obtain the bounds on the LQ couplings (for Mo = 1 TeV)
as

0 < [(g2)5u(91 )3l < 2.3 1072, (65)

0.7 x 107 < (1) 4u(91)5,) < 1.81 x 107, (66)

Similarly, using the theoretical predictions [29] and the
experimental upper limits [31,32] on B, — eTe™(z777)
processes, the constraints on the product of scalar LQ
couplings are presented in Table I, which are found
to be rather loose as the measured branching ratios of
By, — v (eTe™) are not very precise.
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TABLE I. Constraints on leptoquark couplings obtained from
various leptonic By ; — [T~ decays.

Decay Couplings Upper bound
process involved of the couplings
B, = e*eT 1(9L)se (9L ) e | <1138

B, — TiT:F |(gL)ST(gL);;T| <04

B, — eTeT 1(92)de (9L)p | <80

B, — 17T |(92) ac(91)}c] < 0.593

For simplicity, we can neglect the NP contributions to
the CQLQ Wilson coefficients, as the C(SIE,“Q Wilson
coefficients are enhanced by the factor M%q /m;. Now

using Egs. (58), (54c¢), (54d), and (60), the R, parameter
becomes

R - crop
r

CLQ C’LQ 2
R +‘1_|S:Fis| . (67)

q 2
q q

where

0.3
02 F ]

01

Y T T P T P T T
.03 -02 -01 0 0.1 02 03 04

CstCyg

FIG. 1.
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L 2my(my, + m,)CM
a M%q .

(68)

Now comparing the theoretical and experimental values
of B, — [T~ decays, we calculate the allowed region of

the CIS‘Q + C’SLQ Wilson coefficients. If the Wilson coef-
ficients are real, Eq. (67) will be a circle of radius

I |\/RG® with center at (CsQ + €59, C50 - C59) =
(r4,0). The left panel of Fig. 1 represents the constraint

on real CEQ + C'SLQ Wilson coefficients from B, — uu~
process and the right panel is for complex Wilson
coefficients. Similarly, in Fig. 2, we show the constraint
on real (left panel) and complex (right panel) Wilson
coefficients for B; — utu~ process. The allowed range of
real Wilson coefficients from B; — e'e™ (left panel) and
B, — eTe (right panel) processes are shown in Fig. 3. In
Fig. 4, we present the constraint obtained from B; — 777~
(left panel) and B; — ¢~ (right panel) processes. The
allowed region of CIS“Q + C’SLQ real Wilson coefficients
obtained from B, — [*I~ processes are presented in

0.3 prrrrrre e
02 F ]

01f

CsCs
o
T

_03 :....I....I....I....I....I....I....I....:
-04-03-02-01 0 01 02 03 04

CstCyg

Constraint on the combination of scalar Wilson coefficient from B, — u*u~ process. The left panel is for real C]S“Q + C’SLQ

Wilson coefficients and right panel is for complex Wilson coefficients.

0.6

04 F ]

CstCg

CsCs

0.6

FIG.2. Constrainton Cng + C'SLQ Wilson coefficients from B; — u "~ process. The left panel is for real Wilson coefficients and right

panel is for complex Wilson coefficients.
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FIG. 3. The allowed region of CIS‘Q - C'SLQ and CIS‘Q + C;LQ Wilson coefficients from B, — e"e™ (left panel) and B; — e*e™ (right

panel) processes.
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FIG. 4. The allowed region of CEQ - C;LQ and CI§Q + CgLQ Wilson coefficients from B, — "7~ (left panel) and B; — "7~ (right

panel) processes.

Table II. Now using the constrained Wilson coefficients,
one can calculate the bound on the product of various LQ
couplings from Egs. (54c) and (54d).

B. K; —» p"u (ete”) process
The constraint on the product of various LQ cou-
plings from the rare leptonic decays of K meson are

discussed in this subsection. The rare K; — uu~ decay
mode has both the long and short distance contributions

TABLE II. Constraint on combinations of Cg)LQ Wilson co-
efficients from various leptonic B, — [~ decays.

