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as a probe to lepton flavor universality violation
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The flavor anomalies reported in Ry, Ry, P5, and B(B; — ¢u' ™) indicate lepton flavor universality
violation in b — sI*I~ quark level transition decays. The deviation from the standard model prediction
reported in the underlying flavor observables currently stands at the level of 2.5¢, 2.40, 3.30, and 3.70,
respectively. In this context, we perform an angular analysis of the four-body differential decay of B, —
f5(1525)(— K"K~ )upu~ in a model independent effective field theory framework. The decay mode
B, — f5(1525)I"1~ undergoes similar 5 — s neutral current quark level transition and, in principle, can
provide complementary information regarding lepton flavor universality violation in b — s~ quark level
transition decays. We give predictions of various physical observables such as the branching ratio, the
longitudinal polarization fraction, the forward-backward asymmetry, the angular observables P, P, P},
P%, and also the lepton flavor sensitive observables such as the ratio of branching ratio R 7> Or,> Qaups Q1

0,, Q), Q% for the By — f4(1525)(— K"K~ )u*p~ decay mode in the standard model and in the presence

of several one-dimensional and two-dimensional new physics scenarios.
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I. INTRODUCTION

Exploring and identifying the Lorentz structure of
possible new physics (NP) that lies beyond the standard
model (SM) is of great importance, particularly in semi-
leptonic B meson decays mediated via b — sI*[~ neutral
current and b — clv charged current interactions. It is well
known that the flavor sector could be an ideal platform to
explore NP since it can provide possible indirect evidence
of NP in the form of new interactions that can, in principle,
be very sensitive to the existing experiments. It is also well
known that, apart from the flavor sector, existence of NP is
also evident from several other phenomena such as the
matter/antimatter asymmetry of the universe, neutrino
mass, dark matter, dark energy, and so on. In recent years,
several measurements have shown hints of lepton flavor
universality violation (LFUV) in the semileptonic decays of
B mesons involving b — sItI~ (I € e, u) neutral current
and b — clv (Il € e/u,7) charged current quark level
transitions. Significant deviation from the SM expectation
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has been reported in various flavor observables such as Ry,
Ry-, Pi in B — K®ITI~ decays; B(B; — ¢utu™); Rp,
Rpe, Py, F?" in B — D™y decays and Ry in B, —
J/W®lv decays. Here we will focus mainly on the anomalies
present in B meson decays mediated via b — sI*[~ quark
level transitions. The ratio of branching ratio Rg and Ry« in
B — (K,K*)I"]~ decays are defined as

B(B — KWyt~
Ry — ( I M_)' (1)
B(B —» KWete™)

After the Rencontres de Moriond (2019), the current status of
several observables pertaining to b — s/™I~ quark level

transition decays is as follows: the measurement of Ry from
the combined data of both Run 1 and Run 2 of the LHCb
Collaboration reports Ry = 0.84610 0% (stat) 10019 (syst) [1]
in the central ¢® region (1 < ¢> < 6 GeV?), where g2 is the
invariant mass-squared of the dilepton. The deviation from the
SM value of Rg ~ 1 [2,3] is observed to be at the level of
~2.50. Similarly, Ry~ was measured in two different ¢ bins
by two different experiments: in the low ¢ bin (0.045 <
¢> < 1.1 GeV?), LHCb reports Ry = 0.660 0110 (stat)+
0.024 (syst) [4,5] and the Belle Collaboration reports
Ry = 0.527036 (stat) 4 0.05 (syst) [6], and in the central
g*> bin (1.1 <¢> <6 GeV?), LHCb reports Ry =
0.685" 0 0ea (stat) £0.047 (syst) [4,5] and Belle reports R - =
0.967 335 (stat) & 0.11 (syst) [6]. These measurements differ
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TABLE L. Current status of Rx and Ry and P} in B — K)[*I~ and the branching ratio of B(B, — ¢u*u").
q* bins Theoretical predictions Experimental measurements Deviation
Ry [1.0, 6.0] 1+£0.01 [2,3] 0.846700% (stat) 018 (syst) [1] ~2.50
Rg- (0,045, 1.1] 1£0.01 [2,3] 0.660107 (stat) = 0.024 (syst) [4,5]
R 1+£0.01 [2.3] 0.521038 (stat) & 0.05 (syst) [6] ”
01 60] 1+£0.01 23] 0.685 0 0a (stat) £ 0.047 (syst) [4,5] e
o 1£0.01 [2,3] 0.961055 (stat) £ 0.11 (syst) [6]
Pl [4.0, 6.0] -0.757 £ 0.074 [8] -0.21 4+ 0.15 [9-11] ~3.3c
(4.3, 6.0] —0.774 500001 87 7] —0.967077 (stat) & 0.16 (syst) [13] ~1.00
[4.0, 8.0] —0.881 £ 0.082 [15] —0.267105¢5 (stat) & 0.049 (syst) [14] ~2.1o
B(B; — ¢pu'p7) [1.0, 6.0] (5.39 £0.66) x 1078 [12,18] (2.57 £0.37) x 1078 [16,17] ~3.70

from the SM prediction of Rg+ ~ 1 [2,3] at the level of ~2.4¢.
In addition to R and R+, deviation from the SM expectation
is also observed in the measurements of the angular distri-
butions of B — K*u*p~, particularly in P5 [7,8]. The
ATLAS [9] and LHCb [10,11] Collaborations measured
P% in the bin ¢*> € [4,6] GeV? and they differ by ~3.3¢
[12] from the SM expectation [8]. Similarly, the CMS [13]
measurement in g¢*> € [4.3,6] GeV? and the Belle [14]
measurement in ¢> € [4.3, 8] GeV? differ by 16 and 2.10,
respectively, from the SM expectations [7,15]. Moreover, the
measured value of the branching ratio B(B; — ¢u'p~)
[16,17] is found to deviate at the level of ~3.7¢ from the
SM expectations [12,18]. In Table I we report the current
status of Ry, R+, P5, and B(B; — ¢pu*u~). At present, the
dedicated ongoing B factory programs at Belle IT and LHCb
emerge as promising platforms that can either confirm or
refute the existence of NP in b — sI™/[~ transition decays.

Our main aim is to study the impact of NP on B; —
f5(1525)u" = decay observables in a model independent
effective theory formalism. The By — f5(1525)u"u~
decay mode has received less attention both from
the theoretical and the experimental side and it has not
been discussed earlier in detail. Although, in Ref. [19],
the authors discussed the SM results for both the  mode
and 7 mode of By — f5(1525)I71~ along with the B —
K’%(1430)I71~ decays, more emphasis was given to B —
K’ rather than B; — f), decays. Also, the branching ratio of
f5 decaying into K"K~ was not considered in their
numerical analysis. In Ref. [19], the authors also discussed
the impact of NP on several observables coming from
two different NP models, such as the vectorlike quark
model and the family nonuniversal Z’ model. Similarly,
there is an ample number of literatures discussing the B —
K3(1430)17 1~ decays [20-27] mediated via the same b —
sI*1~ quark level transition.

So far we don’t have many experimental results on
electroweak penguin decays involving spin 2 particles. The
experimental techniques used for B; — ¢TI~ can be

adjusted to the By — f5(1525)I7]1~ decay as well, because
both ¢ and f}(1525) decay to a pair of charged kaons
which are easily detected by the LHCDb detector. Since the
dominating structures in the K*K~ spectrum are the P
wave ¢(1020), and there are several possible resonances
around 1500 MeV/c?, it is natural to look at this regime to
study. Furthermore, the presence of D waves in this mass
region yields a richer spectrum for exploring interesting
angular observables.

Although there are other resonances like f,(1270) and
fo(1500) between ¢(1020) and f%(1525), they have a
smaller branching fraction of 5% or less into the K™K~
final state and are very unlikely to have large rates. Hence,
f5(1525) is the best option after ¢(1020) [28]. This decay
in the muonic mode can be observed with the currently
available data and we expect around 200 events for this
mode. The currently available data is statistically limited
for performing angular analysis; the branching fraction
measurement is only possible claiming the first observation
of this decay in muonic mode. With more data in Run 3, the
measurement of angular observables is possible. In the
published Run 1 angular analysis of B, — ¢u™u~ decays
[17], we see 10-20% statistical uncertainties across all
angular observables. So far, no results have been published
with the full Run 1 and Run 2 data. We expect the statistical
uncertainty in case of full Run 1 + Run 2 analysis to go
down by a factor of 40%, which means 5-10% total
statistical uncertainty for angular observables in case of
B, = ¢u'p~ decays with full Run 1 + Run 2 data. For
B, — f5(1525)u" ™, we expect the statistical uncertainty
to be three times more with respect to B, — ¢u™ ™ decays,
i.e., 15-30% statistical error.

