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The long persistent discrepancies in b — s ¢~ quark level transitions continue to be the ideal platform
for an indirect search of beyond the standard model physics. The recent updated measurements of R,
B(B; — ¢uu~) and B(B; — pp~) from LHCD deviate from the standard model expectations at more
than the 30 level. Similarly, measurements of Ry- and P§ in B — K*#*#~ decays disagree with the
standard model predictions at ~2.40 and ~3.30, respectively. Moreover, recent measurement of ratio of
branching ratios R K9 and Ry in B » K%¢T¢~ and BY — K™ ¢ "¢~ decays deviate from the standard

model prediction at 1.4¢ and 1.5¢, respectively. Considering the R K~ R+ combination, the difference

with the SM predictions currently stands at about 2¢. Motivated by these anomalies we search for the
patterns of new physics in the family of flavor changing neutral current decays with neutral leptons in the
final state undergoing b — svw quark level transitions. There are close relations between b — s£ ¢~ and
b — svp transition decays not only in the standard model but also in beyond the standard model physics. In
beyond the standard model physics the left handed charged leptons can be related to the neutral leptons via
SU(2), gauge symmetry. Moreover, there are several advantages of studying b — s transitions over
b — s£T¢~ as they are free from various hadronic uncertainties such as the nonfactorizable corrections and
photonic penguin contributions. In this context, we use the standard model effective field theory formalism
and explore the consequences of b — su*u~ anomalies on B — K*)vo, B, — (n,1')vb, and B, — ¢vi
decay observables in several 1D and 2D new physics scenarios.
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I. INTRODUCTION

In the standard model (SM), the three families of leptons
are identical except for their masses. More specifically, the
photon, Z and W* bosons couple to them with equal
strengths. Hence the SM is lepton flavor universal.
However, there exists several hints of lepton flavor uni-
versality (LFU) violation in B meson decays mediating via
b — cfv charged current and b — s£" £~ neutral current
transitions reported by BABAR, Belle, and more recently by
LHCb Collaboration. The recent updated measurements of
Ry, B(B; —» ¢u'p~), B(B; — p"p~) and new measure-
ments of R K9 and Rg-+ from LHCb continue to exhibit the
same pattern of deviations with respect to the SM expect-
ations. For completeness, we report the current status of
several b — s£ ¢~ decay observables in Table I.
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The rare semileptonic b — s £~ transition processes
are very interesting probes of new physics (NP) because of
their sensitivity to various NP contributions that can, in
principle, appear in the penguin loop diagrams or in the box
diagrams. It is, however, worth mentioning that a precise
SM prediction of the observables is crucial to disentangle
the genuine NP contribution from the SM uncertainties that
may come from meson to meson transition form factors and
CKM matrix elements. In recent years, the QCD motivated
approaches based on the lattice quantum chromodynamics
(LQCD) and light cone sum rule (LCSR) have provided
very precise value of the form factors for various b —
s£T ¢~ processes. For several preferred decay modes such
as B — KW¢+¢~ and B, — ¢+ ¢, a very precise value
of the form factors are obtained within LCSR and LQCD
[29,30] approach. Apart from these hadronic uncertainties,
there exists several other challenges such as short distance
contributions, nonlocal effects below the charmonium, the
hadronic nonlocal effects, the nonfactorizable effects aris-
ing due to spectator scattering and finite width effects [31—
36] that can cause b — sZT¢~ neutral processes more
difficult to access theoretically. Although these corrections
tend to increase the discrepancy in the branching fractions,
the normalized angular observables such as P, and other
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LFU sensitive ratios are mostly insensitive to these cor-
rections. Moreover, a global fit including all these correc-
tions is still awaited [36,37].

Similar to the family of neutral decays with charged
leptons in the final state undergoing b — sZt#~ quark
level transition, there also exist another family of flavor
changing neutral transitions with two neutral leptons in the
final state. Study of rare processes mediating via b — svv
quark level transitions are important for several reasons.
First, these processes are theoretically cleaner than the
corresponding neutral current decays with two charged
leptons in the final state as they do not suffer from hadronic
uncertainties beyond the form factors such as the non-
factorizable corrections and photon penguin contributions.
Second, the b —» s£"¢~ and b — svp transition decays are
very closely related not only in the SM but also in beyond
the standard model physics. Hence, study of these decay
modes theoretically as well as experimentally will be
crucial to look for potential new physics proposed to
explain the anomalies present in b — s£7£~ transition
decays.

Study of b — suvv transition decays are experimentally
challenging because of the presence of the neutral leptons
which leave no information in the detectors. There exist a
few experiments that predict the upper bound of the
branching ratio (BR) of B — K*)ui decays. The initial
experimental study on b — suvb channels was done by
BABAR [38] in 2004, where the upper limit of B(Bt —
K*wp) and B(BT — nww) at 90% confident level (CL)
were reported using the hadronic reconstruction method.
Later the results were updated in 2008 [39] and in 2013

[25], respectively. Similarly, the first result by Belle [40]
was published in the year 2007. Subsequently the results
were updated in 2013 and 2017. So far all the measure-
ments used tagged approaches where the second B meson
that is produced in e*e™ — Y(4S) — BB was explicitly
reconstructed either in a hadronic decay or in semileptonic
decay [25,27,28]. This approach of tagging, in principle,
suppresses the background events and results in a low
signal reconstruction efficiency which is typically below
1%. Very recently, Belle II used a novel technique based on
the inclusive tagging methods and exploited the topological
features of B™ — K'uvp decays. This inclusive tagging
method has helped to identify BT — K*vi from seven
dominant background processes of the generic B mesons
decays. It improves the signal efficiency by 4% at the cost
of higher background levels in comparison to earlier
methods. An upper bound of B(B™ — K'wp) <4.1 x
1073 [26] at 90% CL is reported very recently.
Combining this with earlier measurements from Belle
and BABAR, the estimated world average for B(B" —
K*wp) is reported to be (1.14+£0.4)x 107 [26]. We
summarize all the results in Table I.

