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Abstract We analyze dataon B — Ku™pu™ and B —
K*utu™ decays in the whole dilepton invariant mass spec-
trum with the aim of disentangling short- vs. long-distance
contributions. The sizable long-distance amplitudes from cc
narrow resonances are taken into account by employing a
dispersive approach. For each available g2 = mft , bin and
each helicity amplitude an independent determination of the
Wilson coefficient Cy, describing b — s€1T ¢~ transitions
at short distances, is obtained. The consistency of the Co
values thus obtained provides an a posteriori check of the
absence of additional, sizable, long-distance contributions.
The systematic difference of these values from the Standard
Model expectation supports the hypothesis of a non-standard
b — spuT ™ amplitude of short-distance origin.

1 Introduction

Exclusive and inclusive b — s£7¢~ decays are sensitive
probes of physics beyond the Standard Model (SM). The
flavor-changing neutral-current (FCNC) structure implies a
strong suppression of the decay amplitudes within the SM
and, correspondingly, enhanced sensitivity to short-distance
physics. The two ingredients to fully exploit this potential
are precise measurements to be compared with precise theo-
retical SM predictions.

On the experimental side, the exclusive B — Ku™u~
and B — K*utu~ decays are very promising. The LHCb
collaboration has already been able to identify large samples
of events on both modes with an excellent signal/background
ratio, providing precise information on the decay distribu-
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tions at a fully differential level [1-3]. Inthe B — Kutu~
case precise results have also been recently reported by the
CMS experiment [4]. In all cases the present experimental
errors are statistically dominated and are expected to improve
significantly in the near future.

The difficulty of performing precise SM tests via these
exclusive modes lies more on the theoretical side, given their
theoretical description requires non-perturbative inputs. The
latter can be divided into two main categories: (i) the B —
K ®) form factors, necessary to estimate the hadronic matrix
elements of the local b — s operators; (ii) the non-local
hadronic matrix elements of four-quark operators related to
charm re-scattering. While the theoretical error related to the
first category can be systematically improved and controlled
via Lattice QCD, a systematic tool to deal with the second
category, in the whole kinematical region, is not yet available.

From the observed values of I'(B — K®)J/W) and
I['(B — K®W(2S)) we know that charm re-scattering com-
pletely obscures the rare FCNC transitions when the invariant
mass of the dilepton pair, g> = (pg+ + pg-)?, is in the region
of the narrow charmonium resonances. This is why precise
SM tests in the rare modes are usually confined to the so-
called low-¢° (¢> < 6 GeV?) and high-¢? (¢ > 15GeV?)
regions. Although, as pointed out in [5], also the high-¢>
region can be used to extract short-distance information via
a data-driven treatment of the resonance contributions.

Estimates of the non-local hadronic matrix elements,
obtained by combining dispersive methods and heavy-quark
expansion [6-8], indicate that charm re-scattering is well
described by the (small) perturbative contribution in the low-
q° region. Using these results, but also with more conserva-
tive estimates of charm re-scattering (see in particular [9]),
several groups observed a significant tension between data
and SM predictions in the low-g2 region (see [10-20] for
recent analyses). On the other hand, doubts about a possible
underestimate of the theory errors in some of these analyses,
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particularly those based on dispersive methods, have been
raised in Refs. [21,22]. An independent indication consis-
tent with the tension observed at low-¢?, despite with lower
statistical significance, has been obtained recently in [23] by
looking at the semi-inclusive rate in the high-¢2 region.

The purpose of this paper is to extract additional infor-
mation from data that can shed light on the origin of this
tension. More precisely, we extract differential properties on
the whole ¢ spectrum about the difference between data and
theory that can help distinguish a non-local amplitude (of
SM origin) vs. a short-distance one (of non-SM origin). To
achieve this goal, we put together all the known ingredients
of B — K®pu* = amplitudes within the SM, taking into
account also the contribution of charmonium resonances. The
latter are described by means of data via a subtracted disper-
sion relation. We then compare this amplitude with the exper-
imental results for the two rare modes. By doing so, we deter-
mine the residual amplitude sensitive to charm re-scattering,
both as a function of g2 and as a function of the specific
hadronic transition. As we shall show, the residual ampli-
tude extracted in this way shows no significant dependence
on g2, nor a dependence on the hadronic transition, contrary
to what would be expected from a long-distance contribution.
These results confirm a similar conclusion obtained first in
Ref. [24], although with a larger ¢ binning, a wider cut to
avoid the charmonium-resonance region, and averaging over
the different hadronic channels.

The paper is organized as follows. In Sect.2 we discuss
the structure of B — K )¢+ ¢~ amplitudes within the SM,
focusing in particular on the non-perturbative effects which
can mimic the contribution of the short-distance operator Q.
We present both a general parametrization of these effects,
and an estimate based on dispersion relations. In Sect.3 we
analyze the available experimental data using the amplitude
decomposition presented in Sect.2, which contains all the
known ingredients of B — K™ puT ™ transitions within
the SM, but is general enough to describe possible addi-
tional non-local contributions. The outcome of the data-
theory comparison is a series of independent determinations
of the Wilson coefficient Cy in each ¢ bin and each inde-
pendent hadronic amplitude. The implications of these results
are discussed in Sect.4 and summarized in the Conclusions.
The Appendix is devoted to the determination of the param-
eters appearing in the dispersive description of charmonium
resonances.

2 Theoretical framework
The effective Lagrangian describing b — s ¢~ transitions,

after integrating out the SM degrees of freedom above the b-
quark mass, can be written as
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Lep(b — st707) = —+ —5 VY, Z CiQi
i=1
[Ny=5]
+£QCD+QED' 2.1

Here V;; denote the elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, and the subleading terms pro-
portional to V,; V% have been neglected (i.e. we assume
Ven Vi V/%). The most relevant effective operators
are

~ =V
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The explicit form of the additional four-quark operators
Q3_¢, with subleading Wilson coefficients, can be found
in [25].

