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We study the effect of scalar leptoquarks on some rare decays of B, mesons involving the quark level
transition b — s [/~ In particular we consider the decays B, — pp~,B) — X u*y~ and B, - ¢putyp~. The
leptoquark parameter space is constrained using the recently measured branching ratio of the

B, — putu~ process at LHCb and CMS experiments. Using such parameters we obtain the branching ratio,
forward-backward asymmetry and the CP asymmetry parameters in the angular distribution of B, — ¢ utu~

process.
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I. INTRODUCTION

The standard model (SM) of electroweak interaction is
very successful in explaining the observed data so far and is
further supported by the recent discovery of a Higgs-like
boson in the mass range of 126 GeV. But still there are many
reasons to believe that it is not the ultimate theory of nature,
rather some low-energy limit of some more fundamental
theory whose true nature is not yet well understood. It is
therefore an ideal time to test the predictions of the standard
model more carefully and try to identify the nature of physics
beyond it. If there would be new physics (NP) at the TeV
scale associated with the hierarchy problem, it is natural to
expect that it would first show up in the flavor sector and in
this context the rare decays of B mesons induced by flavor
changing neutral current (FCNC) transitions play a very
crucial role. The FCNC transitions are one-loop suppressed
in the SM and thus provide an excellent testing ground to
look for possible existence of new physics.

In this paper we would like to investigate some rare decay
modes of B, meson using the scalar leptoquark (LQ) model.
The study of B, meson has attracted a lot of attention in recent
times as large number of B, mesons are produced in the LHCb
experiment and this would open up the possibility to study the
rare decays of B, meson with high statistical precision. The
most important and sought after rare decay mode is the B, —
ut i~ process mediated by the FCNC transition b — s, has
been recently observed by the LHCb [1] and CMS [2]
Collaborations. This mode is very interesting as it is theo-
retically very clean and highly suppressed in the standard
model and hence well suited for constraining the new physics
parameter space. Another important rare decay channel
mediated by the quark level transition b — su™u~ is the
inclusive decay process Bg — X,uTp~. The integrated
branching ratio for this process has been measured by both
Belle [3] and BABAR [4] Collaborations. It is expected that in
the low-g” region (1 GeV? < ¢*> < 6 GeV?) as well as in the
high ¢ region (¢> > 14.4 GeV?) the theoretical predictions
are dominated by perturbative contributions and hence a
theoretical precision of order 10% is in principle possible [5].
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We will use the measured branching ratios of these processes
to constrain the leptoquark parameters and subsequently
apply these parameters to study the semileptonic rare decay
mode B, — ¢utu".

Leptoquarks are color-triplet bosons that can couple to a
quark and a lepton at the same time and can occur in various
extensions of the SM [6]. Scalar leptoquarks are expected
to exist at the TeV scale in extended technicolor models [7]
as well as in models of quark and lepton compositeness [8].
The general classifications of leptoquark models are dis-
cussed in [9] and the phenomenology of scalar leptoquarks
has been studied extensively in the literature [10—12]. Here,
we will consider the model where leptoquarks can couple
only to a pair of quarks and leptons and thus may be inert
with respect to proton decay. In such cases, proton decay
bounds would not apply and leptoquarks may produce
signatures in other low-energy phenomena [11].

The paper is organized as follows. In Sec. II we briefly
discuss the effective Hamiltonian describing the process
b — sl™I~. The new contributions arising due to the
exchange of scalar leptoquark are presented in Sec. III. We
present the rare decay modes By — p "~ and BY — Xyt p~
in Secs. IV and V, respectively, and obtain the constraints on
leptoquark parameters. The decay mode B, — ¢utu~ is
discussed in Sec. VI, and Sec. VII contains the conclusion.

II. EFFECTIVE HAMILTONIAN FOR b — sl*l~
PROCESS IN THE STANDARD MODEL

Within the standard model the effective Hamiltonian
describing the quark level transition is given as [13]
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where Gy is the Fermi constant and V/ are the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements, « is the fine
structure constant, P; p = (1Fys)/2 and C,’s are the
Wilson coefficients. The values of the Wilson coefficients
are calculated at the next-to-next-leading order by matching
the full theory to the effective theory at the electroweak
scale and subsequently solving the renormalization group
equation to run them down to the b-quark mass scale, i.e.,
u, = 4.8 GeV [14].

The coefficient CS contains a perturbative part and a
resonance part which comes from the long distance effects
due to the conversion of the real ¢¢ into the lepton pair [T/~
Thus, C§" can be written as

G = Co + Y(s) + C5, 2)

where s = ¢* and the function Y(s) denotes the perturba-
tive part coming from one-loop matrix elements of the four
quark operators and is given in Ref. [13]. The long distance
resonance effect is given as [15]
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where the phenomenological parameter x is taken as
1.7 and 2.4 for the two lowest two ¢c resonances J/y
and v’ [14].