Decay process Bound on CEQ + C;LQ Bound on CEQ - C;LQ

B, — ptu® 0.0 —» 0.32 0.1 - 0.18
B, = ete™ -14-14 -14->14
B, - t*7T —150 - 150 —150 = 150
B, — ptut -0.16 — 0.44 0.2 - 0.36
B, — eTeT -4 -4 —4 - 4
B, — 17T —1000 — 1000 —1000 — 1000

and the dominant contribution comes from the long-
distance two photon intermediates state K; — y*y* —
utu~. Only the short distance (SD) part can be calcu-
lated reliably and the estimated branching ratio of the
SD part is Br(K; — u"pu~)|sp < 2.5 x 107 [33]. In the
SM, the effective Hamiltonian for the K; — uu~
process is given by [34]

Mo = s (e ¥ (5)) 571 = 15))
x (fy, (1 =ys)u), (69)
=G 3 K (1 = v )d) (. (1 70
_ﬁﬁ «Csm(3r* (1 —7s) )(Wp( —¥s)H)s (70)

where 1; = V;,Vi, x, = m?/M%, and sin 0y, = 0.23 and
CK, is the SM Wilson coefficient given as

~ AY N+ A4Y(x,)

ck. = 71
SM sin20y 4, (71)
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The functions Yy; and Y(x,) are the contributions
from charm and top quark, respectively, and the Y(x,)
function in the next-to-leading order (NLO) is [35]

X, (4 —x, 3x,
= +
8\1—-x (1-x

Y(x) = ny ). ()

The branching ratio for the SD part of K; — pu*u~
process in the SM is given by

Br(K;, — "~ )|sp

G% 4m
=T 5 B2 I_M— iMgmZ|CE2. (73)
\ K

Now including the contribution of V()(3,1,2/3) lep-
toquark, the total branching ratio of K; — u™u~ process
is given by

G2
Br (KL - U /4 )_ FTK, emeMKm |/1 | |C |2

4m 2
VI_ATKX (IPk|* + |Sk[?). (74)
where

Chut Gl =Ch° My [ my 1\ (C-Cp°
C&u 2m, \mgs+m, (or ’

5, = 1_4m,2, M3 ( m ) (CIS‘Q—Cg‘Q)
M% 2m, \m;+m, CEy

It should be noted that for K; — ptu~ decay process,
CP violation in K — K mixing is irrelevant and K; can
be treated as a pure CP-odd state. Therefore, we have to
take into account the contributions of both K° and K°
amplitudes, which can be done by replacing the lep-

toquark  couplings  (gz)4,(92)5, = V2Re[(9L) 4, (91)3,]-

Py=

(75)

0.0004

0.0002

‘o
Q  0.0000"

Cs

-0.0002~

-0.0004
-0.0004

0.0000 0.0002

Cs+cs'

-0.0002 0.0004

FIG. 5.

PHYSICAL REVIEW D 95, 035022 (2017)
Thus, the new C{TQ coefficients arise due to the
exchange of vector leptoquark and are defined as

T Re[(QL)dp(QL);y]

Cl = - , (76a
A Gra, A, M%/U) )
R _ _ n Re[(gR)dﬂ(gR):ﬂ] (76b)
A Gra,,Ay M%/(l) )
Re[(91) 4.(98)3,]
CR_ _lQ _ 4 u sl 76¢
§ P T 2Gra,,A, M2, (76¢)
Cg,Q — W _ T Re((9r) 4 (91.)3] ' (76d)

P 2GFaem/1u M%/(l)

In the presence of the V©)(3,3,2/3) leptoquark, the
branching is given by

G? 4m?
Br(K;, — u'p™) = LHrg, aufiMgmi|a, 2y |1 ——
g K om] KELKI M,
CLQ 2
x|CK, + % (77)

For muonic decay, the experimentally measured branch-
ing ratio is Br(K; — u"u™) = (6.84 £0.11) x 107 [13]
and for the K; — e'e™ process, the branching ratio is
Br(K; — ete™) =978 x 1072 [13]. If we apply chiral-
ity on the leptoquark, then only the Cﬁ() ? Wilson
coefficients will contribute. Now comparing Eq. (74)
with the experimental branching ratio of K; —
utu~(eTe™) processes, the constraint on the leptoquark
couplings for Myqo =1 TeV are given by

1.3 x 1073 < Re[(g;) 4 (92)%,] <235 x 1073, (78)
14x 107 < Re[(91) 4,(92)5,) < 1.5 % 1074, (79)
0.010
0.005/
"o
Q o0.000f
1)
O
-0.005-
-0.010 ) : :
-0.010  -0.005 0.000 0.005 0.010
Cs+Cs'

The allowed region of iR + €' Wilson coefficients from K . — eTe (left panel) and K; — u"u~ (right panel) processes.
s s
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Now, by neglecting the CI/;Q coefficients, the constraints
on (C5? + CFQ) Wilson coefficients from K; — ete”