Only the FCNC quark bilinears Q7 919 have non-vanishing
tree-level matrix elements in B — K ™ .~ Those of the
operators Q7 and Qg, which are central to our analysis, lead
to the following contributions to the decay amplitudes
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2
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(2.6)

q" =pl = P, N =V2GraemVipVii/(4m). (27
while {A; (¢?). V(¢?)., T; (¢®)} and fi 7(g?) denote the rel-
evant B — K* and B — K hadronic local form factors,
respectively. Due to the conservation of the leptonic current
(quly*"£ = 0), we can rewrite Eqs. (2.5)-(2.6) as

2
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where it emerges more clearly that the contributions of Q7
and Qg admit the same Lorentz decomposition. The four
independent Lorentz structures appearing in these amplitudes
are in a linear relation with the four independent | B) — |H,,)
hadronic transitions, where

|Hk) = 1K), |Hi) =|K"(eL)),
|Ho) = |K"(€0))-

|H)) = |K*(€))),
2.9)

To identify these amplitudes rather than the Lorentz struc-
tures, we redefine the independent form-factor combinations
associated to the matrix element of the Qg operator as

Fr@=fr@d. Frah=v@H. F@H =A@,

(mp +mgx)?my —mi, —qHA1 (@) — Mmgy, mys, aH) A2 (g?)

Folg®) =
0 16mBm§<* (mp +mpgx)

(2.10)

with A(a, b, ¢) = a?® + b* + ¢ — 2(ab + ac + bc).

2.1 Hadronic matrix elements of four-quark operators

The focus of this paper is to extract information on the non-
local matrix elements of the four-quark operators Q; ¢ from
data. To this purpose, the first point to note is that to all orders
in «g, and to first order in oeny, these matrix elements have
the same structure as the matrix elements of @7 and Qg. In
other words, Lorentz and gauge invariance imply

327N -
|C1_e = — pE Lyte

M (B — H et ™)

x / dxe (T ] S0, Y G0 b 1B)

i=1,6

2
= (Aé(qz) + %M) (Hy £7071Q9|B) 2.11)

where j fjn (x) denotes the electromagnetic current,

2 1
=3 3@ = Y 3 @),
q=u,c q=d,s,b

2.12)

and the explicit form of (Hj, £7£7|Qy|B) follows from
Eq. (2.8).

The function A’g\ (¢%) parameterizes the matrix elements
of the four-quark operators in all the kinematical range but
for possible singular contributions in the g> — 0 limit. By
construction, Aé (¢?) is a function of ¢2 and, a priori, differs
for each hadronic amplitude (i.e. for each value of A € {K, L
, I, O}). The coefficient A%‘ describes singular contributions
in ¢> — 0 limit, corresponding to matrix elements of the
four-quark operators which are non-zero for B — H, y with
an on-shell photon. By helicity conservation, this is possible
only A = and ||, hence Af’o =0.

In principle, we should introduce additional independent
(non-local) hadronic form factors to describe the matrix
elements of the four-quark operators; however, thanks to
Eq. (2.11), we can effectively describe these matrix elements
via an appropriate ¢2- and A-dependent modifications of Co
and a universal (¢2- and A-independent) shift of C7. In par-
ticular, the regular terms in the g> — 0 limit are described
by Eq. (2.8) via the substitution

Co — C™ = Co + YH(g?) . (2.13)

By means of Eq. (2.13) we describe in full generality both
perturbative and non-perturbative contributions. The pertur-
bative ones, evaluated at the lowest-order in oy, lead to the
well-known hadronic-independent (factorizable) expression

Yhah| = Y@ +v@H +rPeh, @14
as

@ Springer
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where
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To a good accuracy, given the smallness of C3_g, it follows
that

Y*(qz) ~h(q mc>( cl+cz> (2.15)

Non-factorizable corrections to Y*(g%) are generated at
higher order in «y. We checked against the EOS software [26]
that the perturbative non-factorizable corrections to C Sff are
numerically subleading and can be safely neglected.! This is
not the case for the non-perturbative contributions induced
by cc resonances, which we discuss in detail in Sect.2.2.

The contributions of the four-quark operators leading to
a non-vanishing B — H, y amplitude, hence generating a
pole for g> — 0in B — H;£T ¢, have been analyzed first
in Ref. [27]. Here there are no factorizable contributions. The
leading effect has been estimated in perturbation theory up
to the next-to-leading order in ¢y in the heavy quark limit.
As anticipated, a pole for g> — 0 occurs only in the A =1
and || amplitudes, whose tensor form factors coincide in the
g* — 0limit. This is why these contributions can effectively
be taken into account by a universal shift of C7 [27]:

C; — S~ 1.33¢5. (2.16)

We implement this shiftin all C7 terms in Eq. (2.8).2 In order
to take into account the scale uncertainty and missing higher-
order corrections, we assign a conservative 10% error to the
value of Cgff.

1" 'We thank Méril Reboud for providing the necessary information to
perform the cross-checks.

2 This shift, which has been determined in the q2 — 0 limit, provides
a correct evaluation of non-factorizable corrections to the pole terms
only; however, given the smallness of non-pole terms proportional to
C7, we can safely apply it as universal shift in all C7 terms.

@ Springer

2.2 Long-distance contribution from cc resonances

The perturbative result in Eq. (2.15) does not provide a
good approximation of the large non-perturbative contribu-
tion induced by the narrow charmonium resonances. How-
ever, the latter can be well described using dispersion rela-
tions and experimental data [6,7,28-30]. To achieve this
goal, we need to go back to Eq. (2.11) and isolate the hadronic
part of the matrix elements. In the B — K case, this can can
be decomposed as [7]

—i/d4xeiqx(K|T JEM(x), Y CiQi0) ¢ |B)

i=1,2

= [¢*(pB)y — (PB - Dqu I HE (D) . (2.17)

Proceeding in a similar manner, we decompose the four-
quark matrix elements in B — K™ as

i=12

2i/d4xeiqx(K*|T [j,i“‘(x), > CiQi(O)] |B)

=( g 7 )(m3+mK*)H”<q>

. 1, 2
— i€uvpo (e*)”pﬁp;*mmé(q )
q-(ps + px+) € q ~0, 9
- <(p13 + Pk )y — qu o ) pea— Hee(q™)-
(2.18)

Since we are interested in labeling the amplitudes accord-
ing to the helicity of the hadronic state, in analogy with
Eq. (2.10), we also define

H%: (g2
_ (mg A mg2(my —m. — g H(P) = MGy mi. ¢ HE @)
16mBmK*(m3 + mg+)

(2.19)

We can write a one-time subtracted dispersion relation for
each Héé (¢%) function, namely

q*—q} /°° s S[HE(s)]
T Sy (5—qd—q?

_ 4~ /‘x’ " Pl (s) .
T Jy o (s—gds—g?)