III. NEW PHYSICS CONTRIBUTIONS DUE TO
SCALAR LEPTOQUARK EXCHANGE

In the leptoquark model the effective Hamiltonian
describing the process b — si™I~ will be modified due
to the additional contributions arising from the exchange of
leptoquarks. Here, we will consider the minimal renorma-
lizable scalar leptoquark models [11], where the standard
model is augmented only by one additional scalar repre-
sentation of SU(3) x SU(2) x U(1) and which do not
allow proton decay at the tree level. It has been shown
in [11] that there are only two models which can satisfy this
requirement. In these models the leptoquarks have the
representation as X = (3,2,7/6) and X = (3,2,1/6)
under the SU(3) x SU(2) x U(1) gauge group. Our aim
here is to consider these scalar leptoquarks which poten-
tially contribute to the » — su ™y~ transitions and constrain
the underlying couplings from experimental data on
B, - ptyu and Bg — X, u. Although the decay modes
BY — K%y~ and BY — K*%u*y~ are also mediated by
the same quark level transition b — sutu~, we do not
consider the measured branching ratios of such processes to
constrain the NP parameter space as these measurements
involve additional uncertainties due to the form factors.
However, we will comment on the recent observation of
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several anomalies on angular observables in the rare decay
B — K*%utu~ by the LHCb Collaboration [16].

Now we consider all possible renormalizable interactions
of such leptoquarks with SM matter fields consistent with
the SM gauge symmetry in the following subsections.

A.Model I: X = (3,2,7/6)

In this model the interaction Lagrangian for the coupling
of scalar leptoquark X = (3,2,7/6) to the fermion bilin-
ears is given as [11]

£=—AlupXTel] —i/epX'Q) + He, &)

where i, j are the generation indices, Q; and L; are the
left-handed quark and lepton doublets, up and ey are the
right-handed up-type quark and charged lepton singlets and
€ = io, is a 2 X 2 matrix. More explicitly these multiplets
can be represented as

x=(VY, = (") amae=(" ") G
() ) me(82)

After expanding the SU(2) indices the interaction
Lagrangian becomes
L= _’IyﬁéR(V(lei - Yayi)
— e (Viul, +Yhd,) +He. (6)

Thus, from Eq. (6), one can obtain the contribution to the
interaction Hamiltonian for the b — sy~ process after
Fierz rearrangement as

23/122*

Hig = =L
LQ — 2
Y

i 57 (1 —y5)b][ay,(1 + 7s)u]

23/122*

= ZM”Z (09 + 0y9), (7)
Y

which can be written analogous to the SM effective
Hamiltonian (1) as

GFa
V2r

with the new Wilson coefficients

Hig=— Vi Vis(CEP 09 + CYF 0y) (8)
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B. Model II: X = (3,2,1/6)

Analogous to the previous subsection the interaction
Lagrangian for the coupling of X = (3,2, 1/6) leptoquark
to the fermion bilinear can be given as
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L£=-24diX"eL] +H.ec., (10)
where the notations used are the same as the previous case.

Expanding the SU(2) indices one can obtain the interaction
Lagrangian as
L=-2dp(Vae, —Y,0)) +He. (11)

After performing the Fierz transformation the interaction
Hamiltonian describing the process b — sy u~ is given as

/122 22*
Hiq = Mv (57" Prb[fiy, (1 — vs)ul
22 932x%
/14]?42 (OINP OINP) (12)

where O and O, are the four-fermion current-current
operators obtained from Og o by making the replacement
P;<>Py. Thus, the exchange of the leptoquark X =
(3,2,1/6) gives new operators with the corresponding
Wilson coefficients as

T /122&32*

C/NP — _C/NP
’ 2V2GraVy, Vi, My

10 —

(13)

After obtaining the new physics contributions to the
process b — sutu~, we will proceed the constrain the
new physics parameter space using the recent measurement
of By » utu .

IV. B, - p*u~ DECAY PROCESS

The rare decay process B, — utpu~, mediated by the
FCNC transition b — s, is strongly helicity suppressed in
the standard model. Furthermore, it is very clean and the
only nonperturbative quantity involved is the decay con-
stant of B; meson which can be reliably calculated by the
well known nonperturbative methods such as QCD sum
rules, lattice gauge theory, etc. Therefore, it is believed to
be one of the most powerful tools to look for new physics
beyond the standard model. This process has been very well
studied in the literature and in recent times also it has
attracted a lot of attention [17-22]. Therefore, here we will
quote the important results.

The most general effective Hamiltonian describing this
process

GF(Z
V2

where Cif = C3) + CTF and C}, = C}F. The branching
ratio for this process is given as

Her = Vi VG040 + CO0fp). (14)
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G2
BR(B, - pu~) = ; 6;3 Tp,02 3 mp m2|V Vi |?