(left panel) and K; — pu*u~ (right panel) are shown in

Fig. 5. From the figure the allowed regions of LQ

couplings for K; — e'e™ process are given by
2x10* <R+ C52<2x 107, (80)
125x 1074 < % -y <2x 107, (81)

and for K; — u"u~ process,

PHYSICAL REVIEW D 95, 035022 (2017)

C. 7™ - u~y process

In this subsection, we compute the constraint on
V},(S, 1,2/3) vector LQ couplings from the charged
lepton flavor violating processes like 7= — [7y, where
[ = u, e. These radiative decays provide an important
testing ground for many new physics beyond the SM.
The similar analysis in the context of scalar LQs can be
found in the literature [24]. In Ref. [36], the authors have
given the general loop formulas for the radiative decay
modes. The effective Hamiltonian for the 7= — u7y
process is given by

—6x 1073 <+ % <3 %1073, (82) Heir = e(Crfigo" Fyt, + Crity 0" Fytg).  (84)
5% 1075 < CEQ - C/SLQ <5.6x1073. (83)  where ¢ is the photon field strength tensor and the
Wilson coefficients C; p are expressed as
|
NC 1 * * * *
CL = 6oz, \73 (92) e (9L) S 2(X6) + (9R) e (9R )5S 1(X5) + (92) e (9R) S 3(X6) + (9R) e (9L) S 4 (%))
v

+ % [(9L) e ()52 (56) + (9R) be (9R) b 1 () + (L) e (9R )5S 3 (2x6) + (gR)bT(gL)Z,,f4(xb)]>

N, T 1.
J’_W(QL)ZN(QL)};M [—gfg )(xb) +§f2(3)(xb) , (85)
v3)
NC 1 * * * *
Cr= T 73 [(92)5:(9L) b f 1(X6) + (9R) e (9R) 5t 2 (X6) (9L) 52 (R ) b f 4 (X6) + (9R) b (9L )5, f 3 (X))
v
2 _ _ _ _
T3 [(90)be(9) 5, f 1(X6) + (9R) e (GR) puf 2(X¥6) (L) e (98 )b f 4 (X5) + (9R) b (9L) S 3 (%)])
N, 1 1.
g @iy | -1 ) + 3700 | (56)
V3
I
Here, N, =3 is the color factor, x, = m}/Mi (where mom,my, [~2x3 4 Tx, — 11 Inx,
My o = My or M), and the loop functions are given falxy) = - m%/m 6(x, — 1)3 (x, — 1)*]
as [36]
(87d)
—5x3 +9x2 —30x, +8 3x’In _ )
fi(xp) = m, { S gXb % de ) . —4x3 +45x2 =33x, + 10 3xjInx,
12(x, — 1) 2(xp — 1) fi(xp) = m, 3 - |
I 12(x, — 1) 2(xp — 1)*]
(87a) (87¢)
543 2 _ 2
Falxy) = m [ Sxp +9x; —30x, +8  3xjlnx, } _ [—4x; +45x7 —33x, + 10 3x;Inx, |
u 3 7| - -
12()Cb - 1) 2(Xb - 1) f2<xb) - mll 12()% _ 1)3 Z(Xb _ 1)4 ’
(87b) (87)
2
x5+ x, +4 3xblnxb] - x2—11x,+4 3x’Inx,
Xp) =m - , 87c = b b , 87
f3( b) b |: 2(xb _ 1)2 (xb _ 1)3 ( ) f3<xb) my, 2(Xb _ 1)2 (-xb _ 1)3 ( g)
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processes.
_ mom,my, [x2 — 5x, —6 — 6x,(1 + x;,) Inx
f4(xb) = Zﬂ |: : ’ 6 _bl 3 & :
my,a (xp )
3
xp Inx,
—(Xb — 1)4] . (87h)

The branching
given by

ratio of the 7~ — p~y process is

_ _ Tr(mg - m2)3
Br(r — uy) = i)

C |2 Cr%.
1673 [ICLI* +[Cg[*]

(88)

This expression can be applied to study other LFV radiative
decays like, 7~ — ¢~y and y~ — e¢~y. The current upper
bounds on the branching ratios of 7= — u~(e”)y is given
by [13]

Br(z - u7y) <44 x 1078,

Br(z~ = e7y) <33 x 1078, (89)

Comparing Eq. (88) with the current experimental bounds
(89), the allowed regions of (gL(R))bz,- (QL(R))’[,I/_ couplings

from 7= — ey (left panel) and 7= — u~y (right panel)
are shown in Fig. 6, and the constraints on the
(gL(R))bl,-(gR(L))le leptoquark couplings from 7= — e7y
(left panel) and == — p~y (right panel) are presented in
Fig. 7. The numerical values of the constraints on lep-
toquark couplings are given in Table III. These bounds are
rather weak in comparison to B ; — u*u~ processes and
they also involve the coupling only to b quark in both the
LQ coupling parameters.