Our main aim is to explore the consequences of b —
s¢ ¢~ anomalies on several b — sup transition decays in a
model independent effective theory formalism. Theoretical
study on b — suvi transition decays are limited as compared
to b — s *£ transition decays [17,41-58] and to the b —
c?v decays [59-71]. It is well known that b — s£"#~ and
b — svp transition decays are related not only in SM but
also in beyond the standard model physics. In beyond the
standard model physics, they are related via SU(2), gauge

TABLE 1. Current status of b — s£7#~ on b — suv decay observables.
¢* bins Theoretical predictions Experimental measurements Deviation
Rk [1.1, 6.0] 14001 [1,2] 0.846 5541 [3.4] ~3.1o
Rgo [1.1, 6.0] 1 +0.01 0.667029 (stat) *992 (syst) [5] ~1.40
1+0.01 [1.2] 0.6607070 (stat) £0.024 (syst) [6]
[0.045, 1.1] 0070
R 1+£0.01 [1,2] 0.52%5¢ (stat) £0.05 (syst) [7] 293 56
K (.1, 6] 1+0.01 [1,2] 0.685-0113 (stat) +£0.047 (syst) [6] o
o 1£0.01 [1.2] 0.967095 (stat) £0.11 (syst) [7]
Ry+ [0.045, 6.0] 14+ 0.01 O70irgll§ (stat) t(())(())i (syst) [5] ~1.5¢
[4.0, 6.0] —0.757 £0.074 [8] -0.21 £0.15 [9-11] ~3.30
P (43,601  —0.7741 05 ot [12] —0.967037 (stat) £0.16 (syst) [13] ~ ~1.0c
(4.0, 8.0] —0.881 + 0.082 [14] —0.2671034 (stat) £0.049 (syst) [15] ~2.1o
B(B, — ¢utp~) [1.1,6.01 (537 £0.66) x 1078 [16,17] (2.88 +0.22) x 1078 [18-20] ~3.60

(3.66 + 0.14) x 107 [21,22]

(4.4 40.07) x 1076 [24]

(4.1 £0.05) x 1076 [24]
(9.5+0.09) x 107° [24]
(10£ 1) x 1076 [24]

(3.0910:4640:15) 5 1079 [23]
<1.6 x 1075 [25]
<4.1 x 1075 [26]
<2.6 x 1075 [27]
<1.8x 1075 [27]
<4.0 x 1075 [28]
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symmetry and can be best exploited using SM effective
field theory (SMEFT) formalism. The concept of SU(2),
gauge symmetry was established earlier in few literatures
[72-80] to provide a simultaneous explanation of b — c£fv
and b — s¢"¢~ anomalies. The authors in Refs. [72,73]
point out that by assuming the new physics scale much
larger than the weak scale, the operators can be made
invariant under SU(3)- x SU(2), x U(1), gauge group.
There arises two consequences. First, the left-handed
fermion fields must be replaced by SU(2), doublet and
second, there will be two new physics operators that are
invariant under SU(2),. As a result, these new physics
operators lead to different type of contributions to the
neutral current and the charged current interactions, which,
in turn, can be used to explain Ry and R, anomalies
simultaneously. We list out few more relevant literatures on
b — svp transition decays [74,81-103] where such con-
nections have been addressed. More specifically, in
Ref. [81], the authors did study B — K*)up decays in
the SM as well as in several NP models such as MSSM,
modified Z/Z' penguins, single scalar extension. The
authors also pointed out the correlations of K — zvp,
K; —» mup, B —» X, £¢ and By — pu in case of right handed
NP. Similarly, in Ref. [82], the authors study B — K o
decays in the SM and in several beyond the SM models
such as Z' model, MSSM, leptoquark model. They also use
the model independent SMEFT framework and explored
several NP scenarios. Very recently, in Ref. [83], the
authors study the implication of b — s£¢ anomalies on
several b — svv and s — duvw decays. They also discussed
the correlation between B — Kvp and K — zvi decays
in the case of minimal flavor violation. In Ref. [84], the
authors used the SMEFT framework and estimated the new
limit on the branching ratios of B — (K, X, )vb, By — ¢vi
and B — (7, p)vp decays. In Ref. [85], the authors have
explored the possibility of enhancement in the branching
ratio of B — Kuvv using NP within scalar and vector
leptoquarks and generic vector gauge boson Z' model
assuming minimal new particle content. In the Ref. [102]
the authors investigate B — K*)ui decays in the context of
nonstandard neutrino interactions. Moreover, in Ref. [103],
the authors use the SMEFT framework and perform a
global fit to the R, and Ry, data. They, indeed, find a
strong correlation between the C; operator of b — svv and
Cy, of b — cfv decays.

In the present article, we study the implication of b —
s¢+¢~ anomalies on B — K"uv, B, — (n,n/')vv and B, —
¢vv decay observables within the SMEFT framework. We
give predictions of the branching fractions and longitudinal
polarization fraction in the SM as well as in the presence of
several 1D and 2D new physics scenarios constructed from
SMEFT operators. We perform a global fit to the b —
s¢ ¢~ data to obtain the allowed new physics parameter
space. Our fit analysis include the experimental measure-
ments of Rg, Rg+, P5, B(B; — ¢y~ ) and B(B; — p'p™)

and, in particular, we make use of the latest updated mea-
surements of Ry, B(By,—¢u ™) and B(B;—pu ™). In
addition, we also check the compatibility of the constrained
new physics parameter space with the latest b — suw
experimental data.

So far we don’t have many experimental results on b —
svp transition decays. The experimental techniques used for
B — K®up can be used for B, — (n(’),(ﬁ)yz'/ decays as
well. Currently, Belle II can be the ideal platform to
perform such analysis and predict the upper bound of
the branching fractions of these decays. In contrast to the
Y (4S) resonance at Belle where it goes to BB pair, Belle I
runs at T'(5S5) as well. The Y (55) goes into pairs of B or B,.
Belle II has collected samples at the T(5S) resonance at an
integrated luminosity of 121.4 fb~!'. By taking the cross
section for e~et — bb and B(Y(5S)) - BI°B" =
0.172 £0.030 [104], one can estimate a total (7.11 £
1.30) x 106 BB\ pairs at the KEKB collider. Since
only a fraction of these B, decays will survive the
kinematics, we expect the statistical uncertainty for B, —
(n"), ¢)vi to be more with respect to B — K*ui decay
channel. Moreover, the missing momentum in the final
state due to undetected neutrinos can cause difficulties in
reconstructing these channels.