This allows us to rewrite in full generality (i.e. without any
expansion in «) the cc contribution to Yk(qz) as

A 2y

(2.20)

Yi(q®) = Yi(q3) + —— F ( 5 AH(q?) .21)
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Table 1 Magnitudes (r] ) and phases (SK) ofthe BT — KTV — Ktutu~

the resonances are also reported

amplitudes, as determined in Appendix A. The mass and width of

1% nk s my(MeV) I'y(MeV)

J/¥ 32.3+0.6 —1.50 +0.05 3096.9 0.0926 £ 0.0017
¥ (25) 7.1240.32 2.08 +0.11 3686.1 0.294 = 0.008

¥ (3770) (1.3+0.1) x 1072 —2.89 £0.19 37737+ 0.4 27241.0

¥ (4040) (4.8+£0.8) x 1073 —2.69 +0.52 4039 £ 1 80 + 10

W (4160) (1.5+0.1) x 1072 —2.13+£0.33 4191 +5 70 £ 10

¥ (4415) (1.1+£0.2) x 1072 —2.43 +0.43 4421 + 4 62 + 20

Table 2 Magnitudes (ni‘/) and phases (6%‘,) of the B — K*(e")V —

K*(e*)ut ™ amplitudes, as determined in Appendix A
% Polarization 17%, 8@
J/v L 26.6 £ 1.1 1.46 +0.06
I 123£0.5 —4.42 +0.06
0 13.94+0.5 —1.48 £0.05
¥(2S) L 3.0+09 324+04
I 1.11 £0.30 —3.32+0.22
0 1.14 £ 0.06 2.10+0.11

where F), (qz) denote the four hadronic form factors defined
in Eq. (2.10).

The function /ock6 (s) is the spectral density for an inter-
mediate hadronic state with cc valence-quark content and
invariant mass s, and so denotes the energy threshold where
such state can be created on-shell. The parameter qé is the
subtraction point. As shown in [7], one recovers Eq. (2.15)
if ,035 (s) is evaluated at the partonic level, i.e. factorizing the
hadronic matrix elements as

(HHIT {ji"(x), Q12(0)} |B) o< (OIT {j§™ (x),

@Ly*c)(0)}10) x (H*[51y,s.|B) (2.22)
and evaluating the T -product between the charm current and
€M (x) at O(af).

In order to take into account non-perturbative effects,
we need to evaluate p.z(s) at the hadronic level. In this
case, the leading contribution is provided by single-particle
intermediate states with the correct quantum numbers and
valence quarks, namely the spin-1 charmonium resonances

= J/Y, ¥ (25S),...). Describing these contributions to
pee(s) via a sum of Breit-Wigner distributions leads to

AR (g = va ’5‘(4—2)) AU

(mv

Ares (qz)

_Zn e

Table 3 Input parameter for the numerical analysis

Parameter Value

new G (1.1745 4+ 0.0023) x 107> GeV—2
me 1.68 £ 0.20 GeV

mp 4.87 +0.20 GeV

1/ctem (mp) 133

[Vio Vi 0.04185 £ 0.00093

where

myTy

AV (P = —

. 2.24
my, — q2 —imyly ( )

The { ni‘,, 8%‘,} parameters need to be determined from data.
In Tables 1 and 2 we report their values for the two leading
charmonium resonances, J/v and ¢ (2S5). In the B — K
case we also report the {n},, 8},} for the wider charmonium
states (which have a smaller impact). The determination of
these parameters is discussed in Appendix A.

In order to use the general decomposition in Eq. (2 21)
the last missing ingredient is the subtraction term Y, (qo)
Having chosen as subtraction point qg =0, wh1ch is far
from the resonance region, we can use the perturbative result
in Eq. (2.15). Since

2
ngtomy T 4 [1 +1n (m—z)] (2.25)
9 2
we finally obtain
5 4 m2
Yii(q )—— C](M)+C2(M) In P
g2
s 18 res, 2
ﬂ(qz) Z m2 AV (). (2.26)

1%
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Table 4 Input values for the Wilson coefficients

Coefficient  Value Coefficient  Value

Cr(up) —0.291 & 0.009 Co (i) 0.0012 £ 0.0001
Ca(up) 1.010 £ 0.001 C(up)  —0.450 £ 0.050
Cs(ip) —0.0062 4 0.0002  CS™ (1) —0.1829 = 0.0006
Ca(up) —0.0873 £ 0.0010  Co(p) 4273 +£0.251
Cs(up) 0.0004 £ 0.0010  Cio(up) —4.166 % 0.033

3 Numerical analysis of the experimental data

In this section, we describe the fitting procedure that we
employ to analyse the available experimental data on BT —
Ktutp~ and B — K*Oputu~ differential decay distribu-
tions, allowing Co to vary in the most general way. More
precisely, we fit data using the SM expressions discussed in
Sect. 2, setting

Co — C5q™) + Y@ + YR @) + Y@, 3.1
and extracting C9A (g?) in each ¢ bin and for each value of
A. We use the input parameters reported in Table 3 and we
fix the renormalization scale to u, = 4.2 GeV. The SM val-
ues of the Wilson coefficients are reported in Table 4, with
errors taking into account the variation of the scale between
Up/2 and 2up. The only case where the error is larger than
what obtained from the naive scale variation is Cg: here we
adopt the estimate presented in Ref. [23] which conserva-
tively takes into account also the scale variation associated
to the A function in Eq. (2.25).3

We construct the usual x> function as

h —
x> =Y 107 = 0 (Vineory + Vexp)y; ' [O5F
ij

. Otheory]

: (3.2)

where the indices i, j run over all the observables O; ;). The
matrices Vineory and Vexp are the theoretical and experimen-
tal covariances, respectively. The theoretical covariance is
built propagating errors on local form factors, Breit—-Wigner
parameters, and on C?ff. In principle, it has a non-trivial
dependence on C;‘. In Ref. [14], a method to include such
effects in the calculation of the theory covariance matrix is
discussed. However, since at the current status experimental
uncertainties dominate over the theory one, we choose to set
Cg‘ to its SM value in the calculation of the theory covari-
ance, effectively accounting for the SM covariance only. The
experimental covariance consists of two parts: the statisti-
cal covariance, given in the experimental papers, and the

3 The value of Cg in Table 4 does not enter directly our numerical anal-
ysis, aimed at extracting Co from data, but rather provides the reference
SM value to compare with the data-driven results.