4m
x [CSt — Co|?4 /1 — —. 15
<O - CuP 1255 a9)

Now using a=1/128, |V,Vi]| = 0.0405 =+ 0.0008,
fr, =227 +£8 MeV [19], CSM = —4.134 [18], and the
particle masses and lifetime of B; meson from [23] we
obtain the SM branching ratio for this process as

BR(B; = pu™) = (3.29 £ 0.19) x 1079, (16)
which is consistent with the latest SM prediction Br(B, —
purum) = (3.23 £0.23) x 107 [19]. The branching ratio
for this mode has recently been measured by both LHCb [1]
and CMS [2] Collaborations. Analyzing the data corre-
sponding to an integrated luminosity of 1 fb~!' at v/7 TeV
and 2 fb~! at v/8 TeV the LHCb Collaboration obtained
the time-integrated branching ratio as

BR(B, — utu~) = (2.9714) x 107°. (17)

The CMS Collaboration [2] also obtained analogous result
BR(B, = ptp) = (3.0709) x 1072, (18)

where they have used the data samples corresponding to
integrated luminosities of 5 and 20 fb~! at \/s =7 and
8 TeV, respectively. The weighted average of these two
measurements yields
BR(B; = putu~) = (2.95+0.71) x 1079, (19)
which is consistent with the latest SM prediction (16), but
certainly it does not rule out the possibility of new physics
in this mode. While new physics can still affect this decay
mode, certainly its contribution is not the dominant one.
However, as discussed in Ref. [17], in the experiment the
time-integrated untagged decay rate is measured, whereas
in the above theoretical calculation the effect of meson
oscillation is not taken into account. Therefore, while
comparing the SM prediction for B, — utu~ decay rate
with the experimental result one should take into account
the sizable width difference AI'y between B, mass eigen-
states, 1.e.,

(s) (s)
Y _r Al
ry+ry 20

s =

where I’y = 11;:1 denotes the average B, decay width.
Hence, the experimental result is related to the theoretical
prediction as
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1 — 2
BRU(B, > phy~) = [ »

——— % |BR(B, — ptu~)®®,

2n

where the observable A,r equals +1 in the SM. Thus,
using the experimental value of y; we obtain the branching
ratio in the standard model

BR(B, — pu)P|gy = (3.60 £0.21) x 107°.  (22)

We will now consider the effect of scalar leptoquarks in
this mode. One can write the transition amplitude for this
process from Eq. (14) as

A(BY = ptu™) = (uu [Heg| BY)

Vor

Vi Visafpmg m,CP, (23)

where
Cin— Cl CNP _ CINP )
p= o - 10 _ 4 =10 - 10 :1+re’¢NP’ 24)
Yo Clo
with
e = (O — )/ 25)

denotes the new physics contribution and ¢F is the relative
phase between SM and the NP couplings. In general
P = |P|e?" carries the CP violating phase ¢p. The phases
¢p and NP are related to each other by the relation

rsin NP

tan pp =

As discussed in Sec. III, the exchange of the leptoquark
X(3,2,7/6) gives new contribution to C;q and X(3,2,1/6)
gives additional contribution C/,, and the branching ratio in
both cases will be

1
BR(B, =ty )= [{l'_/lgr] BRM(1+ 72 —2rcosp™P).
— Y5

27

In the leptoquark model the observable A, becomes [17]

Apr = cos 2¢p. (28)
|

PHYSICAL REVIEW D 89, 014020 (2014)

0.8 T T =3
i +% Ji}ffw
+ gt
f%“*ﬂt' g
07t N el ]
Fi AT
F S{% B
Pt et
06| g L .
ves e L
A EpL
PEET H
05} o FAg, gt :
T e o L
S e e v
o S
= o4f SATRART | Pt ]
ek + A 4 Ha
" **g*’fﬁﬁ%” Ea iy ;ﬂgﬁ# ++*§* ol
i T A TR e B e +
o3 St B e :
T AT T R ek 2 i+
My *jﬂ %’%ﬁ i+ *ﬁ;ﬁ,ﬁw*‘%‘#ﬁﬁ& A ++++ i E}%r 4&‘* "
0.2+ b i LR L A g
e L e £ R AV
. ;¥+ﬁ%€§¢+¢ *ﬁfﬁﬁ 7 M"ffi +++£ b+ iﬁ% fw ftt, I+,
i Hf
0.1}, b B PR i sl PR T e e
Rt e RS T
e +%%¢f+ﬂ e *}%ﬁ; T *&ﬂ i Q*ﬂ e S|
o) e AN A RN . SO N S %}WM L RS

0 50 100 150 200 250 300 350
¢ NP

FIG. 1 (color online). The allowed region in the r— @\*
parameters space obtained from the BR(B; — utu™).