The present paper is organized as follows: in Sec. I, we
start with a brief overview of the effective Hamiltonian for
b — sITI~ quark level transition decays in the presence of
new vector and axial vector NP operators. A brief dis-
cussion of By — f/ hadronic matrix elements, followed by
the angular distribution and the transversity amplitudes for
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By — f5(1525)(—» K"K~ )u*u~ decays, are also reported.
Finally we write down the decay distribution and expres-
sions for several lepton flavor universal (LFU) observables.
In Sec. III, we report our results that are obtained in the SM
and in several NP scenarios. We conclude with a brief
summary of our results in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Effective Hamiltonian

The effective Hamiltonian for b — sItI~ quark level
transition decays in the presence of new vector and axial
vector NP operators is written as

G a - -
Hege = ——FVth?xﬁ [CgffE}’”PLblhl-F CS057 PLbly,ysl

V2
my ] )
—%C%“S*iqva/‘”PRblyﬂl + CYP5y# P, bly,l
+ O\ 5P bly,ysl+ Cy5y*Prbly,l

+C/1057”PR177}’M751], (2)

where G is the Fermi coupling constant, «, is the fine
structure constant, V,, and V,, are the corresponding
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements,
and P r = (1 F y5)/2. The factorizable loop terms are
incorporated within the effective Wilson coefficients (WCs)
Ceit and CST as [29]

C
=, _?S_C&
C§'" = Co(p) + h(rn,3)Cy
1
—3h(1.5)(4C3 +4C4+3C5+ Cy)

1 2
=5h(0.8)(C3+3C4) +5(3C; +Cy+3C5 + C),

(3)
where § = ¢?/m3, m,=m./m,, and Cy=3C| + Cy+

3C; + C4 + 3C5 + C¢. Similarly, the auxiliary functions
are defined as

8 my 8 8 4 2
h(Z,S‘) = —§ln7b—§lnz+ﬁ+§x—§(2+x)|l —x\l/z
V11— 1
ln'ix—i—' —in, forxz“g2 <1
X VIi—x—1 (4)
2arctanﬁ, for x E“éz >1

4
h0.5) = —om™ sy S0 ()

The additional terms in the CS describe the short distance
contributions from the four-quark operators which lie away
from the c¢ resonance region. Similarly, the long distance
contributions which include the resonant state from b —
ccs which further annihilate into a lepton pair are excluded
in the present analysis. Hence, we only concentrate on the
regions from ¢? € [0.045,0.98] and ¢% € [1.1,6.0]' GeV2.
It not necessary that the nonlocal effects are accounted only
for the resonant states but also they are very important even
below the charmonium contribution. This has been studied
in detail in Refs. [30-33]. The authors in [30] report that,
due to the virtual photon propagator, the nonfactorizable
contributions to AC, are enhanced at small ¢°, ie., at
g* > 4m?. The factorizable soft gluon part ACo(g?) plays
an important role in B — K* decays. The charm loop
corrections ACy(g?) almost reach up to 20% of Cy at 1 <
g* <4 GeV? in B — K*Il decays and similarly, will not
exceed more than 5% in the B — Kl decays. These
nonfactorizable contributions significantly affect the differ-
ential width and the forward-backward asymmetry in
B — K* decays. The zero crossing of the forward-
backward asymmetry will be effected significantly in
discriminating the new physics contributions. Similarly,
the nonlocal contributions in B — K* and B, — ¢ decays
have also been discussed very recently in [33]. The authors
in this particular paper proposed a modified analytic para-
metrization of nonlocal matrix elements. These effects in
fact enter the decay amplitudes in the form of nonperturba-
tive nonlocal matrix elements which are difficult to calculate
with controlled uncertainties. The recalculations of beyond
the operator product expansion contributions involve the
light cone sum rule and the full set of B meson light cone
distribution amplitudes. In most of the theoretical papers
which try to address the LFU violation in b — sI*[~ decays
the hadronic nonlocal effects are neglected. Hence, we do
not consider these corrections in our present analysis.

The new physics WCs in the effective Hamiltonian, such
as Cy'1y and Cj 1, include the effects coming from the new
vector and axial vector NP couplings. In SM, all these new
WCs are considered to be zero. In principle, one can have
the new scalar, pseudoscalar, and tensor NP WCs, but they
are severely constrained by B, — u"u~ and b — sy mea-
surements [34-36]. The values for each WC obtained in
the leading logarithmic approximation at the energy scale
M = my, poe are reported in Table I11. Similarly, the values of
new WCs are obtained from the global fits of Ref. [37].

"The ¢2 € [0.98, 1.1] GeV? is excluded because of ¢(1020) —
utp~ decays.
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B. Spin 2 polarization tensor and B; — f),
hadronic matrix elements

1. Spin 2 polarization tensor

A spin 2 polarization tensor €#*(n), where n € £2, +1,
0, can be constructed via a spin 1 polarization vector
[19,40,41]. For the f!, meson having the four momentum
(Ip I ,0,0,E 7 ), where p I and E 7, are the momentum and
energy of f, in the B, meson rest frame, the explicit
structure of polarization tensor ¢**(n) in the ordinary
coordinate frame are constructed out of a massive vector
state by the use of an appropriate Clebsch-Gordan coef-
ficients. Those are

e/w(iz) =€ (i)eu(i)’

1
eﬂu(il) :E[eu(i)eu(o) +€D(j:)€/l (0)}7
1 2
€;u/<0) :%[eﬂ(—"_)eb(_) +€IJ(+)€M(_)] + \/;eu (0)61/(0)’
(6)
where

1 1
0 = _>/ ,0,0,E'/ N :t — 07 19_-s0 .
0=, (Pl 0.0.ER).  6,(H)= 50,7100

(7)

In the By — f5(1525)I"1~ decay, the n = +2 helicity
states of the f} are not aware of the two leptons that are
obtained in the final state. Hence, it would be convenient to
introduce a new polarization vector €7, (h) as

1
er, (h) = m—beﬂy(h)P%, (8)

where Pj_is the four momentum of B, meson. The polariza-
tion vector er, (h) satisfies the following equations [190]:

er, (£2) =0,
11 VA
er, (£1) —m—&ﬁe(O) -Pg e,(£) —4\/§m33‘mf12 €,(£),
1 2 VA
er,(0) . \/;6(0) -Pp€,(0)= W%(O)- )

2. B; - f hadronic matrix elements

Normally, for calculating the B — f}(1525) form
factors, the f%(1525) is treated to be stable and contributes
as a single particle. This means that it has a simple pole at

k* = m},z (1525)" If there are any further higher order states,

the hadronic representation goes beyond the single pole.
The purpose of implementing the narrow width limit can be
done by calculating the sum rules for the K™K~ states.
Recently, there have been few improvements in the
theoretical predictions as of the local and nonlocal form
factors are concerned. In the propagation of the intermedi-
ate strange meson, the width effect of f/, could be
important. This is because of the fact that Iy > Ty
Hence, the narrow width approximation may not work
well for the f) case, unlike ¢. The finite-width effects
which lead to 10% corrections to the form factors, which
further lead to 20% corrections to the branching fractions in
the case of p and K*, are studied in detail in Refs. [42,43].
Nevertheless, we do not consider these effects in the present
analysis. Although the corrections tend to increase the
discrepancy between the SM predictions of the branching
fractions and the corresponding LHCb measurements,
the normalized angular observables such as P, and other
LFU sensitive ratios, which mainly depend on the form
factors, are insensitive to the finite-width corrections.
Moreover, the global fit results including all these correc-
tions are still awaited [43,44].