The paper is organized as follows. In Sec. II, we start
with a brief overview of the standard model effective field
theory and write down the effective Hamiltonian governing
b — svp and b — s¢+¢~ decays. In Sec. III, we give
predictions of all the observables in the SM and in several
ID and 2D NP scenarios. We conclude with a brief
summary of our results in Sec. IV.

II. PHENOMENOLOGY
A. Standard model effective field theory

So far LHC searches do not provide any direct evidence
of new particles close to the electroweak scale. It indirectly
suggests the existence of NP at a scale that must lie beyond
the electroweak scale. A better way to look for indirect
signature of NP in a model independent basis can be
attained by considering SM effective field theory (SMEFT)
framework. The SMEFT Lagrangian contains all possible
set of higher dimensional operators that are built out of the
SM fields and are consistent with the SU(3), x SU(2), x
U(1), gauge group. In SMEFT, the higher dimensional
operators are suppressed by appropriate power of the NP
scale. For a complete set of dimension six and dimension
eight operators, we refer to Refs. [105-109]. It is well
known that the left handed charged leptons are related to
the neutral leptons via SU(2), symmetry. In this context,
the SMEFT framework can be a powerful tool to study the
correlation between b — s£7¢~ and b — sup transition
decays by considering higher dimensional operators. We
will consider only dimension six operators in our analysis.
Moreover, it is believed that SMEFT analysis may be of
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great importance if no new particles are observed in
LHC [105,107].

The SMEFT Lagrangian corresponding to dimension six
operators is expressed as [107]

0= Lo (M)

where the relevant operators contributing to both b — svv
and b — s£T¢~ decays are

Qi) =i(Gr,q ) H'D*H, QY =i(G,y,q,)H D, H,
QHd:i(aRyﬂdR)HTDMH

Q) = (Gr,ar)Wr'ly). Q5 =(@uy,aqr) Tr'zly).
Q= (dgy,dg)(ILy*11) (2)

and the operators contributing only to b — s£T¢~ decays
are

Qe = (dgy,dr)(Errer). Qe = (GL7,q1)(gY"eR).

3)

Atlow energy, we can write down the most general AF' = 1
effective Hamiltonian governing b — svb and b — s£¢~
decays as [81,82]

4GF
\/_

where G is the Fermi coupling constant, V,, and V7 are
the corresponding Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. The operators corresponding to b — svv
transition decays are represented by O; and Oy with WCs
C; and Cp, respectively. The operators are

Hegp = Vi Vi —s 6 > ZC O;+Hec., (4

O, = (E}/ﬂPLb)(l_/yﬂ
Or = (E}/ﬂPRb)(D}/M

(1=ys)v),
(I =7ys)v), (5)

where, P; r = (1 F y5)/2 are the projection operators. In
the SM, Cr = 0 while C; = —6.38 £ 0.06. Similarly, the

O\ = (57, PLwyb) (Trtysl),
(6)

where the operators O, and O, exist purely in beyond
the SM scenarios. After electroweak symmetry breaking,
the low energy SM WCs will get contribution from the
dimension six operators of SMEFT. We write Cy ,; and
Cy 1o g in terms of SMEFT WCs as [82]

O = (57,Pprb) (I71).

~ ~(1 ~
C9:C§M+cqe+cfﬂ)+c )—Ccz
~ () 203) ,
ClO = C?(l}/[ + qu — CE]Z) - C(ql) + Cy
(1) =3), «
C, = CEM + CEIZ) — C((]l) + ¢y
Cy =y + Cq — (T,
Cllo = Ede - Z'd[ + EJZ
Cr =20y + Y, (7)

where, &, =1 (&) +25)), & =1 (€us) and £~ 0.08 is
the small vector coupling of Z to charged leptons. We refer
to Refs. [82] for all the omitted details. Since we have two
undetected neutrinos in the final state, we can only measure
differential branching ratio as a function of ¢* for B — Pui
decays, where P stands for pseudoscalar meson. Whereas,
we can measure differential branching ratio and longi-
tudinal polarization fraction F'; in case of B — Vv decays,
where V stands for vector meson. All the expressions
pertinent for our discussion are reported in Appendix A.

III. RESULTS AND DISCUSSIONS

A. Input parameters

For our numerical computation, we use several input
parameters such as mass of mesons, quarks and leptons,
CKM matrix element |V,, V5|, fine structure constant a,
Fermi coupling constant G and the lifetime of parent B,
meson. For completeness, we report all the relevant input
parameters taken from Ref. [110] in Table II. Similarly, for
B — K form factor inputs, we use the values obtained in
LQCD [30]. Again, for B — K* and B, — ¢ form factors,

operators Ogyi ;o With corresponding WCs C9<’>,10<’> con- we use the combined LCSR and LQCD results as reported

tributing to b — s "¢~ decays are represented by in Ref. [29]. Moreover, we use the B; — 5"} form factor

TABLE II. Theory input parameters.

Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value

m, 0.000511 GeV m, 0.105658 GeV mg+ 5.27932 GeV Mpo 5.27963 GeV mg, 5.3668 GeV

Mg+ 0.493677 GeV Mo 0.892 GeV my 1.020 GeV m, 0.547862 GeV my 0.95778 GeV

mS 4.2 GeV mMS 1.28 GeV mb 4.8 GeV tpr 1.638x1071%s  1p 1.520x 10712

75, 1515107125 fp 0.225 Gy 1.1663787 a 1/133.28 [V,Vi|  0.04088(55)
%107 GeV~2
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TABLE IIL

Best fit values of SMEFT coefficients in several 1D and 2D scenarios. In Fit A, we include a total of

five measurements for the evaluation of y?, namely, Ry, Rg-, P5, B(B; — ¢y pu~),and B(B; — " p~). InFit B, we
include only a subset of these five measurement for the evaluation of y?, namely, Ry, Rg-, and B(B, — u*u™).