In order to find the constrain on the combination of LQ
couplings we require that each individual leptoquark
contribution to the branching ratio does not exceed the
experimental result. Now using the SM value from (16), we
show in Fig. 1 the allowed region in » — ¢\? plane which is
compatible with the 20 range of the experimental data.
From the figure one can see that for 0 < r < 0.1 the entire
range for N is allowed, i.e.,

0<r<0.1, for0 <P <2z (29)

V. ANALYSIS OF B! — X,u*u~ MODE

Now we would like to constrain the NP couplings from
the measured branching ratio of the inclusive decay
BY — X utp~. The integrated branching ratio for this
process has been measured by both Belle [3] and
BABAR [4] Collaborations and the average values of these
measurements in the two regions are [5]

BR(BY — Xutu~) = (1.60 +0.50) x 1076 low g2
= (0.44£0.12) x 10°5 high ¢2,
(30)

where the low-¢g®> and high-g?> regions correspond to
1 GeV? < ¢*> <6 GeV?and ¢* > 14.4 GeV?, respectively.
The decay mode has been very well studied in the literature
and here we are presenting only the main results. The
differential branching ratio for this process in the standard
model is given as [24]

dBR 8 41 21 2(1 —4s))7?
——| =By=(1—s5)%/1 —— 2 D=+ 1)|Cct)? i S Y AR 1) )|Cyol?
| = oS =s2y 1= s 0 (30 )i+ (RS2 s )il
2 21 212
+4<—+1) <—+1>|C7|2+12(—+1>Re(c7cgff*)], (31)
S 51 S
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where t =m,/ m?® and s, = ¢*/(m?)?. The normali-

zation constant By is related to BR(B — X_e?,) through

30{2BR(B - XCEZ_/€> |VrbV;Fs|2
0= ~ ~
32ﬂ2f(mc)’<(mc) |Vcb‘2

, (32)

. I I AN
where 7, = m”°/mb’C. f(in,) is the lowest order phase

space factor for the B — X e process, i.e.,
flm,) =1—8m? + 8mb — md —24mt Inm,, (33)

and the function x(7.) is the power correction to
BR(B — X_.ev), which includes both the O(a,) QCD
corrections and the leading order (1/ m,%) power corrections
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Here the two functions are given as

2
fie)
— 72/m8 — 724 In ], (35)

=Mh+ [—9 + 242 — 72w + 72m8 — 15m3

where A, and 1, are the kinetic energy and magnetic
moment operators, respectively.

In the leptoquark model there will be additional con-
tribution arising due to the exchange of leptoquarks which
will introduce the new couplings CYF, CF, Co¥F and C'YF
as discussed in Sec. III. Including these NP contributions

k() =1— M g(m.) + Lﬁl;) (34)  and neglecting the subleading terms which are suppressed
3z 2m, by m,/my, and mg/my,, the branching ratio can be given as
|
dBR dBR 16
— =|— + By |—= (1 —51)%(1 + 25)[Re(CETCYP* + Re(C,oCNE*]
dsy ) to dsy ) sm 3

8
+3 (=512 (14 25)[|GFP + O + [C5° + [CRFIP] + 32(1 — 1 )°Re(G5C7) | (36)

For numerical evaluation we use the input parameters as
m, = 0.29 +0.02 [25], BR(B = X_.ep) = (10.1 +0.4)%
(23], [V Vis|/|Vep] = 0.967 £ 0.009 [26] and the param-
eters A; and A, as A; = —(0.1 =0.05) GeV? and A, =
0.12 GeV? [27]. With these parameters the branching ratio
in the SM is found to be

BR(B— X utu)=(1.92)£0.08) x 10~° low ¢>
=(0.3840.01) x 1075 high ¢°. 37)
These predicted branching ratios are in agreement with the

corresponding experimental values within their 1o range.

To constrain the new physics couplings coming from
the exchange of scalar leptoquarks X(3,2,7/6) and
X(3,2,1/6), we assume only one type of leptoquark will
contribute at a time. As discussed in Sec. 111, in the presence
of the leptoquark X(3,2,7/6) only the NP couplings C)*
and CNP will arise whereas for X(3,2,1/6) the couplings
CN? and CJ\P will contribute. Furthermore, as shown in
Egs. (9) and (13) the magnitudes of these couplings in each
case will be same. With the additional assumption that these
two couplings will have the same phase ¢™' and neglecting
the small phase difference between C§ and C}¥ we obtain
the constraint equations for these NP couplings from
Egs. (30), (36) and (37) as

CP1(0.58 + 0.128Cy + 0.596C7) cos g™ + 0.02 sin NF] + 0.13|CNF|> = —0.32 £0.51  (forlow ¢?),
CNPI(0.11 + 0.03C g + 0.07C;) cos GNP + 0.009 sin ¢NP] + 0.03|C\P|? = 0.06 + 0.12  (forhigh ¢?). (38)

The corresponding 16 allowed region in the |CF|-¢™F plane is shown in Fig. 2 where green (gray) region corresponds to
the constraint coming from high-g? bound and the magenta (black) region coming from the low-g? limit. From the figure
one can see that the bounds coming from the high-¢> measurement is rather weak. From the low-g? constraint one can infer
that for the value —1 < Cll‘g) < 1 the entire range of ¢NP is allowed. These bounds can be translated to the bounds on r and
#"F as done for B, — u*u~ process as

0<r<0.24, for0< @\ <27, (39)
Thus, from Egs. (29) and (39) one can see that the bounds on NP couplings coming from BR(Bg — X utu~) are slightly
weak in comparison to BR(B, — u"u™).
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FIG. 2 (color online). The allowed region in the C}} — ¢™*
parameter space obtained from the BR(B, — X, u* ™), where the
green/gray (magenta/black) region corresponds to high-g> (low-
¢%) limits.