In general, the B; — f% hadronic matrix elements can be
parametrized in terms of several form factors, as follows
[19,22,23,41,45]:

= D 2V(q2> *
(f2(Pp.€)[57"D|Bs(Pp,)) = —WC”UMGTDPB.\-/JPf;w
K Ja

V(P 0) |57 sb|By (P, ) = 2im s Ag(q?) Tl g 1 i Avg) |5 — T4 g
(f5( f’zv€)|57’ ysb|Bs(Pg.)) = iy, (@) ——5¢q +l(me+mf’2) 1(q°) €r, o q

2 2

* . mpg. + m,

—idy(q?) — L P ’Zq"}
m,_zgx—i—mf/2 q

(f5(Pgy.€)[50" q,b|B,(Pg,)) = =2iT (q*)e""° ¢} Py , Py,

(f2(Py,.€)[50"y5q,b|B(Pp,)) = Ta2(q*)[(mf + m} )er et - gP'] + T5(g%)er - q [Q" -

P
——— P, 10
mp + m},z ] (10)
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where Py and P 1, are the four momenta of the B, meson
and f%, respectlvely, and g =Pp — Py In general the
B — f), transition form factors are nonperturbative in
nature and they can be calculated using several non-
perturbative approaches. We follow Ref. [41] and write
the B; — f% transition form factors as

F(0)

) = = Y =l ) T S T

(11)

where F denotes Ay, Ay, V, Ty, T», and T3, respectively.
Similarly, A, is related to Ay and A; by

mp, T my,
Ay @?) = —5—5 [(mp, +myp)A(q%)

—2mp Ao(q?)).
m —q my o(q”)]

(12)

The numerical entries of the By — f% form factors at the
maximum recoil point and the two fitted parameters a and b
are reported in Table IV.

The B — T form factors contain one more pole structure
in the ¢ distribution and they are expected to be sharper
than the B — V form factors. But the parametrization of
B — T form factors is analogous to B — V form factors
and the only difference is the replacement of € by €. This
can be easily related when we mark the pole at g> = 0 and
we get the relation 2myA((0) = (mp + mz)A;(0)—
(mp_— my)A,(0), which has a similar relation as of the
B — V case.

The Lorentz structures of the wave functions and the B
decay form factors involving the vector and tensor mesons
have great similarities. Hence this allows us to obtain the
factorization formulas of B — T form factors from B — V
ones. Further, the two set of B—- V and B —» T form
factors have the same signs and related ¢> dependency. This
is because the light cone distribution amplitudes of the
tensor mesons and the vector mesons have similar shapes in
the dominant region of the perterbative quantum chromo-
dynamics (pQCD) approach. In the pQCD, the factoriza-
tion formula is given by [41]

1 - - o
M= / dxdxy / B, &by (x1. By Py 1)
0
X T, (xy, X3, 51, 51, 1) s (xa, Ez, P,,1)S,(x,)
x exp[—Sg(1) — S>(1)]. (13)

This has been generalized to the number of transition form
factors for various final state mesons including scalar,

vector, pseudoscalar, and axial-vector mesons. The corre-
spondence between vector and tensor mesons are obtained
in a comparative way. Both light cone distribution ampli-
tudes (LCDAs) of the tensor meson and B — T form
factors coincide with the quantities involving a vector
meson as

¢§;) < ql)(;)’ FB—)T PN FB_)V, (14)

where F and ¢§,’?T represent the B — (T, V) form factors
and LCDA respectively. The polarization vector e is
replaced by €. and e, respectively, in the LCDAs and in
the transition form factors. As a result, the B — T form
factors are factorized as

; € p. i 2mpm . ;
FET(gy)) = = FA=V(gy)) = =L PRV (gy)).
€r mg — g

(15)

While extracting the form factors in a nonperturbative way
by using QCD sum rules, the pole structure of the form
factors are constrained in an analytic way whereas, in pQCD
platform, which uses the perturbative properties of the form
factors such as the factorization, construct the parametriza-
tion form in a phenomenological way. In general, the polar
form of B — V form factors include pole form, dipole form,
exponential form, and the BK parametrization [46]. By
adopting this approach one defines the dipole form of
B — V form factors in a pQCD as

F(q*) =

F(0)
n (16)

1 —a(g?/my) + b(q*/my)*
The only difference for the case of B — T form factors is that
it receives an additional g> dependency. This can be seen in
the factorization formula of Eq. (15) and the formula for
F(q?)inEq. (11). Hence, this modification is appropriate for
the ¢?> distribution of B — T form factors. We refer to
Ref. [41] for all the omitted details.

C. Angular distribution and the transversity
amplitudes for B, — f,(1525)(— K*K™ )u*p~
decays

The decay amplitude for By — f4(1525)I*]~ can be
obtained from the effective Hamiltonian of Eq. (2).
Using the helicity techniques of Ref. [19], the differential
decay width of the four-body decay of By — f}(1525)
(= K*K™)utu~ can be written in terms of several angular
coefficients as
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a‘v 3
5 ~[I{C* +2I58* +
dq*dcosOxdcos0,dp 3

(15C? + 2155%) cos 20, + 21557 sin? 0; cos 2¢

+ 2\/§I4CS sin 26, cos ¢ + 2\/§ISCS sin @, cos ¢ + 2145 cos 0,
+ 2V/21,CS sin 0, sin p + 2v/2I5CS sin 26, sin p + 21,8 sin® , sin 2¢)], (17)

where C = C(f}) = \/;(3 cos? 0 — 1) and S = S(f})=

\/ 355 8in(20). The direction of f% is chosen along the z

direction in the B, meson rest frame. The polar angle
0k (0,) is defined as the angle between the direction of
K~ (u~) and the z axis in the rest frame of the lepton pair.
Similarly, ¢ is the angle between the decay planes of f and
the lepton pair. Moreover, the angular coefficients 7;(g?)
are defined as

2

m? m
8 q—lee[ALoA}}o} + 4q—21 A,

2

’

1§ = (JAro* + [Agol?) +

15 = =p3(|Arol* + |Arol®).

3 4m?
5 =204, |2 Al Ao |2 Anil? _
= 0P + AP + AnsP + APl (15
4m2
+— 7 FRe[A; AR, + A Ayl
1
L= ZﬁzzHALﬂz + AL * + |ArL]* + |Ag P,
1
I3 = *ﬂ[zHALLP - |ALH|2 + [ArL* = AR ],
Iy = 7—ﬂ1 [Re(A10A7)) + Re(AgoAg ).
Is = V2B [Re(AL0A} | ) — Re(ApoAy ).
=2p1[Re(AL AL ) — Re(AgjAg )],
= V2, [Im(ALOAL”) - Im(AROARH)}
I:—ZImA A7)+ Im(AgoAy ) )],
8 ﬁﬁz[ (ALoA7 1) (AroAgL)]
Iy = ﬂ?[lm(ALuAh) +Im(Ag Ak )]s (18)
where #; = \/1 — 4m?/q* is the mass correction factor. In

our analysis, we assume all the angular coefficients to be
real and CP conserving. For convenience, we introduce
here the transversity amplitudes Ay, Ago, Az 1, AgL, AL
and Ag|. However, they are nothing but linear combinations
of the helicity amplitudes as mentioned in Ref. [19]. The
subscripts L and R represent the chiralities of the lepton

current where the right chiral amplitudes differ by left chiral
amplitudes as Az, = Ay, |C10_,_Cw. The amplitudes A; are

obtained from the hadronic By — f,V amplitudes H;

Vag*BiB(/5(1525)~ K K~
3321n37r3

H The details of

through A; =

the helicity amplitudes are discussed in Appendix B.
The explicit expressions for the transversity amplitudes
for the B, — f5(1525)(— K*K™)u"pu~ decay are written
as follows:

Apy=N Vi 1
O o, my 2my, /o
X {(Cgff —Cio) [(m%?s =, =) g, + g Ay
A
)
mp, +mp,
A
PG| 4305~ T |
5 2
Vi | V2
A :—N \/_ Ceff_c mp +mp
Ll f N my, (&5 1O)mgﬁrmf’z
2 Ceff
\/_ mpL7 T1:|,
7
AL =Np V2 |(C§" = Cio) (mp, +my,)A
L =Ny, me mp (G~ Collma, +mp )
2m, G (i, ) }
7 ’
Vi Vi
A= (C§=Cyo) Ao, 19)

_N )
ik \/gmBSmfr2

_ 4 4 4 2 .2 2 2 2,2
where 4 = mp +my, +4q° = 2(memf,2 +miqi+q mg )
and N 7, is the normalization constant defined as