VI. NUMERICAL ANALYSIS OF LFV DECAYS

After having detailed knowledge about the observables
and the bound on new Wilson coefficients, we now
proceed to a numerical analysis of LFV decays in the LQ
model. Though LFV decays are extremely rare in the SM
due to loop suppression and the presence of tiny neutrino
mass in the loop, still they can occur at tree level and are
expected to have significantly large branching ratios in
the LQ model. There will be no contributions from SM
Wilson coefficients in the LFV decays of the B meson.

In the presence of LQ, the modified helicity amplitudes
are given as
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The variation of branching ratios of B — K" u~e™ (top left panel), Bt — K*77e™ (top right panel) and B™ - KT u*

(bottom panel) processes (in units of GeV~2) in the V'3 vector leptoquark model. Here purple bands represent the contribution from V!

leptoquark model and green solid lines are for V3 leptoquark.

Hy ™ = \/;@Q + OV (). (90)
I M%;PM%‘@Q P, 1)
q
me= hce . o
e = MR R ). 09)
TABLE III.  Constraints on leptoquark couplings obtained from

the 7= — [~y processes.

Couplings involved 7~ — ey process 7~ — pu~y process

(92)5:(9L)1 —0.14 — 0.14 —0.16 — 0.16
(9R)p:(9R)3, -0.14 > 0.14 —0.16 = 0.16
(92):(9r) 1 —-0.04 - 0.04 —-0.05 — 0.05
(9r)pe(9L) —0.04 - 0.04 —0.05 — 0.05

2 2
LQ :MB _MK
N m,

H (CR+ 5 folg?),  (94)
M} — My

HR =
P my,

(€2 +CrOfolg?). (95)

For numerical analysis, we have taken the particle
masses and life times of B, mesons from [13]. The form
factors (fo . r) for the kaon and pion are taken from [37]
and [38], respectively. In order to compute the required
LQ couplings, we use the values of the couplings
extracted from B, — [Tl7, as given in Tables I
and II. Although the bounds obtained from K; — [*]~
processes (79) are little stronger than the bounds obtained
from B, — [71~, only the Real part of the couplings can
be constrained there. Therefore, in our analysis, we
consider the constraints from Tables I and II as basis
values and assume that the LQ couplings between
different generation of quark and lepton follow the simple

scaling law, ie. (gi(r); = (mi/m;)"*(gr(x)),; with
j>i. This ansatz was taken from Ref. [39], which
can explain the decay width of radiative LFV u — ey
decay. Now using the constrained LQ parameter space,
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FIG. 9. The variation of forward-backward asymmetries of B* — K*u~e™ (top left panel), B¥ — K*z~e™ (top right panel) and

BT — KTt~ u™ (bottom panel) processes in the leptoquark model.

we calculate the branching ratios, forward-backward
asymmetries and lepton nonuniversality in B —
K(m)I71; processes. In Fig. 8, we show the variation
of branching ratios of B™ — KTu~e™ (top left panel),
Bt - K'tt7e"™ (top right panel) and B* — Ktz u*
(bottom panel) processes with respect to ¢> in both
V13 leptoquark model. Here the purple bands represent
the predictions in the V' vector LQ model and green
solid lines are for V? leptoquark. The predicted branching
ratios of BT — K*li_l}L processes in both the LQ model
are presented in Table I'V. The plot for forward-backward
asymmetries of BT — KTu~e™ (top left panel), BT —
K*t7e™ (top right panel) and BT — Ktz-u* (bottom

panel) processes in the LQ model are given in Fig. 9.
Figure 10 shows the ¢* variation of R%, (top right panel),
R¥, (bottom left panel) and R}, (bottom right panel)
parameters in the high ¢* region. The variation of R,
(top right panel), R, (bottom left panel) and RZ‘”
(bottom right panel) observables are presented in
Fig. 11. The variation of R}, and R, parameters in
low ¢ € [1, 6] region are also shown in the top left panel
of Fig. 10 and Fig. 11, respectively. The integrated values
of forward-backward asymmetries and lepton nonuniver-
sality parameters such as RZI" R%j, R;’l are given in
Table V. In Fig. 12 we show the plot for Ilepton
nonuniversality parameters R in low ¢ (left panel)

TABLE IV. The predicted branching ratios of Bt — K™ (z")I; lj+ processes in the V13 vector leptoquark model.