@ Springer

Table 5 Determinations of Cg from B — K™ inthe low—q2 (left)
and high-¢? (right) regions. The p values for the constant fits are 0.17
(low-g2) and 0.39 (high-¢?)

g% (GeV?) ck

[1.1,2] 1.9793

2,3] 3.2103

3, 4] 2.6704

[4,5] 21193

(5, 6] 24704

6,71 2.670%

(7, 8] 23103

constant 2,4f8j§(xz/d0f = 1.35)

q% (GeV?) CX (LHCb) ck «cms)
(15, 16] 1.879% 1.4799
(16, 17] 21197 19798
[17. 18] 29103 3.055%
[18,19] 27408

[18.19.24] 29499
[19, 20] 0+y6

[20. 21] L4t

[21,22] 3.210%

[19.24,22.9] 2.5797
constant 2.6 +0.4(x2/dof = 1.06)

systematic covariance, which we construct from the system-
atic uncertainties assigning a 100% correlation. We checked
explicitly that this hypothesis does not impact significantly
our results, since systematic uncertainties are typically sub-
dominant compared to the statistical ones. Following a fre-
quentist approach, we extract the best-fit point by minimizing
the 2 function. All the errors correspond to 68% confidence
interval, which we obtain by profiling the x 2 functions over
the various fit parameters. We consider two fitting regions:
the low q2 region, where q2 € [1.1, 8] GeVz, and the high
g region, where g2 > 15GeV%. Inthe B — K*u*tu~
we also consider the bin between the J/y and the ¥ (2S5),
q* € [11,12.5]GeV?.

For the Bt — K*tpuTu™ mode, we construct the the-
ory predictions starting from the results of Ref. [31] and we
employ the available data from the LHCb [32] and CMS
[4] collaborations on the differential branching fraction. The
results of the fit are shown in Table 5 and Fig. 1, where we
first extract C9K in each bin, and then we explore the hypoth-
esis of a constant Cé( throughout all the kinematic regions.
Both at low and high ¢, we find that both these hypotheses
lead to a good fit, characterized by a x2/dof close to unity.

In the case of B — K*%utu~ we fit the branching
ratio using the experimental results reported in [33], as well
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Fig. 1 Determinations of Cy in 5
different ¢ bins from

B — Kutpu~ data. The error 41

bars indicate the 68%
confidence interval. The red 3t E

SM

band denotes the SM value. The

Cy
2

constant

gray band corresponds to the
value extracted assuming a I
constant (g2-independent) Co, I+
respectively. In the first plot the
experimental results from LHCb Or

® best-fit

and CMS have been combined,
whereas in the second plot two
separate fits are performed due
to different bin widths in the

2.3]

4.5] 5.6 [6.7]
bin ¢? (GeV?)

B3.4]

experimental datasets. The bins

shown in the figure are the

LHCD ones; the best-fit points
from CMS data correspond to

T SM

the bins (14.82, 16), (16, 17),

constant

Cy

(17, 18), (18, 19.24), (19.24, 22.9)
(all in GeV?)

- ® best-fit CMS
- ® best-fit LHCbh

[15.16] [16.17]

as the angular observables F, S3, S4, Ss, Arp, S7, S8, S9,
measured by LHCb in [34]. We implement the angular
observables as in [25,35] and we correct for the mismatch
in the definition of the muon helicity angle to follow the
experimental conventions given in [36]. To obtain the theory
predictions we use the form factors from [37]; see also [38]
for a recent review. Due to the lack of data on the decays
B — K*V; with V; above the ¥ (25) resonance, only the
first two cc resonances, the J /¢ and the ¥ (2S5), are imple-
mented. The results of the fits are reported in Table 6 and
Fig.2. At the bottom of Table 6 the results of the fit in the
low-g? and in the high-¢? regions under the assumption of a
constant Cy, averaged over the bins and the different polar-
izations, are also indicated.

4 Discussion

As discussed in Sect.?2, treating Co as a qz- and channel-
dependent quantity allows us to describe in full general-
ity the long-distance contributions to the B — K™yt~
amplitudes of SM origin. In the limit where the Y functions
in Eq. (3.1) describe well these long-distance effects, we
should expect the experimentally determined Cé (¢?) values
to exhibit no ¢2 and A dependence (within errors). Moreover,
the extracted values should coincide with the SM prediction
of Co(up). Conversely, a dependence from ¢? and/or A in
the values of Cé (¢?) thus determined would unambiguously
signal an incorrect description of long-distance dynamics via
the Y functions.

[17,18] [18,19] [19,20] [20,21] [21,22]
bin ¢ (GeV?)
Table 6 Determinations of Cy in different g2 bins from the different

polarizations of the B — K*u™ ™ decay. The p values for the constant
fits are 0.14 (low-¢2) and 0.73 (high-¢2)

4% (GeV?) c Cy s
[1.1,2.5] 22413 6.4717 14759
[2.5,4] 4.671% 3.6%13 2.679%
4, 6] 35010 35010 2.419%
(6, 8] 3.410¢ 2.510¢ 3.119¢
constant 2.8f8:§ (xz/dof = 1.26)

q* (GeV?) cl ct 3
[11,12.5] 3.3706 31704 29708
[15,17] 371096 37703 3.6707
[17,19] 34101 4.0108 37408
constant 3.3%03 (x2/dof = 0.82)

The independent Cé (¢%) values determined from data,
reported in Tables 5 and 6, exhibit no significant ¢> and/or
A dependence. This statement is evident if we look at Figs. 1
and 2, where the results for the low- and high-¢? regions are
shown separately for the two modes. However, it also holds in
the whole g2 spectrum and for all the hadronic amplitudes.
To better quantify this statement, in Table 7 we report the
results of fits performed assuming constant Co values in the
low- and high-¢> regions, separating or combining the dif-
ferent decay amplitudes, or considering the same value over
the full spectrum for all the decay amplitudes.

@ Springer
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Fig. 2 Determinations of Cy in )
different ¢ bins from the 6f T
different polarizations of the 51 e
B — K*u*u~ decay. T . Cgl
Notations as in Fig. 1 4r i P I s [ . Cz
G ] S o I — R T ’
Py L™="¢ = — SM

2+ 1 - ~— constant

1 L L

O L L L L L

[1.1,2.5] [2.5,4] [4,6] [6.8]
bin ¢ (GeV?)
L B e
- e Cf
- 4t = — E . b . CZ)
ST EX L SEST CEEELEEEELEEE SIEIELLEE
{ 1 — sM
2F - — constant
0 L L L L
[11,12.5] [15,17] [17,19]

bin ¢? (GeV?)