2 2
Grag,

3.9105,3
20 my,

4mI\ /2
Ny, = {3‘ |thst|2q2\/Z< _q—21>

1/2
x B(fy — K+K—)] . (20)
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D. Decay distribution and LFU observables

By integrating Eq. (17) with respect to O, 8, and ¢, we
obtain the differential decay rate,

ar 1

d—qz:ZBIf—i—M{ - 15 -2L). (21)
We define several other g* dependent observables such as
the differential branching ratio, the longitudinal polariza-
tion fraction, and the forward-backward asymmetry for the
B, — f5(1525)(— K*K™)u*u~ decays. Those are:

dr/dq? 31 -1
DBR(q?) = . Fi(d?)= L ,
@)= T W) =3 e —1s—an
31,

T3S+ 6L — IS —215

AFB(CIZ) (22)

In principle, the angular analysis of the By — f}(1525)
(= K"K~ )utu~ decay provides several additional observ-
ables in the form of ratios of various angular coefficients.
These observables are found to be very sensitive to NP.
Here we define some angular observables such as (P),
(Py), (P}), and (P%), as reported in Refs. [7,8]. The explicit
expressions are as follows:

(P) :lfbin dq’l (P,) :lfbm dq’ls
2 Join dq’l; 8 Join dq’ Iy
L dg*l
AR —
\/_ fbin dg-I; fbin dg-I;
2
TR P YL E— 23)

2\/_ fbin dqzlg fbin d‘]2li

One can construct several other observables that can be
defined in the form of ratios or in the form of differences
between the observables involving two different families of
lepton pairs. These observables, such as the ratio of

branching ratio Ry, and (Qp,), (Qa,,) <QE/)) (iel,?2,
4, 5), are quite sensitive to NP. In the SM, we expect the
value of R 7, to be very close to 1. Similarly, since the

observables Q(’) [47] are defined to be the differences
between the e and p modes, one would expect these
quantities to be almost zero in the SM. Hence any deviation
from zero would be a clear signal of NP in b — s/~ quark
level transition decays. Measurement of these observables
in the future may provide crucial information regarding
LFUV observed in various B meson decays. The explicit
expressions for these observables are as follows:

B(B; — fou'u”)
B(B, — fhete™)’

Ry (q?) = (24)

<QAFB> = <AFB”> - <AFBe>7
(25)

ITI. RESULTS AND DISCUSSIONS

A. Input parameters

We report here all the relevant input parameters that are
used in our numerical analysis. In Table II we report the
masses of the mesons, leptons, and quarks in GeV, the
Fermi coupling constant in GeV~2, and the lifetime of B,
meson in seconds. We consider the masses of the b quark
and ¢ quark evaluated at the MS scheme. The uncertainties
associated with the CKM matrix element and B(f, —
K™ K™) are reported within parentheses. We do not report
the uncertainties associated with other input parameters as
they are not important for our analysis. In Table III, we
report the values of Wilson coefficients C;(m;,) that are
evaluated in the leading logarithmic approximation. The
form factor input parameters evaluated in the pQCD
approach are reported in Table IV where F(0) denote

TABLE II. Theory input parameters [38].

Parameter Value Parameter Value Parameter  Value Parameter Value Parameter Value
mg. 5.36689 mg 1.525 mIZTS 4.20 mMS 1.28 mI;OIE 4.80
7, 1.509 x 102 Gp 1.1663787 x 107> a, 1/133.28 |V, Vi| 0.04088(55) B(f, — KTK~) 0.4435(11)
TABLE III.  Wilson coefficients C;(m,) in the leading logarithmic approximation [39].

(& G G Gy Cs Ce e Gy Cio
—0.248 1.107 0.011 —-0.026 0.007 —0.031 -0.313 4.344 —4.669
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TABLE 1IV. Form factor input parameters [41].

-+0.04+0.05 0.03+0.03 +0.02+0.03 +0.03+0.04 +0.03+0.04 +0.03+0.03

F(O) 0'20—0.03—()‘03 0.1 6—0.02—0,02 0.1 2—0.02—0.02 0. 16—0403—0.02 0.1 6—0.03—0.02 0.1 3—0.02—0,02
+0.02+0.05 +0.00+0.04 —+0.02+0.07 +0.014+0.05 -+0.00+0.04 +0.02+0.06

1'75—0,00—0.03 1'69—0.01—003 0'80—()‘00—0‘03 1'75—0.0()—().()5 0'82—0.04—0.06 1 '64—0400—0.06

+0.05+0.08 +0.00+0.01 +0.05+0.06 +0.03+0.06 _ +0.00+0.03 +0.04+0.05

0'69—0.01—001 O‘64—0,0470.02 —0.1 1—0400—0.00 0'71—0401—0.08 0'0870.09—0.08 0'57—0.01—0.09

the form factors at g> = 0, i.e., at the maximum recoil
point, and a and b are the two fitted parameters. There are
two kinds of errors associated with F(0), a and b. The first
error is coming from the decay constant of the B; meson
and the shape parameter @, and the second error is coming
from the Agcp, the scales s, and the threshold resumma-
tion parameter c. We refer to Ref. [41] for all the omitted
details.

B. Standard model predictions

We now proceed to discuss our results in the SM. We
report in Tables V and VI the central values and the
corresponding 1o uncertainties for each of the observables,
such as the differential branching ratio, the normalized
longitudinal polarization fraction (F;), the normalized
forward-backward asymmetry (Arz), (P1), (P2), (P}).
(P5), and also LFUV sensitive observables such as the

ratio of branching ratio Ry, (Qr,), (Qa,,) <Q(.')> in

different g bins for both e and the y mode. Here, we
restrict our analysis to the low dilepton invariant mass
region ranging from ¢> € [0.045,6.0] GeV? that excludes
the charmonium contributions. We have considered several
g* bins with similar bin sizes such as [0.10, 0.98], [1.1,
2.5], [2.5, 4.0], and [4.0, 6.0], as reported by LHCD in the
measurements of B, — ¢u™pu~ decays [16,17]. In addition,
we include [1.1, 6.0] and [0.045, 6.0] bins. The central
values for each observable are obtained by considering the
central values of each input parameter. The corresponding

the CKM matrix elements |V, V5|, and the branching ratio
B(f, — K*K~). We notice that the branching ratio for
By — f4,(1525)(— K"K~ ){u"/e"}{u~/e"} decays is of
the order of O(1077) in the SM. As expected, in the SM
both the e and y modes show similar behavior for all the
observables. Obviously, this is a clear confirmation of the
LFU in the SM. To account for the LFU, we expect (QF, ),

(Oa,5)s <Q§/)> s(i € 1,2,4,5) to be almost zero, although
a slight nonzero contribution may occur due to the
difference in the masses of e¢ and u. In addition, we
expect the ratio of branching ratio R 7, to be almost equal
to unity. These are observed to be true from the entries
reported in Table VII. In addition to the bins reported for
the branching ratio in Table VII, for completeness we also
report the branching ratios for y and e modes in the full ¢
range to be 2.13 £0.43 x 1077 and 2.49 +0.44 x 1077,
respectively (excluding the branching ratio of f/, decay
into KT K™, explicitly), and these values are found to agree
with [41].

We show in Fig. 1 the ¢ distribution of various
observables in the low dilepton invariant mass region
g* € [0.045,6.0] GeV>. The central line corresponds to
the central values of each input parameter, whereas to
obtain the uncertainty band, we employ a naive y? test on
the input parameters. We define y? as

lo uncertainties are obtained by using the uncertainties
associated with input parameters such as the form factors,

=

0, = 0°)?
Z( )

2 )
Ai

TABLE V. The central values and the corresponding 1o uncertainties for each of the observables such as the branching ratio, the
normalized longitudinal polarization fraction (F; ), and the normalized forward-backward asymmetry (Azg) for both the e mode and p
mode of By — f5(1525)(— KTK™)ITI~ decays.