Next we will consider the contributions coming from the
X(3,2,1/6) exchange. In this case the new couplings Ci*P
and C%P will come into picture. Proceeding in a similar
fashion as done for X(3,2,7/6) leptoquark case, we obtain
the constraint equations for these parameters as

0.064[|CNP 124 |C'RP ] = (—0.32£0.51) (lowg?),

0.014[|CN? 2+ CRP|?] = (0.06 £0.12) (highg?).  (40)
The corresponding allowed region in C&¥-CHP plane is
shown in Fig. 3, where the green (gray) region corresponds
to the bounds coming from high-¢*> limit and magenta
(black) region corresponds to the low-g? bound. Thus, from
the low-g* bounds one can obtain the limits on C;* and
CRP as —1.5 < |CNP|, |C'VF| < 1.5. Again translating the
above bounds into the bound on r one can obtain

0 <r<0.36, (41)

which is again much weaker than the bounds coming from
B, — u"p~ measurements. However, in our analysis we
will use relatively mild constraint, consistent with both
BR(B, — p*p~) and BR(BY —» X u"pu~) measurements as

0<r<035 with 60°<@NP <270°. (42)

This limit on r can be translated to give us the bound on

leptoquark coupling using Egs. (9), (13) and (25) as

/1/243 /1,%2*
M5

/1?2 /122*
2
M Vv

<4.8x107 GeV~2. 43)
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FIG. 3 (color online). The allowed region in the C&* — C{F
parameter space obtained from the BR(B, — X,u"u~), where
the green/gray (magenta/black) region corresponds to high-g*
(low-¢?) limits.

If we use the values of the couplings as [1,.| = 0.1,
allowing the perturbation theory to be valid, we get the
lower bound on the scalar leptoquark mass as

My > 1.4 TeV. (44)

It should be noted that the recent measurement by LHCb
Collaboration [16] shows several significant deviations on
angular observables in the rare decay B — K*%u*u~ from
their corresponding SM expectations. In particular an
anomalously low value of S, at high ¢> at 2.8¢ level
and an opposite sign of Ss at low-g” region at 2.4¢ level.
Although it is conceivable that these anomalies are due to
statistical fluctuations or underestimated theory uncertain-
ties [28], the possible indication of new physics could not
be ruled out. It has been shown in Ref. [29] that a consistent
explanation of most of the anomalies associated with b — s
rare decays can be obtained by NP contributing simulta-
neously to the semileptonic operator Og and its chirally
flipped counterpart O) with C)¥ = —(1.0+£0.3) and
CNP = 1.0 & 0.5. However, in the leptoquark model since
CYF and CI} contribute simultaneously it may not be
possible to explain these anomalies.

After obtaining the allowed range for the leptoquark
coupling we will now proceed to study the semileptonic
decay process B, — ¢utu~.

VL B, — ¢ I'l- PROCESS

Here we will consider the decay mode B, — ¢ u~. At
the quark level, this decay mode proceeds through the
FCNC transition b — s{™I1~, which occurs only through
loops in the SM, and therefore, it constitutes a quite suitable
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tool of looking for new physics. Moreover, the dileptons
present in this process allow us to formulate many
observables which can serve as a testing ground to decipher
the presence of new physics [30].

Recently the branching ratio of this decay mode has been
measured by the LHCb Collaboration [31] using the data
corresponding to an integrated luminosity of 1.0 fb~!
collected at /s = 7 TeVas

BR(BY - ¢utp~) = (7.0770% £0.17 £0.71) x 1077
(45)
They have also performed the angular analysis and deter-
mine the angular observables F;, S5, Ag and Ay, which are
|

2V(4?)
mp —+mg

<¢(k’ €)|(V - A)y|BS(P)> = €uuaﬂ8*ypakﬁ

) 2m
+iq,(e°q) q—{p [A3(q%) —
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consistent with the standard model expectations. This
process has been very well studied in the literature, both
in the SM and in various extensions of it [32]. The
branching ratio predicted in the standard model is in the
range (14.5-19.2) x 107 which is significantly higher
than the present experimental value (45). This deviation
may be considered as a smoking gun signal of new physics
in this mode or more generally in the processes involving
b — s transitions.