Table 7 Best-fit points assuming constant Cg values in the low- and high—q2 regions, separating or combining the different decay amplitudes, or
considering the same value over the full g2 spectrum for all the decay amplitudes (last column)

q? region Amplitude Cy values
Low ¢2 B— K 24104 27102
B — K*(e)) 3.0100
B — K*(e1) 27407 2.8793 (x2/dof=1.28, p value=0.09)
B — K*(e) 27407 3.010
High g2 B—K 26704 3.0702 (x2/dof = 1.33, p value=0.01)
B — K*(e)) 32103
B — K*(e1) 34104 33703 (x2/dof=1.06, p value=0.37)
B — K*(e) 33400

A graphical illustration of the combined fit results is
shown in Fig.3. As can be seen, the independent Cg values
determined in different kinematical regions and in different
hadronic amplitudes are all well consistent. A quantification
of the consistency is provided by the x? of the fit assuming a
universal Co, namely X2 /dof = 1.33. On the other hand, it is
evident that the universal Cg9 determined from data is not in
good agreement with the SM expectation. The two main con-
clusions we can derive from these results can be summarized
as follows:

e Data provide no evidence of sizable unaccounted-for
long-distance contributions. These would naturally lead
to a significant ¢ and/or A dependence in the experimen-
tally determined Cé‘ (qz) values, that we do not observe
(at least given the present level of precision).

@ Springer

e The observed discrepancy in the experimentally deter-
mined Cg value, compared to the SM expectation, is con-
sistent with a short-distance effect of non-SM origin.

These findings are qualitatively similar to those obtained in
Ref. [10].

In Table 3 we also report the p value of the fits performed
under the hypothesis of a constant Cg9. The overall p value of
1%, when all data are combined, indicates that the global fit
is not particularly good. The main source of this low proba-
bility is the precise B — KuTu~ data at low-¢> (Table 1,
upper panel). Indeed, excluding these data, the p value raises
to 15%. The origin of this discrepancy is not clear at this stage
(could be a problem in the experimental data, in the B — K
form factors at low g2, or a sub-leading re-scattering effect
not well described). However, given the fitted value of Co
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Fig. 3 Independent
determinations of Cg. The black
points illustrate the

determinations in the low- and

high-¢? regions for the different 4+
decay amplitudes (see Table 7).

The grey band is the result of the

fit assuming a universal Cy over 3
the full spectrum. The red band

indicates the SM value @ Csff e CB—K*
9,0
ol CB—K"
9,1 c Bf K+ CQBHK
9
CQBAK Cgoﬂh
1k
0 Lovv—q2 High—q2

{ Cor ™

from B — K at low ¢? is in good agreement with the other
seven determinations, the low p value of those data does not
modify the main conclusion of a largely ¢>— and A— indepen-
dent shift in C9 compared to the SM expectation.

In principle, we cannot exclude a sizable long-distance
contribution with no ¢ and A dependence, which would
mimic a short-distance effect. However, this is a rather
unlikely possibility. To this purpose, it is worth noting that
the known long-distance contributions, described by the Y
functions, exhibit a strong g2 and A dependence. In partic-
ular, an estimate of the A dependence can be obtained by
comparing the different n%, values (for a given resonance)
reported in Tables 1 and 2. They vary up to a factor of 3 in
the V = J/W case and up to a factor of 6 in the V = (25)
case.

To conclude, we stress that the uncertainties of the inde-
pendent Cy values reported in Fig. 3 are still rather large. This
partially weakens the two statements above, and is the reason
why we refrain from quantifying (in terms of ¢’s) the dis-
crepancy between data and the SM hypothesis. If the absence
of g% and A dependence survived with smaller uncertainties,
the implausibility of the hypothesis of unaccounted-for long-
distance contributions would emerge more clearly. This, in
turn, would enable a credible quantitative estimate of the
deviation from the SM hypothesis.

5 Conclusions

The difficulty of performing precise SM tests in B —
K™ g+g~ decays lies in the difficulty of precisely esti-
mating non-perturbative long-distance contributions related
to charm re-scattering in these rare modes. In this paper
we have presented a general amplitude decomposition that
allows us to describe these effects in full generality, in both

B — KtT¢~ and B — K*€T¢~ decays, and over the full
q? spectrum.

Using this general amplitude decomposition we have ana-
lyzed the available B — K ®) 1~ data obtaining indepen-
dent determinations of the Wilson coefficient Cg from differ-
ent kinematical regions and from different hadronic ampli-
tudes. The results, summarized in Fig. 3, do not indicate a
significant dependence on ¢2 and/or the hadronic channel,
as naturally expected in the case of unaccounted-for long-
distance contributions. On the other hand, they exhibit a sys-
tematic shift compared to the SM value. These findings sup-
port the hypothesis of anon-standard b — s 4~ amplitude
of short-distance origin.

At present, given the sizable uncertainties of the inde-
pendent Cg values reported in Fig. 3, and the relatively low
p value of the global fit obtained assuming a universal Co,
is difficult to translate the above qualitative conclusion into
a quantitative statement about the inconsistency of the SM
hypothesis. However, the method we have presented has no
intrinsic theoretical limitations: with the help of more pre-
cise data and more precise determinations of the local form
factors from Lattice QCD, it could allow us to derive more
precise results. A crucial ingredient is also the determina-
tion of the resonance parameter directly from data, which is
presently available only in the B — K case. If, with the help
of more data, the absence of q2 and A dependence survived
with smaller uncertainties, the implausibility of the hypoth-
esis of unaccounted-for long-distance contributions might
emerge more clearly. This, in turn, would enable a reliable
quantitative estimate of the deviation from the SM hypothe-
sis.
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Appendix A: Resonance parameters
AlB — Kete~

Defining the nl‘f parameters as in Eq. (2.23), the branching
ratio for the resonance-mediated process BY — KTV —
Ktutp~is
B(B+ —- KTV — K+/L+/L_)
2

2 G]Z;Olgm ’VCch*s’ ~

102475T g+

(mp—mg)? 5 3 )

<[ k@) [pe™

4

2
o

= |»#]

—%ﬂ%q%} (162°)" [t (¢2)/ Z—zv o

where B(¢%) = /1 — 4m? /g% and [k(¢g?)| = 1'/2(m%, m%

g?)/2mp. In the narrow-width approximation, which is an
excellent approximation for the J /v and ¥ (25) resonances,
we obtain the following expression for |n1‘§ B

‘,,5‘ —[B(BT = K"V — KTutu™)]"x

BT’

6m%+ FB+

2 —1/2
. [G%a%m Vs Vi | Tymy22/2 (2 m%ﬁ,ma)}

(A2)
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We have used this expression, together with the B (BJr —
KtV — KTutu™) reported in [39], to derive the ni
reported in Table 1. The corresponding & ‘If have been deter-
mined by the LHCb collaboration [39] considering the inter-
ference between resonant and non-resonant amplitudes.