BR x 1077 (Arg)

q* bins (GeV?) e mode 4 mode e mode 1 mode e mode 4 mode

[0.10, 0.98] 0.116 +0.021 0.114 +£0.021 0.502 +0.108 0.503 +0.108 0.096 £+ 0.017 0.086 +0.016
[1.1, 2.5] 0.105 +0.025 0.105 £ 0.025 0.854 4+ 0.043 0.855 +0.047 0.082 £+ 0.034 0.082 4+ 0.036
[2.5, 4.0] 0.111 £0.026 0.110 £ 0.026 0.841 £ 0.045 0.843 £0.045 -0.014+£0.040 —-0.014 +0.039
[4.0, 6.0] 0.154 +0.035 0.153 £0.035 0.760 £ 0.062 0.762 £0.062 —-0.116 £0.050 —0.116 + 0.049
[1.1, 6.0] 0.370 4+ 0.085 0.368 4+ 0.085 0.810 4+ 0.050 0.8124+0.050 -0.029 £0.040  —0.030 £ 0.040
[0.045, 6.0] 0.524 +0.103 0.512 +£0.103 0.700 £+ 0.071 0.712 + 0.069 0.004 +£0.030  —0.000 4+ 0.030
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FIG. 1. The g¢? distribution of various observables for the B, — f5(1525)(— K"K~ )u"pu~ decays in the SM. The band corresponds to
the uncertainties in the input parameters such as the B; — f) transition form factors, the CKM matrix element, and B(f, - K*K™).
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TABLE VIII. Best fit values of NP Wilson coefficients [37].
Wilson coefficients Cy? ¥ CYP = -C¥F CYF = -C, (CP, P (CYP = —Cp) (CYP =—-C)
Best fit values —-1.07 +0.78 —0.52 —1.11 (—0.94,+0.23) (—1.27,+0.68) (—1.36,-0.46)

where O; € (F(0),a,b,|V,,Vi|, B(fy - K*K~)) and O
represent the central values of each input parameter.
Here A; represents the respective uncertainties associated
with each input parameter. To obtain the uncertainty in each
observable, we impose y> <7.43 as a constraint. It is
important to note that we observe zero crossing in the g?
distribution of Arp(q?), P2(q?), P)(¢*), and Pi(q?).
Interestingly, the Az5(g?) and P,(g) have the same zero
crossing points, i.e., at g> ~375s GeV2. Similarly, the
P} (g*) and P%(g?) have the zero crossing points at around
g*~14+£03GeV? and ¢*>~1.6+0.4 GeV?, respec-
tively. The value of P;(g?) is almost zero in the low g?
region and becomes negative at higher ¢ regions. The

uncertainties associated with Pg') (g*) observables are more
compared to DBR(¢?), F;(q?), and Apg(g?). The ratio of
branching ratio R, (g%) is almost equal to ~1 in the whole

q* region and the uncertainty associated with R (¢°) is

quite negligible in comparison to the uncertainties present
in other observables.

C. New physics

In order to explain the anomalies present in b — slti~
transition decays, various global fits have been performed
by several groups [48-57]. In principle, the NP can enter
the effective Hamiltonian through several NP Lorentz
structures such as vector, axial vector, scalar, pseudoscalar,
and tensor operators. But few measurements, particularly
B, —» utu~ and b — sy, put severe constraint on the scalar,
pseudoscalar, and tensor NP Lorentz structures [34-36],
and hence they are omitted from our analysis. We refer to
Ref. [37] for the global fit results that are performed on the
new Wilson coefficients by considering C3; and Cj ;. In
particular, these NP operators have V-A structure. The
authors perform a global fit to these Wilson coefficients by
using the constraints coming from observables such as Ry,
Rg-, P5, and B(B; — ¢u*pu~). In addition, the fits also
include the constraints coming from the branching ratio of
B, — ptu~, the differential branching ratio of B° —
KO*;ﬁ/f, B+_)K+*,U+ﬂ_, BO—>KOM+/1_, Bt —>K+,Lt+/,£_,
and B — X,u"u~ in several g> bins, and also the con-
straints from the angular observables in B® — K% u*u~ and
BY — ¢utpu~ decays in several g* bins. All the omitted
details can be found in Ref. [37]. Out of various 1D and
2D scenarios, we consider seven total NP scenarios that
have high Ay? values: four from 1D scenarios and three
from 2D scenarios. We give bin wise predictions, as well as

the ¢* distributions of various observables, and make a
comparative study among different NP scenarios and the
SM for the By — f5(1525)(— KTK~)I"l~ decay mode.
The best fit values of the NP Wilson coefficients pertinent
for our analysis and taken from Ref. [37] are reported in
Table VIIIL

1. New physics: 1D scenario

Let us now discuss the four 1D NP scenarios that arise

due to contributions coming from CY¥, C}¥, C)P = —C)\F,
and CY? = —Cj. The C)¥, new Wilson coefficients are

associated with similar interactions as that of Cy ;3 SM
Wilson coefficients, whereas the Cy ;, new Wilson coef-
ficients arise due to the right chiral currents which are
basically absent in the SM. We report in the Appendix that
in Tables IX—XV the average values of various observables
such as the BR, (F), (Agg), (P1), (P2), (P}), (P%) for the
4 mode in several ¢ bins. The corresponding bin wise plots
have been displayed in Fig. 2. Our observations are as
follows:

(1) BR: In the first bin [0.045, 0.98], although the
central values of all the NP scenarios differ slightly
from the SM, they all lie within the SM 1o error
band. In the bins [1.1, 2.5], [2.5, 4.0], and [4.0, 6.0],
although the central values differ from the SM
prediction, no significant deviations are observed,
whereas the central value obtained in the case of the
CYP = —Cj, NP scenario deviates by 1 — 1.3¢ from
the SM expectations. This is true for the larger bin,
[1.1, 6.0], as well.

(i1) Fp:Inthe bin [0.045, 0.98], a deviation of around 1o
from the SM prediction is observed for the C)¥ =
—Cy NP scenario. For the rest of the NP scenarios,
the deviation is quite negligible. In the bin [1.1, 2.5],
a deviation of around 1.3¢ and 2.2¢ from the SM
prediction is observed in the case of C)¥ and C)¥ =
—C4 NP scenarios, respectively. Similarly, in the bin
[2.5, 4.0], the CY¥ = —C}; NP scenario shows a
deviation of around 1.5¢ from the SM prediction.
Moreover, in the bin [1.0, 6.0], a deviation of around
1.56 from the SM prediction is observed in the case

of CY¥ = —C}, NP scenario.
(iii) Apg: In the bin [0.045, 0.98], the value of Apg
obtained in the case of the C}¥ = —Cj NP scenario

lies outside the SM 16 error band, whereas, for rest
of the NP scenarios, it seems to lie within the SM 1o
error band. In the bin [1.1, 2.5], the C)¥ is exactly

095007-11
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FIG. 2. The central values and the corresponding 1o error bands of various observables such as the branching ratio, the longitudinal
polarization fraction F;, the forward-backward asymmetry Agp, and Py, P, P}, P for the By — f4(1525)(— K"K~ )u*u~ decays in

several ¢> bins in the SM and in the presence of four 1D NP scenarios.
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(iv)

)

(vi)

(vii)

like the SM, whereas, C)¥ and C)* = —Cj, show
around 1.5¢ and 20 dev1atlon frorn the SM pre-
diction. In the bin [2.5, 4.0], a deviation of around
1.40 and 1.60 is observed in case of C)* and Cy* =
—Cj NP scenarios, whereas, in the case of C}}, it is
exactly like the SM.

P,: Although the central values of P; obtained
in each NP scenario differs from the SM central
value, they lie within the SM 1o error band
and hence can not be distinguished from the SM
predictions.

P,: No significant deviations from the SM predic-
tion are observed in the first two bins, i.e., in [0.045,
0.98] and [1.1, 2.5]. However, in bins [2.5, 4.0] and
[4.0, 6.0], the deviations observed in the case of the
CY* and CY* = —Cj NP scenarios are distinguish-
able from the SM prediction at the level of 1.3¢ and
20 significance.

P: Although there is slight deviation in case of C)?
and C)!' NP scenarios, they lie within the SM 1o
error band in almost all ¢ bins. Similarly, with
CYP = —CF, it is exactly SM-like. With the C)? =
—C’ NP scenario, we observe a deviation of around
2.55 from the SM expectations in [0.045, 0.98]
bin which is clearly distinguishable from the SM
prediction.

P%: No significant deviation from the SM prediction
is observed. The only exception is C)¥ = —Cj, NP
scenario in which a deviation of around lo from the
SM prediction is observed in the ¢* € [0.045,0.98]
bin. It should be noted that the value of P obtained
with the rest of the NP couplings lies within the SM
error band.