Using the effective Hamiltonian presented in Eq. (1) one
can obtain the transition amplitude for this process. The
matrix elements of the various hadronic currents between
the initial B; meson and the final vector meson ¢ can be
parameterized in terms of various form factors as [33]

Az(qz)

— e (mp +my)A (%) + (P + k), (e"q)

mpg + my,

Ao(qz)}v

<¢(k’ 8)|§6/wqy(1 + 75)b|BS(P)> - ieﬂbaﬁg*ypakﬁle(qz) + [8;(]7123 - mé)) - (S*q) (P + k)ﬂ]TQ(qz)

2

B "¢

* q
+ (¢*q) qﬂ—m(P+k)ﬂ T3(q?),

(46)

where V and A denote the vector and axial vector currents, Ay, Ay, A>, A3, V, T, T, and T'5 are the relevant form factors and

q is the momentum transfer.

Thus, with Egs. (1) and (46) the transition amplitude for B; — ¢/T[~ is given as

Gra = e . * . *
M(B.s' - ¢l+17) = ﬁ thV;‘S{[y”l[—ZAeﬂyaﬂg*”k“qﬁ - lBé'” + lC(P + k)y(g ) Q) + lD(&‘ : q)qM]
+ 77”)/51[—2E€Wa/38*”k“qﬁ —iFe, +iG(e* - q)(P + k), + iH(e" - q)q,]}, 47)
where the parameters A, B, ... H are given as [34]
V(q?) my,
A=2 CeffSM+CNP+CINP +4—CT 2 ,
( 9 9 9 )—m3+m4) q2 7 1(61)
m
B = (my -+ my) (ACT 4 CF = M)A () + 477 (my = my) Oy T(a?)).
A (‘12) mp qz
cC=2 CeffSM CNP _ C/NP 2 4—"Lc, (T 2 T 2 ,
( 9 + Cy 9 )m3—+m¢+ q2 7 2<q)+7m%—mi 3(‘1)
eff SM NP NPy Mg 2 2 m, 2

D = 4(C§"™M + Gy — Cy )y(Aa(q ) —Aolq ))—4C7?T3(q ),

2V(q?)
E= (Gl + Gl + C) e
F=2(C}" + CIf — CRF) (mp + my)A (%),

2A2(qz)
G =+ Cif - 2t

m
H = 4(C' + O - CFF) 7? (A3(4%) — Ao(q?)). (48)
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The differential decay rate is given as

ar Gia® R
E:2%71-5|th‘/;}|2"’13’[311/2(1,r¢,S)1]ZA, (49)

where § = g*/my, ry = mg/my, v, = \/1—4m}/s, A= A(1,r4,5) is the triangle function and

1
A :%[8/1%;&((3 —07) AP+ (12r48+2) (3 —v})|B]* + 22m (3 — v7 )| C|> + 1607 mipr 4 3A|E|* + (2414807 + A(3—v?))|F|?
+mpA(65(1+ry)(1—2?) =35 (1—0v7) +A(3—0?))|G]* 4+ 3Am}3* (1 — v} ) [H|* + 2Re[FG* |mpA(ry(3— v*)

+v}(1428) —3) —6Re[FH*|m33(1 — v} )A+6Re[GH*|m$34(1 —r,) (1 —v*) + 2Re[BC*Im3A(3 —v*) (r, +5—1)].
(50)
Another observable is the lepton forward-backward asymmetry (Agg), which is also a very powerful tool for looking into

new physics signature. In particular the position of the zero value of Agg is very sensitive to the presence of new physics.
The normalized forward-backward asymmetry is defined as

Jo zdeesadc0s 0 — J°) gidegd cos b (51)

AFB( )
fO dsdcos&dcose + fol dsdcosﬂdcose

where 0 is the angle between the directions of ™ and B, in the rest frame of the lepton pair. The forward-backward
asymmetry can also be written in the form [34]

1
Ars(g?) = —Xsmgx/hl § Re[A*F + B*E]. (52)

As seen from [31], the actual decay being observed is not B, — ¢u*u~ but B » ¢p(— KK~ )utu~. Thus, the angular
analysis of the four-body final state offers a large number of observables in the differential decay distribution [35]. The
angular distribution of the decay process B — ¢(— K"K~ )u"u~ can be defined by the decay angles 6, 8, and ®, where
Ok (0)) denotes the angle of K~ (u~) with respect to the direction of flight of the B, meson in the K™K~ (u™ ™) center-of-
mass frame and ® denotes relative angle of the ™y~ and the K* K~ decay planes in the B, meson center-of-mass frame and
is given as [14]

4T 9
= ——I3sin?0g + I{cos’0 I58in20, + I5c0s%0 ) cos 260, + 13sin%0xsin%0, cos 2P
dd cos Odcos Ogd® 327 k o+ 1icos™Ox + (Isin“O + 13c05°0) €05 26, + I3sin”Ocsin“0;

+ 1, sin 20 sin 20, cos © + I5 sin 20 sin O; cos ® + (I5sin®Ox + IScos*Oy ) cos b,
+ I, sin 20 sin @, sin ® + I sin 20 sin 20, sin ¢ + Iosin®@xsin’6; sin 29. (53)