Best fit Xmin/d0.£.
SMEFT couplings Fit A Fit B Fit A Fit B Fit A Fit B
0667 —0.460

e

E (=1.196,-0.093)  (~0.899,~0.048) 40950533 248 258

_ 0.793 0.716

¢z (0.155, 1.836) (0.070, 1.461) 49310552 231 258

éu 0.025 ~0.076 10593 6953 0.49

2, ~0.096 0.064 10845 7215

(@), 20y (=0.701,0.103) (=2.225,1.759) 4113 0537 248 258
ql’ 7 q

) 2 ) (~1.833,-1.849)  (=0.207,0.396) 3695 0493 256 259
e,

@0 2, (~0.701,0.103) (~0.527,0.169) 3878 0032 253 2.66
e,

L0.0) 3,824, —4.905 —3.850,—4.994 0324 0047 315 267

(cql ’cZ)

(@7, 2a) (0.975, 0.038) (0.764, 0.014) 4901 0556 232 2.58

(., (4.560, —3.938) (4.682, —3.985) 1040 0086 304 267

(@) (<0.596,-0.813)  (=0.779,-1.032) 11498  5.633 1.25

@+ e® &) (=2.750, ~2.293) (4.099, 4.624) 1292 0262 30 2.63
q ql >

@ 42 2 (=0.118,0.933) (2,252, 2.707) 3200 0580 266 257

@ 4 o (=2.262,1519) (4.484, —4.925) 1257 0268 30 2.63
q! ql

input parameters from Ref. [111] that are obtained in the
LCSR method.

B. Fit analysis of SMEFT coefficients

Our main aim is to explore the consequences of b — s£¢
anomalies on several b — suvb transition decays in a model
independent SMEFT formalism. The SMEFT coefficients

1) ~(3
M 2

currents appear in Cq g of b — s£¢ and C; of b — svv
transitions. Similarly, the SMEFT coefficients correspond-
ing to the right chiral currents such as ¢, and ¢/, appear in

0.10 of b = s£¢ and Cg of b — sub transitions, respec-
tively. We consider several NP scenarios based on NP
contributions from single operators as well as from two
different operators and try to find the scenario that best
explains the anomalies present in b — s£¢ transition
decays. To find the best fit values of these NP WCs, we
perform a naive y? test with all the b — s£# experimental
data. The relevant y? is defined as

(OF - 07")?

L= gorypr oy ®

i

such as ¢ and ¢, corresponding to the left chiral

where O represents the theoretical value of each observ-
able and O represents measured central value of the
observables. AO™ and AOS™ represent the errors associ-
ated with the theory and experimental values, respectively.
We perform two different fit analysis: Fit A and Fit B.

In Fit A, we include a total of five measurements for the
evaluation of y2, namely, Ry, Ry, P5, B(By > ¢u'p~)
and B(B; — putu~). In Fit B, we include only a subset of
these five measurement for the evaluation of y2, namely,
Ry, Rg- and B(B; — pp~). In Table III, we report the
best fit values of each SMEFT coefficients in several 1D
and 2D scenarios for Fit A and Fit B. We also report the
allowed 1o range of each 1D coefficients. In addition, we
report the x2. /d.o.f. and the Pullsy; = \/x&y — x&p for
each scenarios.

(1) in Fit A, we have used five measured parameters for
the evaluation of y2. Accordingly, the number of
degrees of freedom (d.o.f) will be 5 — 1 = 4 for 1D
NP scenarios and 5—2 =3 for each 2D NP
scenarios. To measure the disagreement of SM with
the data, we first obtain 2. /d.o.f. in the SM and it
is found to be 10.264. The best fit value for each
scenarios corresponds to the minimum y2.  value.
The allowed range of each 1D coefficients at
95% CL is obtained by imposing y? < 37.96 con-
straint.

(i1) In case of Fit B, we include only three measurements
for the evaluation of 2. Accordingly, the number of
d.o.fwill be 3 — 1 = 2 for each 1D NP scenarios and
3 —2 =1 for each 2D NP scenarios. In the SM, we
have found 2. /d.o.f. to be 7.189. The allowed
range of each 1D coefficients at 95% CL is obtained
by imposing a y? < 11.98 constraint.
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TABLEIV. Ratio of branching ratios 5(B — K <*>1/D), longitudinal polarization fraction of K* meson FX" and the
three ratios Ry, R+, and R% in the SM and with the best fit value of each SMEFT coefficients from Fit A analysis

of Table III.

SMEFT couplings ~ B(B — Kvo) x 10 R B(B— K'vo) x 10  Ry-  F (B—Kwp) RE
SM 4.006 4+ 0.261 1.000 9.331 £0.744 1.000  0.493 +0.038 1.000
~(1) 4.891 +£0.319 1.221 11.394 £ 0.908 1.221 0.493 £ 0.038 1.000
Cql
q
5(31) 3.209 + 0.209 0.801 7.474 £0.596 0.801 0.493 £ 0.038 1.000
q
¢z 3.068 £ 0.200 0.766 7.147 £0.570 0.766  0.493 £ 0.038 1.000
(5(11) 5(31)) 5.084 £0.332 1.269 11.843 +0.944 1.269  0.493 £0.038 1.000
ql *Cq
(Eal) ¢y 9.995 £ 0.652 2.495 23.284 + 1.856 2495  0.493 +0.038 1.000
e
(5(31) &) 4.026 +0.263 1.005 9.378 £ 0.748 1.005  0.493 +0.038 1.000
q b
(Z,(ll) Zal) 4795 +£0.313 1.197 11.732 4+ 0.941 1.258  0.498 +0.038 1.009
ol >
(5(31) al) 3.056 £ 0.199 0.763 7.568 £+ 0.608 0.812  0.499 4+ 0.038 1.011
ol >
(E.(ll) &) 22.579 + 1.474 5.637 14.035 +0.963 1431 0.226 £0.023  0.481
e
~(3) ~ 5.485 £0.358 1.369 3.197 £0.223 0.324  0.202 £0.021 0.432
(Cg- %)
ol >
(Cz,¢a1) 2.830 £0.185 0.706 6.750 £ 0.540 0.724  0.496 + 0.038 1.004
Ty, 0 3.260 £0.213 0.814 2.141 £0.146 0.219 0.246 +£0.024  0.521
z
~(1) | =) « 7.419 £0.484 1.852 17.284 £1.378 1.852  0.493 +0.038 1.000
(Cg +24/.82)
q ql *
(5(11) + 5(31) ) 2.915+0.190 0.728 11.370 £ 0.958 1.227  0.533 +0.041 1.072
q ql *
(5(1[) + 5(3? &) 2.319 £0.151 0.579 12.857 = 1.111 1.392  0.550 +0.042 1.103
a ql