We show in Fig. 3 the ¢*> dependent observables
for the By — f5(1525)u*yu~ decays in the presence
of several NP WCs in the 1D scenario. The SM error
band is shown with green. The detailed observations are as
follows:

®

(ii)

The differential branching ratio DBR(g?) is slightly
reduced at all ¢g> for each NP scenario and it lies
within the SM 1o error band.

It is interesting to note that the zero crossing point
of Apg(g?) is shifted towards the higher ¢* regions
than in the SM for most of the NP scenarios.
However, it coincides with the SM zero crossing
point ¢ ~37)% GeV? for C}' NP coupling. We
observe the zero crossing of App(q?) at ¢* ~
3.3 GeV? for the C)* = —C}} scenario. Similarly,
the zero crossing is observed at around ¢°> ~
3.8 GeV? for CYP and CYP = —Cj NP scenarios,
respectively. It is worth mentioning that the zero
crossing points for Cy¥ and CY¥ = —Cjy NP sce-
narios are distinguishable from the SM prediction
at the level of 1o significance.

(iii)

(iv)

)

(vi)

(vii)

For the longitudinal polarization fraction
F1(g%), the ¢* distribution obtained for C}} and
CYP = —CNP NP scenarios is quite similar to that of
the SM. In the case of CYP, it lies outside the SM
error band in the ¢* € [1.1,2.5] region and becomes
very similar to the SM curve in the higher ¢°
regions. The maximum deviation from the SM
prediction is observed for the C)F = —Cj NP
scenario.

For the angular observable P;(g?), the ¢* distribu-
tion obtained for C)¥, C\F, and C)¥ = —C}¥' NP
scenarios is quite similar to the SM The shape,
however, is different from the SM in the case of the
CYP = —Cj, NP scenario. The value of P(g?)
obtained in this NP scenario is negative in the whole
g* region and reaches its minimum of around —0.25
at ¢> = 2 GeV>.

In the case of P,(g?), similar to Azz(q?®), the zero
crossing point is shifted towards the higher g?
regions than in the SM for most of the NP scenarios.
The maximum deviation in the zero crossing point is
observed in the case of C)¥ and C)* = —Cj NP
scenarios, respectively.

The angular observable P/(g*) obtained in each of
these 1D scenarios lies within the SM error band.
There is, however, one exception. For C)¥ = —Cj, 1t
lies outside the SM lo error band in the low ¢°
region, i.e., for ¢> <1 GeV2. In addition, the zero
crossing points for the Cy¥ = —C)f and C}} NP
scenanos are observed at g~ 1.5 GeV? and
g*> ~ 1.6 GeV?, whereas, the zero crossing points
for CY* and CNP —Cj are observed at g ~
1.3 GeV2 and ¢> ~ 1 GeVz, respectively. It is worth
mentioning that the zero crossing point obtained in
the case of the CY¥ = —Cj, NP scenario is distin-
guishable from the SM zero crossing point g> ~
1.4 £ 0.3 GeV? at more than 16 significance.

For the angular observable P.(g?), the zero
crossing point obtained in each NP scenario is
shifted towards the higher value of ¢ than in
the SM except for CF. In the case of C\F, the
zero crossing point coincides with the SM zero
crossing point of ¢g*> ~ 1.6 & 0.4 GeV?. For C)¥ =
—CY? NP scenario, the zero crossing point is
observed at ¢*> ~ 1.8 GeV?, whereas for C)¥ and
CYF = —Cj, NP scenarios, we observe the zero
crossing point at g*> ~2.1 GeV? which deviates
from the SM prediction at the level of around lo
significance.

2. New physics: 2D scenario

Now we proceed to discuss the impact of several new

095007-13

Wilson coefficients from the 2D scenarios. We consider
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The ¢ distributions of various observables such as the differential branching ratio DBR(g?), the longitudinal polarization
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(= K"K~ )utu~ decays in the SM and in the presence of Cy¥, CYF, CYP = —CP and CF = —C}, 1D NP scenarios.
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three

different 2D scenarios: (CyF,CYP), (CYP, Cy),

and (C)?, C},). We report in the Appendix the average
values of all the observables for the y mode in the
Tables IX-XV. Similarly, the bin wise ¢* distribution
plots are shown in Fig. 4. The discussions pertaining to
the impact of 2D new WCs on various observables are
as follows:

®

(ii)

(iii)

(iv)

)

(vi)

(vii)

BR: Although the central values obtained for each
NP scenario differ from the SM prediction, and no
significant deviation is observed in any g> bins. The
deviation from the SM prediction is observed to be
around 1o in the case of (C)¥, Cy) and (CY¥, C},)
NP scenarios, whereas, for the (C)P,C)F) NP
scenario, the value of BR lies within the SM 1o
error band.

F: In the bin ¢ € [1.1,2.5], a deviation of around
1.16 from the SM prediction is observed in the case
of (CY?,Cy) and (CYP, ;) NP scenarios. In all
other g? bins, the value of F lies within the 16 SM
error band for each NP scenario.

App: In the bin ¢* € [1.1,2.5] and ¢* € [2.5,4.0],
the deviation from the SM prediction is observed to
be at the 1.1 — 1.26 level in the case of (CYF, Cp)
and (C)?, C),) NP scenarios. In all other bins, it lies
within the SM 1o error band for each NP scenario.
P,: Although the central values obtained for each
NP scenario differ from the SM central values, no
significant deviation is observed as they all lie within
the SM 1o error band.

P,: A deviation of around 1 — 1.16 from the SM
prediction is observed in the bin ¢*> € [2.5,4.0] in
the case of (Cy¥, Cp) and (Cy¥, C},) NP scenarios.
Similarly, in the ¢* € [4.0,6.0] bin, a deviation of
around 1.5¢ is observed in the case of (C)¥, Cy) and
(CYP, Ch,) NP scenarios.

P): In the bin ¢* € [0.045,0.98], the (C}F, Cy) NP
scenario is distinguishable from the SM prediction at
the level of 20 significance, whereas, in case of
(CYF, CYF) and (CYP, C',) NP scenarios, the value
of P lies within the SM 1o error band and hence can
not be distinguished from the SM prediction.

PL: In the bin ¢*> € [0.045,0.98], the value of P
obtained in the case of the (C)¥, C}) NP scenario
shows a deviation of around lo from the SM
prediction, whereas, with other NP scenarios, it is
consistent with the SM prediction. Similarly, in the
bins ¢ € [1.1,2.5], [2.5, 4.0], and [4.0, 6.0], no
significant deviation from the SM prediction is

observed and they are indistinguishable from
the SM.

We show in Fig. 5 the ¢> dependence of all the
observables for the B, — f%(1525)u™u~ decays in several
2D scenarios. The SM 1¢ error band is shown with green.
The detailed observations are as follows:

®

(i)

(iii)

(iv)

v)

(vi)
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Similar to the 1D scenario, we observe that the
differential branching ratio is slightly reduced at all
g* for each NP scenario and they all lie within the
SM error band.

It is worth mentioning that the zero crossing
point for Apz(g?) is shifted to a higher ¢ region
for all the NP scenarios as compared to the SM. The
zero crossing points for Azz(g*) are observed at
q*> ~3.6 GeV?, g* ~4 GeV?, and ¢*> ~4.1 GeV?
for (CYP, CYF), (CYP, Cy), and for (CY?, C),) NP
scenarios, respectively. Although all the values are
found to be distinct from the SM zero crossing point,
it is important to note that the zero crossing point
obtained in the case of (C5¥, C}) and (Cy¥, C},) NP
scenarios are distinguishable from the SM prediction
at the level of more than 1o significance.

The peak of the longitudinal polarization fraction
F;(q*) may shift towards higher ¢> values than in
the SM for each NP scenarios. It should be men-
tioned that the peak of F; (g*) obtained in the case
of (CY?,Cy) and (CY*,C),) is distinguishable
from the SM prediction at a level of more than
1o significance.

The angular observable P, (g?) is zero in the SM in
the low ¢° region, i.e., for ¢> <1.2 GeV?, and
becomes negative as ¢ increases. Similar behavior
is observed in the case of the (C)F,CNF) NP
scenario as well. For the (C)?, C}) NP scenario,
it deviates slightly away from the SM and reaches a
minimum value of around —0.2 at ¢*> =2 GeV>.
However, we observe a completely different
behavior in the case of the (C)F, C';) NP scenario.
The value of P,(g?) acquires positive values in the
whole ¢? region and reaches its maximum value of
0.1 at g*> ~ 2.2 GeV?. Since the SM error band is too
large, the g distributions of all the NP scenarios lie
within the SM error band.