A2B — K*¢te—

The discussion of the K* case is a bit more involved. We
start from a general decomposition of the B — K*V weak
matrix element that, following [40], reads

(K*(pk=, €V (g, n(av )| Ler (b — 5)|By(pp))

=€, (Mny; ()M (A.3)
where
MW — ag/w
——q" pg« + i;éwaﬁplf*aq/ﬂ .
meg+my meg+my
(A4)

The coefficients a, b and ¢ encode all possible contractions
of the four-quark charm operators (Q1 2), which provide the
largely dominant contribution to the amplitude. It is conve-
nient to introduce three helicity amplitudes, which are related
to the coefficients a, b and c as

Ao =—xa— (x> —1)b,
A||=-|-\/§a,

AL =+V/2(:2 =1, (AS)

where x = pg= - py/(mg=my).
We further parameterize the matrix element of the elec-
tromagnetic current relevant to the V — ete™ decay as

(V(g, nOy)IFE0) = 2 fr (gPn** (hy) . (A.6)

Here fy = fv (m%,) is a dimensionless constant that can be
determined by B(V — £1£7) via the relation

ddtem [2(m3)my

BV — e = N
Vv

(A7)

In the cases we are interested in, namely V = J/i¢ and
¥ (2S), using the leptonic branching fractions for the char-
monium states in [41], we derive

f1/p = (136 £0.02) x 1072,

foes) = (4.87+£0.07) x 1072 (A.8)
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Combining Egs. (A.4), (A.5) and (A.6) we obtain

M(B — K*V — K*T¢)
= ZM (B — K*V)M (V — £+£_)
Ay
_ 2€fv ﬂ
q>—m3 +imyTy | V2

(-g“m) P M.

my,mg x2-1
Ao

mK*m%, x2-1

(xmy plgs — mK*qp)>
(€*(V) - q) (my g — mg=xq”)

” .
- A= PP (1) prradp | Trpl (A9)
2 (x2 — l)meK*

By equating Eq. (A.9) to (2.6), taking into account the def-
inition of the 'H%E(qz) functions in (2.18) and that of the
{17%,, 8{‘,} parameters in (2.23), we deduce

0 80 Sv
nye'’v = — Ao,
v 82w aGg|Vip Vi mgmg+Ty
Sl fv
nye = — ; Ay
2maGE| Vi Viglimp + mg=)my 'y
n#ew# _ Sfv(mp +mgx) AL (A.10)

27 arGE|Vip Vi lmy Ty

The negative signs in Eq. (A.10) take into account the nega-
tive sign of Re(V;;) in the standard CKM phase convention,
that we adopt through the paper.

The last step in order to derive numerical predictions for
the {n},, 8} } is to extract magnitudes and phases of the A,
taking into account experimental data on decay rates and
time-dependent distributions of B — K*V decays. Exper-
imentally, B — K™*V decays are analyzed in terms of the
normalized helicity amplitudes A, (1),

dl'(B K*V

% = N(A®F + 1410 + AL (1)),
(A.11)

satisfying

|A0(O)* + A (O)2 + [ALO)]* = 1. (A.12)

The explicit time dependence of the A, (¢) can be found in
[2]. By comparing the time integral of Eq. (A.11), with the
partial rate expressed in terms of the 4, , namely

['(B— K*V) = (JAo* + |47

)Ll/z(m%, m%,, m%{*)

+1ALP) . (A13)

3
16wmy

we deduce

[A; > = (2.46 x 10713GeV?) x |A;(0)]?. (A.14)
inthe B — K*J /vy case.

The complex amplitudes A;(0) are parameterized as
A; (0) = |A,-(O)|e‘i51 and, by convention, data are analyzed
setting §p = 0. The experimental values thus determined in
the B — K*J/y case are [2]

|Ap(0)]*> =0.227 £ 0.004 £ 0.011,

8| = —2.94 +0.02 4 0.03,
|A1(0)]> =0.201 + 0.004 & 0.008,

81 = 2.9440.02 4 0.02,

with |A}(0)|] unambiguously fixed by Eq. (A.12). In the
absence of experimental dataon B — K*J /¥ (— utu™)
decays fixing the overall phase difference between resonant
and non-resonant amplitudes, we assume this interference
to be the same as in the B — K J /¢ case [39], where the
two amplitudes are almost orthogonal in the complex plane:
¢Prel & —1.5. We thus shift all the §, in Eq. (A.15), as well as
380, by ¢re1. Using these results in Eq. (A.10) leads to the n? v

and 8; values reported in Table 2. This assumption about
the overall phase difference is certainly very naive; however,
we have checked explicitly that varying this phase by £30%
has a negligible numerical impact on the analysis.

(A.15)

Determining B — K*y(2S) amplitudes via SU (3)f rela-
tions

Since the B — K*v(25) helicity amplitudes have not been
measured, we use SU(3) g relations to estimate them in terms
of the By — ¥ (25)¢ ones, which are experimentally acces-
sible. Inthe By case, thet = 0 normalized helicity amplitudes
for the two narrow resonances reads [42]
|AL(By — J/y¢)|> = 0.2504 £ 0.0049 + 0.0036
81 =3.08701% +£0.06
|Ag(By — J/¥¢p)> = 0.5241 & 0.0034 + 0.0067
8 =3.267019 £ 0.06

(A.16)
|AL(By — ¥(28)¢)1* = 0.264T0053 £ 0.002
81 =3.291043 £0.04
|Ao(Bs — ¥ (25)$)|> = 0.422 4 0.014 =+ 0.003,
8 =3.6710 13 £0.03
(A.17)
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yielding the ratios
Ao (B; = ¥ (25)¢)

= 0.897 £ 0.017,

Ao (Bs = J/¥ o)
AL (Bs = ¥(25)9)

= 1.03 4+ 0.33,
AL (Bs — J/Y¥o)

oL (Bs = V) _ 1y hg 1014,

81 (By — J/¥¢)

ALBs = VP | _ 154030,
Ay (Bs = J/Y¢)

1By = ¥CHO) _ 131007 (A.18)

8 (Bs — J/vo)

Assuming the same ratios hold in the B — K*V case, we
determine the corresponding B — K*y(2S) amplitudes
starting from the B — K*v ones in Eq. (A.15). The phases
are then corrected for an overall shift that we deduce from
the B — Ky (2S) result. Also in this case we have checked
that varying this phase difference by £30% has a negligible
impact on the analysis.