From Table II1, it is clear that the coefficients ¢, ¢/, and
(€41, ¢,) cannot explain the anomalies present in b — s£¢
data as the minimum y? values obtained for these scenarios
are as large as or in some cases larger than that of the
SM y? value. Hence we exclude them in the rest of our
analysis. There, however, exists few 2D scenarios, namely,

~(1) ~ ~(3) ~ ~ ~ ~(1 ~(3) ~ ~(1
@2, @52, (2.2, @) +&8).2,), and @) +
(3)

41 » €7) for which the Pullgy is considerably larger than the
rest of the NP scenarios. Moreover, these scenarios have
better compatibility with Rg, Rg-, P5, B(B; = ¢u*u~),
B(B; — utu~) experimental results. The compatibility of
fit results with all b — s£Z observables are reported in
Appendix B (Table VI). Again, we do not find any special
features in Fit B. For some 2D scenarios, we observe that
Fit A serves as a better fit to the data than Fit B. Hence, in
all our future discussions, we will mainly focus on the Fit A
results. We now proceed to discuss the goodness of Fit A
results with the measured values of B(B — K")up).

¢

C. Additional constraints from B — K*)vi decays

We wish to determine the effect of the SMEFT coef-
ficients on several B — K*)ui decay observables, namely,
B(B — K“up), Ff, Ry, and R’}C In Table IV, we report
the central values and the corresponding lo uncertainty

associated with each observable pertaining to B — K*)up
decays in the SM and in the presence of several NP

scenarios. To estimate the NP effects, we use the best fit
values of the SMEFT coefficients obtained in Fit A of
Table III. In the SM, we obtain the branching fractions for
both B — K*)up decays to be of O(107°). Similarly, the
ratios Ry, Ry, and R% are found to be equal to 1 in the
SM. Hence any deviation from unity in these parameters
could be a clear signal of beyond the SM physics. There
exist a few experiments that provide the upper bound of the
branching ratio of B — K™up decays. At present, the
upper bounds are found to be B(B — Kuvp) < 11 x 1076
and B(B — K*uvp) <27 x 1079, respectively. Neglecting
the theoretical uncertainty, we estimate the upper bound on
Ry to be R <2.75 and R~ < 2.89. Our observations
are as follows.

(i) Values of B(B — K*)up) and R, obtained in each

ID NP scenarios with &y, ¢\, and &, SMEFT
coefficients are compatible with experimental upper
bound of B(B — K™up) and Ry

(i1) In case of 2D scenarios, we observe that the values
of B(B = K")up) and Ry, obtained with (E(qll>, c)
SMEFT coefficients are larger than the experimental
upper bound. Although it can explain the anomalies
present in b — s£T¢~ data, it, however, cannot
explain the b — svv data simultaneously.

(i) With (¢).2,) and (2!} +2\}).2,) SMEFT coef-
ficients, the value of B(B — K (*)1/17) and R are
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q* dependence of differential branching ratios of B — Kvi (left) and B — K*vi (middle) decays and longitudinal polarization

fraction of K* meson FX (¢?) (right) in the SM and in few selected NP scenarios. The green, red, orange and black lines correspond to

€ M) 4z 23 and (@

the best fit values of (qu), ¢7), (€2.8%), (e, +¢, qll
uncertainty band is shown with blue.

obtained to be quite large. More precise data on
B(B — K®up) in the future will put a severe
constraint on these NP scenarios.

(iv) In the SM, R’CZ = 1. Any deviation from unity is
a clear signal of the presence of right handed
currents. It is evident from the Table IV that the
value of R% remains SM like for all the scenarios
with left handed currents. However, with the in-
clusion of right handed currents, its value seem to
differ from unity. We see that the value of F;
obtained in the presence of (¢,,¢/,) and (F:Efl), &)
coefficients are clearly distinguishable from SM
prediction at more that 5o level of significance.

In Fig. 1, we show the g*> dependence of differential
branching ratios and K* polarization fraction for the B —
K™"up decays in the SM and for the best fit values of few
selected new physics scenarios. The SM central line and the
corresponding lo uncertainty band is shown with blue
color. The green, red, orange, and black lines correspond to
the best fit values of (5(3) &), (€4,¢), (Z’(l,) + ES),&Z),

ql > q
and (5511,) + ES), ), respectively. We observe that the new

physics contributions coming from these SMEFT coeffi-

cients are quite distinct. In case of F;(g?), the contribution
®)
ql »
and they are clearly distinguishable from SM contribution.
In case differential branching ratio, the deviation from the

coming from (¢,,',¢,) and (¢, ¢;) are more pronounced

SM prediction is maximum with (55111) + E’ffl), ¢z) NP

scenario. The K* polarization fraction F; value, however,

remains SM like as there is no right handed currents.
We wish to quantify our results in terms of the inde-

pendent parameters Ry, Ry and R’}ﬁ In the presence of

(Efl), ), value of Ry is increased by almost ~30% from

the SM value, whereas, value of Ry and R% are
decreased by almost ~70% and ~60% from the SM
prediction, respectively. In case of (¢, ¢;), we notice that

e

(3,), &), respectively. The corresponding SM central value and the

q

the values of Ry, Ry+ and R’f;ﬁ decreased by almost

~20%, ~80% and ~50% from the SM predictions, respec-
3)
o
~80% increment in Ry and Ry, whereas, the value of

R?_L remains SM like. This is because of the absence
of right handed currents in this scenario. Finally, in case of

tively. Similarly, with (Ef]ll) +¢,,,¢z), there is almost

(5;‘) + 55131), ¢Y), value of Ry decreases by almost ~40%,

whereas, Ry~ and R% increase by ~40% and ~10%,
respectively.