Decay process Values in V! LQ model

Values in V3 LQ model Exp. upper limit [13]

Bt - Ktpe*t (0.009-6.16) x 10710
BT —» Ktr7e" (0.118-1.882) x 10710
Bt - Kt ut (0.0064-5.58) x 107°

Bt o ntuet
Bt -zt e?
Bt - xtrut

(0.48-3.23) x 10710
5.23 x 10712-1.51 x 107°
(0.41-2.99) x 10~°

<298 x 10710 <9.1x10°8
<7.12x 1071 <43x%x107°
<2.52x107° <45%x 1073
<1.6x10710 < 6.4 %1073
<7.55% 1077 <74%107°
<146 x 107 <62x107°
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high ¢> region. Here the top left panel shows the nonuniversality RY, in low ¢ € [1, 6] region.
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FIG. 12. The variation of lepton nonuniversality parameter R%' for low ¢ € [1,6] (left panel) and high ¢° (right panel) regimes.

and high ¢? (right panel) and the predicted values are
presented in Table V. Here the solid red lines denote the
SM contributions and integrated values in the SM are
given by

R";éu|qze[1’6] - 1.001,
R = 1.144,

R’;(M|q2214.18 = 1.003,

RY, =1.14. (96)

Analogously, we show the variation of the
branching ratios of LFV BT — zTu~e™ (top left panel),
BT - ntt7et (top right panel) and BT — zTrut
(bottom panel) decay processes with respect to g* in
Fig. 13 and the predicted branching ratios are given in
Table IV. Fig. 14 shows the variation of forward-
backward asymmetries in BT — zTu~e™ (top left panel),

TABLE V. The predicted values of forward-backward asym-
metries and lepton nonuniversality parameters in B™ — K*I; ljr
process in the V! vector leptoquark model. Also the predicted
values of RE, RZ’ RLZ parameters for muonic (electronic)

processes in low ¢> € [1, 6] region.

Observables Values in V! LQ model Values in V3 LQ model

(ARKey 7.65 x 107 2.82x 107
(AKze) 0.285 0.285
(AR (0.039-0.105) x 1073 4.8 x 1073
(RE) | 2eng (0.0038-3.5) x 1074 2.03x 1074
(RK) (0.033-3.36) x 10~ 2.04 x 1074
(R¥,) 0.526 x 1074-2.52 1.63
(RY,) (0.285-5.45) x 1073 3.04 x 1073
(R peng  (0.0039-6.1) x 107 3.2x 107
(R%.) (0.0454-6.44) x 1074 3.3x 107
(R%,) 0.72 x 107*-4.83 2.58
(R¥,) (0.039-0.1) x 1073 4.8 x 1073
(R e 0.57-0.9688 0.63
(R 0.521-0.73 0.64

B" - xtt e (top right panel) and Bt — ztzut
(bottom panel) processes. The lepton nonuniversality
parameters Rf, (top right panel), Ry, (bottom left panel)
and Rz, (bottom right panel) are presented in Fig. 15.
Also, we present the behavior of R7, parameter (top left
panel) in the region 1 < ¢*> <6 GeV?. In Table VI, we
present the predicted values of forward-backward asym-
metries and lepton nonuniversality parameters. The
nonuniversality predictions of the B — zl*I~ processes
in the SM are

RZM|(]ZE[16] = 1.001,
R = 1.149,

RZ, = 1.146, (97)

and the values for the parameter Ry in the LQ model

are listed in Table VI.

The predicted values of le’ in V13 LQ model, respec-
tively, are

R"_l:‘|vlLQ = 0525_5334, Rl‘j’e|V3LQ = 0536’ (98)
RT'VILQ = 0536_641, RT|V3LQ = 0578, (99)
RY|yiq = 0.443-0.56,  R¥|ysq = 0.56.  (100)

VIL (g-2),

The recent experimental measurement [40] of the
anomalous magnetic moment of muon, i.e., (g—2), has
about 3¢ discrepancies from the SM prediction and has set
off a flurry of excitement amongst theorists. The exper-
imental result of anomalous magnetic moment of muon is
given by [41]

S = 116592080(63) x 10711, (101)

which when compared to the SM value
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FIG. 13. The ¢ variation of branching ratios of B* — 7z u~e* (top left panel), B* — z*z~e* (top right panel) and B* — zt7r u*
(bottom panel) processes in the V'3 vector leptoquark model.