The corresponding expression for CP conjugate process BY - ¢(— KTK™)utu~ (d*T’) can be obtained from (53) by the
replacement of I;’s by I;’s where these observables are related to each other through

Igflz),3,4,7 - 7&72),3,4,7’ Igil6),8,9 - Ig 6) 8.9’ (54)

with all weak phases conjugated. The angular coefficients / Ea)

which are given as [14]

are usually expressed in terms of the transversity amplitudes
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V(g?
Aipr=N\/2 {((Cgff + CYP + CIP)F(Cyp + CF + CRP)) Wa)_ + 2mbsC7T1(q2)] :
mpg —+my

A(q? 2m
Ay = N2 =) (G5 + €37 —~ (€ + OO = O L4 2y

5 —
A _ N (Ceff + CNP _ CINP) (C + CNP _ C/NP)) ( 2 2 )( + )A ( 2) - AZ(qz)

OLR = g5 [0 9 9 )F(Cio+ Chp 10 My — ny, = §)Unp =+ My )A1q Vg + my
A
+2mpC;y <(m%3 +3mj — 5)T>(q%) — m” ; (55)
B @

N

Ar=N- 2(Cio + Cly — Ciy))]Ao(g?).  (56)

where
N =V,Vi [3 205 S } (57)
with Ay = (mp 4 mj + s5)* — 4mpmy. With these trans-

versity amplitudes the angular coefficients are given as

2—|—1Jl

I = AL + A} + (L > R)]

4 2
—I—iR (ALAR* +ALAR*),
N
m
I = lAél2 +IAFP + == (1A, + 2Re(AGAF")).
L= (\A >+ AP + (L — R)),

15 = —vi (|G + (L — R)).

2
I; = 7’ (Re(AGA[* + (L = R)),
U2
Iy = 3’ (Re(AGA[" — (L = R)),
Is = V2v,(Re(ALAL — (L > R)),
I = 2v(Re(AAL" — (L —> R)),

I = fzv,(lm(AgAﬁ* — (L - R)),

Iy = 71—( m(A§AT") + (L — R)).
Iy = v3(1 (AL*AL) + (L - R)). (58)
From these angular coefficients one can construct twelve
CP averaged angular coefficients S,(»“) and twelve CP

asymmetries A;" as
@ _ (@ , jy /dC+T)
SO — (9 4 ] // ,
( i + ) qu

a a (a dC+T
A(>=(1(.)—1(.))/7(d+2 ) (59)
q

All the physical observables can be expressed in terms of S;
and A;. For example the CP asymmetry in the dilepton
mass distribution can be expressed as

A, 4= f)/d(r+ )

dg? dq?
3 1 .
=1 (245 + A§) — 2 — (245 + A9). (60)
The ¢ averages of these observables are defined as
follows:
; 6Gev2 /@ 6Gev2 dC+T
s = | 210 [ ap 4,
1 GeV? GeV?
6Gev2 6Gev2 dC+T
W= [ g -1 ) [0 ap EED,
1 GeV? 1 GeV?
(61)

After getting familiar with the different observables asso-
ciated with B, — ¢u"u~ decay process we now proceed
for numerical estimation. For this purpose we use the form
factors calculated in the light-cone sum rule approach [33],
where the ¢> dependence of various form factors are given
by simple fits as

I

f(qz) = 71 — qz/m%it (fOI' Al7 Tz),

2y —_ "N "2 for V.A). T
f(q ) 1_q2/m%g 1_q2/mf2“1t (Or s 410 1)’
() dt "2 (for Ay, T3). (62)

C1- qz/m%it (1- q2/m12“1t)2

The values of the parameters r, r,, mp and my, are taken
from [33]. The form factors A; and T3 are given as

mg+m mg—m
As(q?) = Bsz)VAl(qz) - Bquschz(qz),
2 2
mB_m ~
13(¢) = = (13(6) = Ta(e). (63)
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04F ; ; ‘ g

10 15
s in GeV?

Variation of the differential branching ratio (in units of 10~7) (left panel) and the forward-backward asymmetry

with respect to the momentum transfer s (right panel) for the B, — ¢u™u~ process.

The particle masses and the lifetime of B, meson are taken
from [23]. The quark masses (in GeV) used are m; = 4.8,
m, = 1.5, the fine structure coupling constant @ = 1/128
and the CKM matrix elements as V,,V;, = 0.0405. Using
these values we show in Fig. 4 the variation of differential
decay rate (left panel) and the forward-backward asym-
metry (right panel) in the standard model with respect to the
dimuon invariant mass.