D. Prediction of B, — v, B, — ifvi and B, — ¢vv
decay observables in SM and beyond

Study of rare B decays mediating via b — svv quark
level transition is very well motivated as they can provide
complimentary information regarding NP in b — s£"¢~
quark level transition decays. To this end, we study several
rare B, meson decays such as B, — nub, B, — /v and
B, — ¢uv proceeding via b — svv quark level transitions
in a model independent SMEFT formalism. We give
predictions of the branching fractions and ¢ polarization
fraction in the SM and in the presence of several NP
couplings. For our NP analysis, we choose four NP

scenarios, namely, (E((:,)E’Z) (¢2.¢), (Ey,)JrES),Z‘Z)

and (E,(Ill) + Z‘SZ),E’Z), that provides the best solutions to

the b — s¢T¢~ anomalies. Interestingly, except (Efill) +

5513,), Cz) the rest of the scenarios include the effects from
right handed currents. In Table V, we report the central
values and the corresponding 1o uncertainty associated
with B(B; = (1,1, ¢)vp) and F(¢) in the SM and in the
presence of NP. We obtain the 1o uncertainty associated
with each of these observables by varying the input
parameters such as the meson to meson form factors and
the CKM matrix elements within 1o from their central
values. In addition, we also quantify the results in terms of

?
R,,, Rﬂ/, R(/» and Rﬂ.

115028-7
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TABLE V. The branching ratios of B(B; — (11,7, ¢)vv) and the longitudinal polarization fraction of the ¢ meson F ng in the SM and
with the best fit value of few selected 2D SMEFT scenarios of Fit A. The results are also quantified in terms of ’Rﬂ, R,,/,R(/,, and ’RﬁL.

SMEFT couplings B(B, — qvi) x 10°° R, B(B; » nq'vv) x 10°° R, B(B; — ¢uw) x 10°° R, F, (B, — ¢vi) Rﬁﬁ

SM 1.700 + 0.187 1.000 1.673 + 0.232 1.000 9.762 + 0.625 1.000 0.537 +0.030 1.000

(5(3]) &) 2.327 4 0.256 1.369 2.291 £ 0.317 1.369 3.007 + 0.128 0.320 0.244 +0.022 0.437
ol >

(¢2,8) 1.383 £0.152 0.814 1.362 + 0.188 0.814 2.047 +£0.091 0.217 0.292 £0.024 0.526

(Z,(ll) + 5(3]) &) 3.148 + 0.347 1.852 3.099 + 0.429 1.852 18.083 + 1.157 1.852 0.537 +0.030 1.000
q ql

(~(1) + ~(3) ~ ) 0.984 +0.108 0.579 0.969 +0.134 0.579 13.714 + 0.950 1.395 0.587 +£0.030 1.101

Cqt T Cq1-C2

In the SM, we find the branching ratios of B, — (1, )v
decays to be of O(107°), whereas, for B, — ¢vv decays, it
is found to be of O(1073). The value of ¢ polarization
fraction is obtained to be F; = 0.537 £ 0.030. The NP
effects can be easily quantified in terms of R, 4 and Rﬁﬁ.
We observe that B(B; — (1,1 )vp) increases by almost
;31), ¢',), whereas, it decreases by
almost ~20% due to the presence of (¢, ¢,) NP couplings.
Moreover, we observe a ~80% increment in the branching

(1), =03
ql +qu

~30% in the presence of (¢

fraction due to (¢ , ) NP coupling, whereas, with

0.2 T T T T
0.18
0.16
0.14
012

0.1F
0.08F
0.06
0.04rt
0.02

0

dBr/dq® x 108

1.2 — T T T T T

1 L

08

0.6

0.4

dBr/dq? x 10°

0.2

0 2 4 6 8 10 12 14 16 18 20
q? [GeV?]

(E;ll) +Z‘EI3,),E’Z) NP couplings, it decreases by almost

~40% with respect to the SM prediction. In case of B; —
¢vp channel, we notice that B(B; — ¢vi) increases by

almost ~80% with (5;?—#5;3,),52)

Similarly, we observe that the branching fraction increases

NP couplings.

by almost ~40% in the presence of (55111) —I—Z’Efl),é’z),
whereas, it decreases by almost ~70%-80% with
(¢z,¢) and (Ef,),é’z) NP couplings, respectively. For
F;, we observe maximum deviation from the SM
0.3 J ! ! T T T T T T
0.25 |
)
— 02}
=
‘o 0.15
b
St
M 01
o
0.05
0

4 6 8 10 12 14 16 18 20

q? [GeV?]

FL (%)

4 6 8 10 12 14 16 18 20

q% [GeV?]

FIG. 2.  We show, in the top panel, the g*> dependence of differential branching fractions of B, — nuv (left) and B, — y'v (right)
decays. In the bottom panel, we show the differential branching fraction (left) and the ¢ polarization fraction (right) of B; — ¢vv decay,
respectively. The SM central line and the corresponding error band is shown with blue. The green, red, orange, and black lines

correspond to the best fit values of (E((fl), ¢, (€4,¢), (E;p +¢

G

.2,), and (&) + ¢

(3,) , &%), respectively.

q
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3)
ql >
Although, there is slight deviation observed due to (Ef;l) +

51(131),5’2) NP couplings, the deviation from the SM pre-

diction, however, is quite small and it is not distinguishable
from the SM.