The peak of P,(g?) is slightly reduced and shifted
towards the higher ¢* values in each NP scenarios
as compared to the SM. Moreover, the zero cross-
ing point is also shifted to higher values of ¢> than
in the SM for all the NP scenarios. In the case of
(CYP, Cy) and (CYP,C},) NP scenarios, the zero
crossing points are distinguishable from the SM
zero crossing at the a level of more than lo
significance.

For the angular observable P}(g?), no significant
deviation from the SM is observed for each NP
scenario. However, in the low ¢? region, i.e.,
g> <1 GeV?, we see significant deviation of
P),(¢?) from the SM prediction in the case of the
(CYP, C}) NP scenario. Similarly, the zero crossing
point of P}(g?) obtained in the case of (C}¥, C},)
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(vii)

The study of LFUV in By — f5(1525)(—

and (C)?, CF) NP scenarios coincides with the SM
zero crossing point of ¢~ 1.440.3 GeV?,
whereas, for the (C)F, Cjy) NP scenario, the zero
crossing point is observed at g> ~ 1.1 GeV? and it is
distinguishable from the SM zero crossing point at
the level of lo significance.

The ¢ distribution of the angular observable P%(g?)
obtained in each NP scenario is quite distinct from the
SM. The maximum deviation from the SM prediction
is observed for the (Cy*, Cy) NP scenario. The zero
crossing points for all the three NP scenarios lie
within ¢> ~ 2.1-2.3 GeV?, and interestingly, the zero
crossing point for (CY, Cy) is distinguishable from
the SM at more than 1.5¢ significance.

D. Sensitivity of LFUV observables in
B — f,(1525)(— K*K~ )u*p~ decays

K K )u'p

decays is interesting because it is mediated via similar
b — slTI~ quark level transition, and in principle, it can
provide complementary information regarding the anoma-
lies present in B — (K, K*)u"u~ decay modes. We study
the violation of LFU in two different 1D and 2D NP
scenarios. We make a comparative study of the LFUV

sensitive observables such as (R ),

(OF,), (Qap)>

and (Q\) (i€ 1,2, 4,5) in the SM and in several 1D
and 2D NP scenarios. We report in the Appendix the
binned average values of each of the observables in
Tables XVI-XXII. Similarly, the bin wise ¢* distribution
plots for both 1D and 2D scenarios are shown in Figs. 6
and 7, respectively. Our observations are as follows:

®

(i)

(iif)

(iv)

1. 1D scenario

Ry Except in the low ¢ bin, all the NP scenarios
are distinguishable from the SM prediction at more
than 5S¢ significance. Hence, a measurement of R 7,
will be crucial to probe NP in b — sI*[~ transition
decays.

Q,: The value of Q; obtained in the case of the
CYP = —Cjy NP scenario is distinguishable from the
SM predlctlon at the level of 4 — 5¢ significance in
the ¢* € [0.045,0.98] and [1.1, 2.5] bins. In the rest
of the bins, although the central values obtained in
each NP scenario differ significantly from the SM,
the SM band overlaps with the NP band.

Q,: The value of Q5 obtained in the case of C}¥ and
CYP = —Cj, NP scenarios are distinguishable from
the SM predlctlon at the level of more than 5o
significance in the region ¢* € [2.5,6.0].

Q) In the bin ¢*> € [1.1,2.5], the COF and C)F =
—CYP NP scenarios are distinguishable at 5 — 60
from the SM. Although, the central values for C)*

)

(vi)

(vii)

®

(i)

(iii)

(iv)
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and CY? = —Cj differ significantly from the SM
expectations, the associated error band is too large
and the SM band overlaps with the NP band.
Similarly, for ¢> >4 the C)¥ = —C} NP scenario
is distinguishable at 4.80 from the SM expectations.
Q%: In the bin ¢* € [1.1,2.5], the value of QO
obtained in case of C)¥, C)¥ = —C\P and C)¥ =
—C4y NP scenarios are clearly distinguishable from
the SM prediction at more than 5S¢ significance.
Similarly, the C}* and C)* = —Cj NP scenarios are
distinguishable at more than 30 51gn1ﬁcance from
the SM expectations for ¢> <4 GeV2 For
g* >4 GeV?, the C)? and C)? = —C}{, NP scenarios
are clearly distinguishable from the SM at the level
of 4.40 and 2.5¢ significance, respectively.

0 ey’ : The value of Q4,, obtained in the case of the
cyr, P = -C¥ and CYP = —C, NP scenarios
are clearly dlstlngulshable from the SM prediction at
the level of more than 3¢ significance, whereas, for
the C}¥' NP scenario, it is SM-like.

Qp, : In the low g* region, the value of Q r, deviates
significantly from the SM prediction for all the NP
scenarios and it is clearly distinguishable from the
SM prediction at more than 5S¢ significance. Sim-
ilarly, for ¢*> > 1, except for C}f, the C)¥, CY¥ =
—CNP NP scenarios are distinguishable from the SM
at the level of 3¢ significance.

2. 2D scenario

Ry, - All the NP scenarios are distinguishable at more
than 3¢ from the SM prediction and in particular, the
deviation of R 7, from the SM prediction in the case
of (C)?, Cy) and (CYP, C)) NP scenarios are quite
significant and it is clearly distinguishable from the
SM prediction at more than 5S¢ significance.

Q,: The deviation observed in the case of the
(CYP,C},) NP scenario is clearly distinguishable
from the SM prediction at more than 3¢ significance
in all ¢* bins. Again, for the (C)¥, Cy) NP Scenario,
although the central values differ significantly from
the SM, the associated error band is too large in
g*> > 2.5 bins and the SM value overlaps with the
NP band.

Q,: No significant deviation is found in ¢> <2.5
bins, whereas, for the q2 > 2.5 bin, the deviation
observed in the case of (C)¥, Cy) and (C)F, C},) is
quite significant and it is distinguishable from the
SM prediction at more than 5S¢ significance.

Q): In the low g* bin, the deviation observed in the
case of (CYP, C}) is clearly distinguishable from the
SM prediction. In the ¢? € [2.5,4.0] bin, the value of
Q), obtained in the case of (C)*, C?) is distinguish-
able from the SM prediction at 3¢ significance,
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whereas, in the case of the (C)?, C',) NP scenario, it
is distinguishable at more than 5¢ significance.
Similarly, in the ¢>>4 bin, (C)¥,Cy) and
(CY®, C)) NP scenarios are clearly distinguishable
from the SM prediction at more than 4¢ significance.

(v) Qf: Although the deviation from the SM prediction
is observed to be more pronounced in the case of the
(CYP, Cjy) NP scenario, the value of Q% obtained in
each NP scenario is clearly distinguishable from the
SM prediction at more than 5S¢ significance.

(vi) Qy,,: We observe significant deviation from the SM
prediction for each NP scenario. It should be noted
that the value of Q,, obtained in each NP scenario
is clearly distinguishable from the SM prediction at
more than 3¢ significance.

(vii) Qp,: In the low g* bin, all three NP scenarios are
clearly distinguishable from the SM at more than 5¢
significance. Similarly, for the g*> > 1 bins, the value
of Qr, obtained in the case of (C{",Cy) and
(CYP, C)y) NP scenarios is distinguishable from
the SM prediction at more than 3¢ significance.