In the leptoquark model, this process will receive addi-
tional contribution arising from the leptoquark exchange.
Hence, in the leptoquark model the Wilson coefficients
Cy.1o will receive additional contributions C§%, as well as
new Wilson Cj, associated with the chirally flipped
operators Oy, will also be present as already discussed
in Sec. III. The bounds on these new coefficients can be
obtained from the constraint on r (42) extracted from the
experimental ~ results on BR(B; —» u"p~) and
BR(BY — X,u"u~). For the leptoquarks X = (3,2,7/6)
and X = (3,2, 1/6), we obtain the value of r < 0.35 for ¢
in the range (60-270)°. This constraint can be translated
with Egs. (9), (13) and (42) which gives the value of the
new Wilson coefficients as

0 5 10 5 15 20
sin GeV

FIG. 5 (color online).
results due to X = (3,2,7/6) leptoquark contributions.

L L
1G9 = |CF| < [reR!

€l = |Ci’] < [rC!

[for X = (3,2,7/6)],
[for X = (3,2,1/6)]. (64)

Using these values we show the variation of differential
decay rate and forward-backward asymmetry for X =
(3,2,7/6) in Fig. 5 and for X = (3,2,1/6) in Fig. 6.
From these figures it can be seen that the branching ratio
could have significant deviation from its SM value both in
the upward as well as downward direction. However, the
zero position of the forward-backward asymmetry does not
have any significant deviation.

We now proceed to calculate the total decay rate for
B, — ¢up~. Tt should be noted that the long distance
contributions arise from the real ¢c resonances with the
dominant contributions coming from the low-lying reso-
nances J/y and y’'(2S). In order to minimize the hadronic
uncertainties it is necessary to eliminate the backgrounds
coming from the resonance regions. The resonant decays
B, — J/y¢ and BY — y'(28)¢ with y/y'(2S) — ptu~
are rejected by applying the vetos on the dimuon
mass regions around the charmonium resonances, i.e.,

0.4} ]
o
<LI- 0 Y g
|
;
0 é 1‘0 1‘5 20

sin GeV2

The same as Fig. 4, where the red (black) curves represent the SM values and the gray regions represent the
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results due to X = (3,2,1/6) leptoquark contributions.
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TABLE I. Allowed range of the CP violating observables (in
units of 1073), in the leptoquark model.

Allowed range Allowed range

(in units (in units
Observables of 1073) Observables of 1073)
(A1) (0.18 — 0.27) (A5) (60 — 110)
(A% 8 - 12) (A3 (7.6 — 8.0)
(43) (0.06 — 0.09) (Ag) (3.8 — 4.0)
(A%) (7.9 > 41.8) (A;) (46 = 67)
(A) (13 - 1.9) (A))  —(0.12 > 0.84)
(A 2.3 > 3.4) (Acp) (8.4 — 12.0)
(2946 < m(utpu~) <3176) MeV/c*?  and (3592 <

m(utu~) < 3766) MeV/c? [31]. Using these veto win-
dows we obtain the branching ratio for the B, — ¢u*u~
decay mode as

BR(B, — ¢utp~) = 132x 107 (inSM)
= (5.8—24.4) x 1077
[inLQmodel I (X = 3,2,7/6)]
= (8.1—22.0) x 1077
[in LQ model IT (X = 3,2, 1/6)].
(65)

Thus, one can see that the observed branching ratio (45) can
be accommodated in the scalar leptoquark model.

Our next objective is to study the effect of leptoquark in
the CP asymmetry parameters Aga). The g? variation of
these observables in the low-g> regime is shown in Fig. 7.
Here we have varied new weak phase between 60° and 90°
degree and fixed the r value at 0.35. The time-integrated
value in the low-g? region is shown in Table 1. Some of
these asymmetries are measured by the LHCb
Collaboration, which are almost in agreement with the
standard model predictions but with large error bars. Future

PHYSICAL REVIEW D 89, 014020 (2014)

measurement with large data samples could possibly
minimize these errors and help to infer the presence of
new physics, if there is any from these observables.

VII. CONCLUSION

In this paper we have studied the effect of the scalar
leptoquarks in the rare decays of B, meson. The large
production of B; mesons at the LHC experiment opens up
the possibility to study the rare decays of B, meson with
high statistical precision. We have considered the simple
renormalizable leptoquark models which do not allow
proton decay at the tree level. Using the recent results
on BR(B; — up~) and the value of BR(BY — X u*u~),
the leptoquark parameter space has been constrained. Using
such parameters we obtained the bounds on the product of
leptoquark couplings. We then estimated the branching
ratio and the forward-backward asymmetry for the rare
decay process B, — ¢utpu~. The SM prediction for
BR(By; — ¢putp~) is found to be higher than the corre-
sponding experimental observed value. We found that the
branching ratio has deviated significantly from the corre-
sponding SM value and the observed branching ratio can be
accommodated in this model. However, the zero position of
the forward-backward rate asymmetry does not have
significant deviation in the leptoquark model but there is
a slight shifting towards right. We have also shown
the variation of different CP asymmetry parameters A;"
in the low-¢? region. The time-integrated values of some of
the asymmetry parameters are found to be significantly
large, the observation of which in the LHCb experiment
would provide the possible existence of leptoquarks.
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