In Fig. 2, we display the ¢> dependence of differential
branching ratios and ¢ polarization fraction F;(q*) for
B, — (1,1, ¢)vo decays in the SM and in the presence of
NP couplings. The SM central line and the corresponding
uncertainty band obtained at 95% CL are represented with

blue color. The green, red, orange, and black lines corre-
spond to the best fit values of (ES), c), (C7.8%),
@) +2).e,), and @)+l e, from Fit A of
Table. III, respectively. Our observations are as follows.
(i) The differential branching ratio for B, — (1,17 )vw
®3)
ql

(Z’E,lz) +E',(131),Ez), whereas, it is reduced at all ¢°

for (¢,,¢,) and (Z‘;l,) + 59, ¢,). All the NP scenar-

ios are distinguishable from the SM prediction at

more than 3¢ and they are quite distinct from each

other. The deviation from the SM prediction is more
(1) 4 &G

ql ql

(i) The differential branching ratio for B, — ¢vv de-

cays is enhanced at all ¢> for (E(ll) + Z’E;)

q
(65111) + 65131>, ¢,), whereas, it is reduced at all ¢* in

case of (ESZ), ¢4,) and (¢, ¢,) NP scenarios. All the

/

prediction with (¢,,¢,) and (¢,.,,¢,) NP couplings.

decays is enhanced at all ¢ for (¢;/,&,) and

pronounced in case of (¢ , ¢z) NP scenario.

,Cz) and

NP scenarios are distinguishable from the SM

prediction at more than 30. The deviation observed
is more pronounced in case of (5231),5’2), (¢2,¢%)
5111) + 5((,31)
(iii) The ¢ polarization fraction F; (¢*) for the B, — ¢

decay is distinct from SM only in the presence of
(2.2), (5.2, and (&) +2).2,) that in-
cludes the contribution from right handed currents.

In case of (Egl,)—i—ég),ﬁz), it is SM like. The

deviation from the SM prediction observed with

and (¢ , ¢z) NP scenarios.

(¢,,¢,) and (Ef;l), ¢4,) is quite significant and they
are distinguishable from the SM prediction at more
than 5¢. A slight deviation is observed with (Ef;l) +
(;l), ¢’,) and it is not distinguishable from the SM
prediction.

¢

IV. CONCLUSION

Motivated by the longstanding anomalies in B decays
with charged leptons in the final state undergoing
b — sputu~ quark level transition, we study several B

meson decays, namely, B — K%up, B, — (n,n')vp, and

B, — ¢uvr mediating via b — svv quark level transition.
Our primarily goal of this study is intended to analyze
the consequences of latest b — syt p~ anomalies on b —
svv decays in a model independent approach. We use
the standard model effective field theory formalism
constructed out of new operators of dimension six
corresponding to the arbitrary Wilson coefficients. We
study several decay observables pertaining to these
decay modes in the SM and in the presence of various
SMEFT coefficients in several 1D and 2D scenarios. We
perform a naive y? fit to the b — su*u~ data, namely,
RK’ RK*’ PIS’ B(Bs _)¢ﬂ+/’t_) and B<Bs _)ﬂ+/’l_)’ to
find the best fit values of all the SMEFT coefficients in
several 1D and 2D scenarios. We observe that the pull
corresponding to 2D scenarios are comparatively better
than the 1D scenarios. In particular, the fit results of

~(1).3) ~ ~ ~ ~(1 ~(3) ~ ~(1
@), @), @)+l e, and (@) +

ES),E’Z) of 2D SMEFT scenarios show better compat-

ibility with all the five b — s£¢ measured data. We also
check the goodness of the fit results with the additional
constraints coming from the experimental upper bounds

of B(B — K*)u). We observe that, although, (?:E;l),é’z)
provides a better solution to the b — s£¢ data, it,
however, cannot explain the existing b — svv data.
The estimated value of B(B — K“)up) with the best

fit value of (E;ll),ﬁ’z) exceeds the experimental upper

bounds of B(B — K*)up).

In case of branching ratio, we observe a significant
deviation from the SM prediction in all the four NP
scenarios. All the NP scenarios are distinguishable from
the SM prediction at more than 3¢ significance. The

8.&), (¢.¢), and () +

,¢z) are more pronounced. Similarly, for F;, The

deviations observed with (¢

(3)
q
deviation from the SM prediction observed with (¢, &)

and (E;3I>,E’Z) is quite significant and they are distin-

guishable from the SM prediction at more than So.
Study of By — (n,n')vv and By — ¢ decay modes are
very well motivated theoretically as well as experimen-
tally as they can, in principle, provide complementary
information regarding NP in b — s£T¢~ decays.
Experimental investigations of decay observables in b —
svv in the future will definitely help us in identifying the
possible new physics Lorentz structures in b — s£+¢~
decays. In particular, measurement of F; will be very
crucial to not only examine the effects of right handed
currents but also to distinguish between various new
physics models.

¢
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APPENDIX A: DIFFERENTIAL DECAY
DISTRIBUTION FOR B - (P,V)vv DECAYS

The differential decay distribution for B — P decays,

where P denote pseudoscalar meson, can be written as
[81,82]

dl'(B— Pup)  Gra?
dQZ T 25670 3 |thV |2/13/2(m3 m%’qz)
x [f+(q )] |Cp, + Cgl*. (A1)
Similarly, for B — Vuo, it can be written as
dI'(B — V)
—ag oA AP+ AR, (A2)

where,

tudes which can be expressed in terms of form factors and
Wilson coefficients as

2N+/2A(m%, mi, q*
AL(f) = (mp, my, q°)

[CL + Cgl

A(@?) = —2NV3 [1 T Z—} (CL = CalAy (¢?):

Ao(q?) = —N[CmV\/Ci]mB
(-3 H e
‘A(mB%ZV’ i) (83
with

2

GFC’ q l(’”B’mV’q ) /2
= |V, V7 . A4
’ tb ts||: 3 X210n'5 5 ( )

Here N is the normalization factor and ¢ is the invariant
mass of the neutrino-antineutrino pair. The factor A is
defined as A(a,b,c) = a*> + b> + ¢* = 2(ab + bc + ca).
The B — P and B — V form factors are defined in terms
of £.(¢%), V(q?), Ai(q*), A,(g?), respectively. Similarly,
longitudinal polarization fraction of the final vector meson
can be written as

_ 3JA)
L=ar)dg?

(AS)

In addition to the differential branching ratio and
polarization fraction, we define Rp, Ry, and R}L where,
P and V represent pseudoscalar and vector mesons,

respectively. They are expressed in terms of the three real
parameters ¢, 7, and «, as [82].