References

10.

. LHCb Collaboration, R. Aaij et al., Precision measurement of C P

violation in Bf,) — J/¥KTK™ decays. Phys. Rev. Lett. 114(4),
041801 (2015). https://doi.org/10.1103/PhysRevLett.114.041801.
arXiv:1411.3104 [hep-ex]

LHCb Collaboration, R. Aaij et al., Measurement of the polar-
ization amplitudes in B® — J /¥ K*(892)° decays. Phys. Rev. D
88, 052002 (2013). https://doi.org/10.1103/PhysRevD.88.052002.
arXiv:1307.2782 [hep-ex]

LHCb Collaboration, R. Aaij et al., Measurement of CP vio-
lation and the BS meson decay width difference with B? —
J/WKYK™ and BY — J/ymTr~ decays. Phys. Rev. D
87(11), 112010 (2013). https://doi.org/10.1103/PhysRevD.87.
112010. arXiv:1304.2600 [hep-ex]

CMS Collaboration, Test of lepton flavor universality in
BT — KiZ+E_ decays, tech. rep., CERN, Geneva, 2023. https://
cds.cern.ch/record/2868987

S. BraB, G. Hiller, I. Nisandzic, Zooming in on B — K™*¢{ decays
at low recoil. Eur. Phys. J. C 77(1), 16 (2017). https://doi.org/10.
1140/epjc/s10052-016-4576-9. arXiv:1606.00775 [hep-ph]

C. Bobeth, M. Chrzaszcz, D. van Dyk, J. Virto, Long-
distance effects in B — K*¢¢ from analyticity. Eur.
Phys. J. C 78(6), 451 (2018). https://doi.org/10.1140/epjc/
$10052-018-5918-6. arXiv:1707.07305 [hep-ph]

A. Khodjamirian, T. Mannel, Y. Wang, B — K{*¢~ decay at
large hadronic recoil. JHEP 02, 010 (2013). https://doi.org/10.
1007/JHEP02(2013)010. arXiv:1211.0234 [hep-ph]

A. Khodjamirian, T. Mannel, A.A. Pivovarov, Y.M. Wang,
Charm-loop effect in B — K®¢t¢~ and B — K*y.
JHEP 09, 089 (2010). https://doi.org/10.1007/JHEP09(2010)089.
arXiv:1006.4945 [hep-ph]

A. Arbey, T. Hurth, F. Mahmoudi, S. Neshatpour, Hadronic and
New Physics Contributions to b — s Transitions. Phys. Rev.
D 98(9), 095027 (2018). https://doi.org/10.1103/PhysRevD.98.
095027. arXiv:1806.02791 [hep-ph]

M. Alguer6, A. Biswas, B. Capdevila, S. Descotes-Genon, J.
Matias, M. Novoa-Brunet, To (b)e or not to (b)e: no electrons at

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

LHCb. Eur. Phys. J. C 83(7), 648 (2023). https://doi.org/10.1140/
epjc/s10052-023-11824-0. arXiv:2304.07330 [hep-ph]

M. Alguerd, B. Capdevila, S. Descotes-Genon, P. Masjuan, J.
Matias, Are we overlooking lepton flavour universal new physics
in b — s££? Phys. Rev. D 99(7), 075017 (2019). https://doi.org/
10.1103/PhysRevD.99.075017. arXiv:1809.08447 [hep-ph]

N. Gubernari, D. van Dyk, J. Virto, Non-local matrix elements in
By — (K™, ¢}t ¢~ JHEP 02, 088 (2021). https://doi.org/10.
1007/JHEP02(2021)088. arXiv:2011.09813 [hep-ph]

N. Gubernari, M. Reboud, D. van Dyk, J. Virto, Improved
theory predictions and global analysis of exclusive b —
st~ processes. JHEP 09, 133 (2022). https://doi.org/10.1007/
JHEP09(2022)133. arXiv:2206.03797 [hep-ph]

W. Altmannshofer, P. Stangl, New physics in rare B decays after
Moriond 2021. Eur. Phys. J. C 81(10), 952 (2021). https://doi.org/
10.1140/epjc/s10052-021-09725-1. arXiv:2103.13370 [hep-ph]
T. Hurth, F. Mahmoudi, S. Neshatpour, Model independent anal-
ysis of the angular observables in B® — K*0ut ;= and Bt —
K** ™. Phys. Rev. D 103, 095020 (2021). https://doi.org/10.
1103/PhysRevD.103.095020. arXiv:2012.12207 [hep-ph]

Q. Wen, F. Xu, Global fits of new physics in b — s after the RK(*)
2022 release. Phys. Rev. D 108(9), 095038 (2023). https://doi.org/
10.1103/PhysRevD.108.095038. arXiv:2305.19038 [hep-ph]
N.R. Singh Chundawat, C P violation in b — s£{: a model inde-
pendent analysis. Phys. Rev. D 107, 075014 (2023). https://doi.
org/10.1103/PhysRevD.107.075014. arXiv:2207.10613 [hep-ph]
N.R. Singh Chundawat, New physics in B — K * t777: a model
independent analysis. Phys. Rev. D 107(5), 055004 (2023). https://
doi.org/10.1103/PhysRevD.107.055004. arXiv:2212.01229 [hep-
ph]

LHCb Collaboration, R. Aaij et al., Amplitude analysis of the
BY — K*0ut ™ decay. arXiv:2312.09115 [hep-ex]

LHCb Collaboration, R. Aaij et al., Determination of short-
and long-distance contributions in B —» K*utp- decays.
arXiv:2312.09102 [hep-ex]

M. Ciuchini, A.M. Coutinho, M. Fedele, E. Franco, A.
Paul, L. Silvestrini, M. Valli, New Physics in b —
s¢t¢~ confronts new data on Lepton Universality. Eur.