0.020

— V' LQ Model |

— V' LQ Model
0.015 — V2 LQ Model |
— V®LQ Model

0.010¢

0.005¢

As(q®)

-0.005¢

-0.010

5 10 15 20 25 ’ 5 10 15 20 25

¢ [Gev?] q* [Gev?]
0.45 T T - . .
— V' LQ Model
0.401 — V3LQ Model |

—~ 0.35
o
K>
]
< 0.30
0.25
0.20"— : : : :
5 10 15 20 25
o [Gev?’]

FIG. 14. The variations of forward-backward asymmetries of BT — z7u~e™ (left panel), BT — n77 ¢ (middle panel) and B™ —
zttu" (right panel) processes in leptoquark model.
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the leptoquark model. Here R%, (top left panel) shows the lepton nonumversahty for low ¢* € [1, 6] region.

M = 116591785(61) x 1071, (102)

has the discrepancy
Aa, = f,xP M = (295 +88) x 107", (103)
TABLE VI. The predicted values of forward-backward asym-

metries and lepton nonuniversality parameters in B — zl; lJr
process in the V'3 vector leptoquark model. Also the predlcted
values of R, R,}e’, R,w parameters for muonic (electronic)
processes in low ¢*> € [1, 6] region.

Observables Values in V! LQ model Values in V3 LQ model

(A%S) (0.432-4.42) x 1073 24x1073
(AF%) 0.2632 0.263
(ATH) 0.263-0.271 0.26
(R¥)peng — 1.084x1077-1.95 1.655 x 1077
(RA 1.09 x 1077-0.6 1.66 x 1077
(Rie)| perie) 248 x10719-1.8 x 1073 2.46 x 10710
(Rfe) 2.5 % 10719-55 x 10~ 247 x 10710
(R’ ) (0.0187-1.53) x 107* 1.86 x 107°
(R%) 3.75x1079-7.33 x 1073 3.6 x107°
(R pepg  (1.8-229) x 1073 1.492 x 1073
(Rl (0.932-2.3) x 1073 1.49 x 1073
(R%,) 2.57 x 1074-17.14 11.23
(R 0.0123-0.073 0.07

The absolute magnitude of the discrepancy is small and can
be accommodate by adding the new physics contributions.
The vector LQ contribution to a, is given by

ay = 2N, (0o (=3 ((0) + £
30 + ) )
U+ 0w (= 37100 + 3510 |

= 2N ey (190 )pul® + 1(9R) 1)

x <_é £1() +% f_l(xb)>, (104)

where the loop functions are given in Sec. V C. Now using
the constrained leptoquark couplings from 7~ — u~y proc-
ess with the scaling law as discussed in section VI, Ag,, in
the leptoquark model is found as

238 x107° < Aa, <295 x 1072, (105)

which is within its 1o range.
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VIII. CONCLUSION

In this work, we have studied the rare lepton flavor
violating semileptonic B meson decays in the vector
leptoquark model. These decays occur at loop level with
a tiny neutrino mass in one of the loops, and are thus
extremely rare in the SM but can occur at tree level in the
vector leptoquark model. There are three vector leptoquarks
which are relevant when studying the processes mediated
via b — (s,d) transitions. Of these, we consider the
(3,3,2/3) and (3, 1,2/3) vector leptoquarks in our analy-
sis and constrain the leptoquark couplings from
Byg— I"l", K, — ["I", and v~ — ["y processes, where
[ can be any charged leptons. Using such constrained
parameters, we estimated the branching ratios and forward-
backward asymmetries of B — K[l and B — zl; [}

processes in the vector leptoquark model. We also

PHYSICAL REVIEW D 95, 035022 (2017)

computed some parameters like RIKI(/” o> R%[)ﬂ and le/
(the ratios of various combination of rare decays) in order
to inspect the presence of lepton nonuniversality. We also
study the effect of vector leptoquark on the muon g — 2
anomaly. We found that our predicted values are sizeable
and within the reach of currently running or upcoming
experimental limits, the observation of which in the
LHCb experiment would provide a univocal signal of
new physics.
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