142y
Rp:(1—277)€2 RV:(1+K 7])62, R; =
! £ 14 iy
(A6)
where,
Cc,? Crl? —Re(C, Cx
_ VI L|S‘1\‘/I‘| R|7 _ i(L R)2 (A7)
(&7l |CLI> + |Cgl
_ [44%(pa, (8) + pa,(4°) = pv(a?)) (A%)
T [ dg (oA, (@) + pa, (@) + pv(g?))
where,
B2, m2, g
polg?) = M) (o
mB
26]2/13/2(171 m2 q2)
2 B> My, 212
— 1% ,
pV(q ) (mB +mv)2m% [ (q )]
ZqZAl/Z m2’m2’q2) mp+m )2
pa () = 2 )0 LIS (g
B
64m3 A\ 2 (m3, m?, g*
panla?) = AT )y e

mpg

where, p; is rescaled form factors. It is important to note
that the value of ‘Rp is independent of decay mode as it
only depends on the WCs C; . However, R, and R%ﬁ do
depend on the decay mode through the factor «,. The
contribution from «, is observed to be very tiny for B —
K*vv and B — ¢pvv decays.
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APPENDIX B: BEST ESTIMATES OF Ry, Ry, P, B(B, — ¢u*pu~), AND B(B, - p*u~) IN THE
PRESENCE OF SEVERAL 1D AND 2D SMEFT COEFFICIENTS FROM FIT A AND FIT B ANALYSIS

TABLE VL

Values of Ry, R+, Ps, B(B; — ¢u*p~), and B(B; — pu*p~) with the best fit value of each SMEFT coefficients from Fit

A and Fit B analysis of Table III. In the first row we report the experimental central value and the corresponding 1o and 26 range of each
of these observables.

Fit-A Fit-B
B(B; = ¢up)  B(Bs — pu) B(Bs — up)
SMEFT Ry Ry P, x1077 x107° Ry Ry x107~°
Expt. values -  0.846 +0.060  0.685 + 0.150 —0.21 £0.15 1.44 £0.21 3.09+0.484  0.84640.060 0.685+0.150  3.09 +0.484
lo — (0.786, 0.906)  (0.535, 0.835)  (—0.36,—0.06) (1.23, 1.65)  (2.606, 3.574) (0.786, 0.906)  (0.535, 0.835) (2.606, 3.574)
26 — (0.726, 0.966)  (0.385, 0.985) (=0.51,0.09) (1.02, 1.86)  (2.122, 4.085) (0.726, 0.966) (0.385, 0.985) (2.122, 4.085)
_(10.3) 0.730 0.724 —0.661 2.148 2.807 0.814 0.802 3.120
Cql (0.543, 0.963)  (0.545, 0.958) (—0.952,—0.617) (1.597, 3.225) (2.147, 3.796)  (0.647, 0.986) (0.639, 0.979) (2.521, 3.906)
N 0.823 0.797 —0.741 2.353 2.649 0.839 0.812 2.887
¢z (0.635, 0.968)  (0.589, 0.956)  (—1.025,—0.693) (1.739, 3.195) (1436, 3.657) (0.697, 0.987) (0.651, 0.981) (1.850, 3.848)
1) =) 0.756 0.752 —0.668 2256 2916 0.813 0.801 3.122
@) (0.544, 0.967)  (0.548, 0.958) (=0.949,-0.613)  (1.609, 3.207) (2.150, 3.752)  (0.646, 0.985) (0.640, 0.979) (2.513, 3.902)
L.0) 0.719 0.768 —0.449 2.244 3.851 0.824 0.807 3.047
€ 2) (0.485, 0.972)  (0.541, 0.972)  (=0.993,0.276)  (1.635, 3.206) (0.500, 5.267)  (0.640, 1.008)  (0.644, 0.979) (1.435, 4.592)
_(0.0) - 0.756 0.681 —0.695 2.044 2.630 0.851 0.725 2.893
(@ Ear) (0.546, 1.047)  (0.395, 0.991)  (—1.056,—0.620)  (1.224, 3.094) (1.416, 3.888) (0.643, 1.047) (0.446, 1.136)  (1.409, 4.176)
_.03) 0.833 0.611 —0.199 1.764 2.957 0.850 0.645 3.077
€ ) (0.482, 1.165)  (0.286, 0.952)  (—1.035,0.519)  (0.831, 3.121)  (0.813, 4.581) (0.640, 1.039) (0.401, 1.013)  (1.528, 4.289)
I 0.804 0.743 —0.757 2212 2.376 0.838 0.799 2.797
(ez.Ca) (0.599, 1.052)  (0.535,0.978) (—1.058,—0.574) (1.546, 3.172) (1.292, 3.671) (0.655, 1.043)  (0.551, 1.061)  (1.475, 4.045)
0.8, 0.862 0.690 —-0.209 2.043 2.569 0.844 0.723 2.947
2"z (0.560, 1.176)  (0.422, 0.981)  (—1.039,0.546)  (1.243,3.348) (0.602, 4.598) (0.648, 1.050) (0.540, 1.039) (1.435, 4.383)
) -0 - 0.783 0.894 —0.231 1.861 3.251 0.838 0.779 3.125
@'+ 82) (0.488, 1.107)  (0.54, 1.355)  (=0.984,0.553)  (0.532, 3.076) (0.567, 5.087) (0.644, 1.010) (0.597, 1.137)  (1.452, 4.683)
) L A0) 0.789 0.790 —0.645 1.898 2.397 0.818 0.812 3.150
(Cq + 41 Car) (0.551, 1.086)  (0.546, 1.072) (—0.924,-0.114) (0.491, 3.134)  (0.510, 3.889) (0.640, 0.998) (0.631, 1.071)  (1.524, 4.693)
0.809 0.886 —0.389 1.717 2.763 0.822 0.763 3.173

(1) |, ~3) «
(ch,)Jrc;,),c’Z

(0.494, 1.103)

(0.561, 1.374)

(~1.013,0.563)

(0.564, 3.126)

(0.497, 5.194)

(0.640, 1.009)

(0.596, 1.136)

(1.436, 4.709)
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