IV. CONCLUSION

In light of the recent flavor anomalies reported in B —
(K,K*)utu~ and By — ¢pu'pu~ decays, we analyze B; —
f5(1525)ut = decays mediated via similar b — sit1~
neutral current quark level transition. We perform a
detailed angular study of the four-body differential decay
of By — f4(1525)(— K*K™)u"pu~ within a model inde-
pendent effective theory formalism. We give predictions
of several observables in SM and in the presence of
various 1D and 2D NP scenarios proposed in several
global fits. In the SM, we obtain the branching ratio of
B, — f5(1525)(— KTK™)utu~ decays to be of the order
of O(1077). We observe that the branching ratio is reduced
at all g* for most of the NP cases. Except for C}f, in all
other NP scenarios the zero crossing point for Apg(g?) is
shifted to the higher ¢> values than in the SM. In the case
of F;, the peak seems to be reduced and shifted to the
higher values of ¢? in comparison to the SM. It is worth
mentioning that the zero crossing for Aggz(g?) is quite

interesting and can, in principle, give useful information
regarding lepton flavor universality violation in b — sI*[~
transition decays. Importantly, we do observe significant
contributions coming from C)¥ = —Cj in the 1D scenario
and (CYP,Cy) and (C)P,C),) in the 2D scenario.
Specially, these primed operators which correspond to
right-handed currents seem to be very interesting. As
expected, the lepton flavor universal ratio (R ), and other

O observables such as <Ql(-/)>, (Q4,,)» and (Qp,), are
exceptionally clean observables with a theoretical uncer-
tainty of only 1%, which makes them ideal candidates to
probe NP in b — s/T[~ transition decays. Although there
have been several hints of NP reported in b — si*i~
transition decays, existence of NP is yet to be confirmed.
Unlike B —» (K, K*)u"p~ and B, — ¢uu~ decays which
have caught more attention from the theorists and exper-
imentalists, the By — f5(1525)(— K"K )u*tu~ decays
mediated via the same quark level transitions have
received less attention so far. Measurements of various
observables for this decay mode in the future can shed
more light on identifying the exact NP Lorentz structures.
At the same time, better theoretical understanding of the
By — f transition form factors in the future will be
crucial to disentangling genuine NP effects from the
SM uncertainties. More data samples are also needed in
order to enhance the significance of the various measure-
ments and to reduce the statistical and systematic uncer-
tainties to properly disentangle the NP effects.
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APPENDIX A: PREDICTIONS OF
VARIOUS PHYSICAL OBSERVABLES IN THE
SM AND IN THE PRESENCE VARIOUS
1D AND 2D NP COUPLINGS FOR THE
B, — f}(1525)(—» K*K~)u*p~ DECAYS

TABLE IX. The binned average central values and the corresponding 16 uncertainties for the branching ratio BR x 1077 of B, —
f5(1525)(» K"K~ )u"pu~ decays in the SM and in several NP cases.

BR x 1077

¢* bins
(GeV?) SM cyP cr

NP __ NP
C9 B _CIO

G'=-C,  (GF.Cy)  (GF.C) (G, C)

[0.10, 0.98] 0.114 £0.021 0.106 £0.019 0.104 +0.019 0.102 £0.019 0.097 £0.018 0.103 +0.019 0.099 £0.018 0.098 +£0.018

[1.1, 2.5]
[2.5, 4.0]
[4.0, 6.0]
[1.1, 6.0]

0.105 £ 0.025 0.090 £0.020 0.087 +0.021 0.084 £+ 0.020 0.077 £0.016 0.086 +0.019 0.080 £0.017 0.077 £0.016
0.110 £0.026 0.092 £0.021 0.090 +0.022 0.086 £+ 0.021 0.078 £0.017 0.087 +0.020 0.081 £0.018 0.078 £0.017
0.153 £0.035 0.125 £0.028 0.1254+0.030 0.119 £0.027 0.108 £0.023 0.119 +£0.027 0.111 £0.024 0.107 £0.023
0.368 +0.085 0.307 £0.068 0.302£0.071 0.290 £0.067 0.264 £0.055 0.292 £ 0.065 0.271 +0.057 0.262 4 0.056

[0.045, 6.0] 0.512+0.103 0.440 £0.083 0.434 +0.086 0.420 £ 0.081 0.388 £0.068 0.423 +0.080 0.398 £0.071 0.387 £ 0.069
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4 N O\ <t 00 <+
2 ~l883353553 APPENDIX B: HELICITY AMPLITUDES
S Glesssss , .
& o | HAHHHHAH In the process of By — f4(1525)(— KTK™)I*1~ decays,
- TI=EEISTES initially the B, meson decays into an on-shell
g S|l=33S23SS s , ,
o TSI strange meson along with a pair of leptons. Further, the
] . . .
2 f5(1525) decays strongly into K*K~. This multibody
'-é cqe=n=- decay evaluated in the helicity framework which uses
czs S@ 222888 the metric tensor
2 e | HHHHHAH
g Zol > on = O 0
= UO|lcoo o T o=~ q9.9
| = ulv
SS29828 G ==Y _eDey(2) + 57, (B1)
. T T T 71T 717 7 q
Q
Q
o nunounmoo
JIS* = § g g § g § where e is the polarization vector with the momentum ¢ and
=S o HAH A AT where 1 is the three kinds of polarizations. Here, the metric
JIrM %» g % § § g § tensor g, is expressed as a summation of four polarizations
e s SsSsSSSS where the last term is identified to be the timelike
U b polarization €, () = ¢*/¢*. In the SM, the production of
‘g R lepton pairs in the final state 1s' due to a Z boson, an off-
he Uloocoooo shell photon, or any hadronic meson. Although, the
B II\ il’ j i j j j coupling strengths of these states may be different, they
T e |enQgeg processe the similar Lorentz structure of type V-A, V + A,
I~ clz2ss28:sS or a combination of both. Hence, the decay amplitude for
Bl = Frrrr By — fLIT1" is written as
2|
|~
Sl o2 LESSE
= 33883 -
5 SAR=R=p=p=p=p= A(By = f[oI717) = LAL)H(L) + L (R)H,(R),  (B2)
2| |s.|gszs28%
£l |®lzz22sse here £4(L) = Iy, (1 — ys)l and £(R) = Ty, (1 +75)I
£ Dicssssas where £#(L) = ly,(1 —ys)l an (R) = Iy, (1 +ys)l are
§ b b the lepton pair spinor products and, similarly, H includes
£ ) . .
3 Tonazs ?BS - f2' Further, the factorization of the decay amplitude
o 888888 is obtained as
g |
= ZZHHHHHAH
£ &}
o SN OO Wn — —
> IEEE28 A(B, = f311°) = LA(LYH, (L)g,, + LA(RYH,(R)g,
= Sococooo
§ ! ' = _gzﬁLiHLﬂ - Z:ERAHRA- (B3)
= snogos
=) S o oo oo
g 222 >
§ %» j j i 3 j j The Lorentz invariant amplitude for the lepton part £;, =
S EIREER L#(L)e,(4) and Lg; = L*(R)e,(A) and similarly for the
: £22228 ; i .
s ? cls ?' cls < c|> hadronic part. The timelike polarization vanishes at m; = 0
§ for [ = e, p. Using the equation of motion, this term is
o o — proportional to the lepton mass. Since the hadronic and
£ 888888 leptonic amplitudes are Lorentz invariant, it allows us to
_CE = j_l’ j j j j j evaluate in the different frames. Due to many similarities
2 “ Soggaa between K*, K3, and f?, the differential decay width for
£ sscssSs B — f4I71 are simply obtained in a comparative manner
@ C . i Vi .
= by multiplying the factors Vonany, and Vo respectively
—_ 2
= % with the longitudinal and transverse amplitudes. This
§ 3 ©_ g modification is because since we replace the polarization
o z S8ZIZ3 vector € by er in the. definition of B - T forrp factors.
/M S I = Explicitly, the expressions for the hadronic amplitudes are
< a . . . 4 . " .
= s|emaroe written as [19]
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Vv 1

A
=Ng
0 f \/gmemf/z merzx/qz

H, {5 = cu) |, =3, = P, + s -

mpg, + my,

A;

+ 2m,, CSit [(m%s +3m3, —

A
qz)TZ_ 2 2 T3:| }’
My, =My,

Vi : Vi VA2m, CT

Hp, = \/_\/- [(CS“ - Cy) + 2b ! T1],

mB g mpg + mg, q

\/_ " zmbcgff(mzx _ f’z)
Hp = Ny, \f\/_mB Ty, [(C9 — Cyg)(mp, + mf’z)Al + 7 Tz] ,

v Vi
H,, =Ny ——(C" — Cy)) —=A,. B4
Lt 15 \/§meme ( 9 10) r—-qz 0 ( )

The spherical harmonic functions for K* and f% are related as

\/ECOS(HK) C(K*) - \/%(3 cos? Ox — 1) = C(f%).
\/gsin(eK) = §(K*) - \/2;5 sin(20x) = S(f3)- (BS)

The amplitude equations and the branching fraction formulas are compatible with Refs. [19,22].
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