Phys. J. C 79(8), 719 (2019). https://doi.org/10.1140/epjc/
$10052-019-7210-9. arXiv:1903.09632 [hep-ph]

M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini, M.
Valli, Constraints on lepton universality violation from rare B
decays. Phys. Rev. D 107(5), 055036 (2023). https://doi.org/10.
1103/PhysRevD.107.055036. arXiv:2212.10516 [hep-ph]

G. Isidori, Z. Polonsky, A. Tinari, Semi-inclusive b — s00 transi-
tions at high ¢?. arXiv:2305.03076 [hep-ph]

M. Algueré, B. Capdevila, A. Crivellin, S. Descotes-Genon,
P. Masjuan, J. Matias, M. Novoa Brunet, J. Virto, Emerging pat-
terns of New Physics with and without Lepton Flavour Uni-
versal contributions. Eur. Phys. J. C 79(8), 714 (2019) (Adden-
dum: Eur.Phys.J.C 80, 511 (2020)). https://doi.org/10.1140/epjc/
$10052-019-7216-3. arXiv:1903.09578 [hep-ph]

W. Altmannshofer, P. Ball, A. Bharucha, A.J. Buras, D.M. Straub,
M. Wick, Symmetries and asymmetries of B — K*u+u~ decays
in the Standard Model and beyond. JHEP 01, 019 (2009). https://
doi.org/10.1088/1126-6708/2009/01/019. arXiv:0811.1214 [hep-
ph]

EOS Authors Collaboration, D. van Dyk et al., EOS: a soft-
ware for flavor physics phenomenology. Eur. Phys. J. C 82(6),
569 (2022). https://doi.org/10.1140/epjc/s10052-022-10177-4.
arXiv:2111.15428 [hep-ph]

M. Beneke, T. Feldmann, D. Seidel, Systematic approach to
exclusive B — VI*t[™, Vy decays. Nucl. Phys. B 612,
25-58 (2001). https://doi.org/10.1016/S0550-3213(01)00366-2.
arXiv:hep-ph/0106067


https://doi.org/10.1103/PhysRevLett.114.041801
http://arxiv.org/abs/1411.3104
https://doi.org/10.1103/PhysRevD.88.052002
http://arxiv.org/abs/1307.2782
https://doi.org/10.1103/PhysRevD.87.112010
https://doi.org/10.1103/PhysRevD.87.112010
http://arxiv.org/abs/1304.2600
https://cds.cern.ch/record/2868987
https://cds.cern.ch/record/2868987
https://doi.org/10.1140/epjc/s10052-016-4576-9
https://doi.org/10.1140/epjc/s10052-016-4576-9
http://arxiv.org/abs/1606.00775
https://doi.org/10.1140/epjc/s10052-018-5918-6
https://doi.org/10.1140/epjc/s10052-018-5918-6
http://arxiv.org/abs/1707.07305
https://doi.org/10.1007/JHEP02(2013)010
https://doi.org/10.1007/JHEP02(2013)010
http://arxiv.org/abs/1211.0234
https://doi.org/10.1007/JHEP09(2010)089
http://arxiv.org/abs/1006.4945
https://doi.org/10.1103/PhysRevD.98.095027
https://doi.org/10.1103/PhysRevD.98.095027
http://arxiv.org/abs/1806.02791
https://doi.org/10.1140/epjc/s10052-023-11824-0
https://doi.org/10.1140/epjc/s10052-023-11824-0
http://arxiv.org/abs/2304.07330
https://doi.org/10.1103/PhysRevD.99.075017
https://doi.org/10.1103/PhysRevD.99.075017
http://arxiv.org/abs/1809.08447
https://doi.org/10.1007/JHEP02(2021)088
https://doi.org/10.1007/JHEP02(2021)088
http://arxiv.org/abs/2011.09813
https://doi.org/10.1007/JHEP09(2022)133
https://doi.org/10.1007/JHEP09(2022)133
http://arxiv.org/abs/2206.03797
https://doi.org/10.1140/epjc/s10052-021-09725-1
https://doi.org/10.1140/epjc/s10052-021-09725-1
http://arxiv.org/abs/2103.13370
https://doi.org/10.1103/PhysRevD.103.095020
https://doi.org/10.1103/PhysRevD.103.095020
http://arxiv.org/abs/2012.12207
https://doi.org/10.1103/PhysRevD.108.095038
https://doi.org/10.1103/PhysRevD.108.095038
http://arxiv.org/abs/2305.19038
https://doi.org/10.1103/PhysRevD.107.075014
https://doi.org/10.1103/PhysRevD.107.075014
http://arxiv.org/abs/2207.10613
https://doi.org/10.1103/PhysRevD.107.055004
https://doi.org/10.1103/PhysRevD.107.055004
http://arxiv.org/abs/2212.01229
http://arxiv.org/abs/2312.09115
http://arxiv.org/abs/2312.09102
https://doi.org/10.1140/epjc/s10052-019-7210-9
https://doi.org/10.1140/epjc/s10052-019-7210-9
http://arxiv.org/abs/1903.09632
https://doi.org/10.1103/PhysRevD.107.055036
https://doi.org/10.1103/PhysRevD.107.055036
http://arxiv.org/abs/2212.10516
http://arxiv.org/abs/2305.03076
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://doi.org/10.1140/epjc/s10052-019-7216-3
http://arxiv.org/abs/1903.09578
https://doi.org/10.1088/1126-6708/2009/01/019
https://doi.org/10.1088/1126-6708/2009/01/019
http://arxiv.org/abs/0811.1214
https://doi.org/10.1140/epjc/s10052-022-10177-4
http://arxiv.org/abs/2111.15428
https://doi.org/10.1016/S0550-3213(01)00366-2
http://arxiv.org/abs/hep-ph/0106067

Eur. Phys. J. C

(2024) 84:547

Page 13 of 13 547

28.

29.

30.

31.

32.

33.

34.

35.

J. Lyon, R. Zwicky, Resonances gone topsy turvy—the charm of
QCD or new physics in b — s£7£~? arXiv:1406.0566 [hep-ph]
T. Blake, U. Egede, P. Owen, K.A. Petridis, G. Pomery, An
empirical model to determine the hadronic resonance contri-
butions to B — K*0ut = transitions. Eur. Phys. J. C 78(6),
453 (2018). https://doi.org/10.1140/epjc/s10052-018-5937-3.
arXiv:1709.03921 [hep-ph]

C. Cornella, G. Isidori, M. Konig, S. Liechti, P. Owen, N. Serra,
Hunting for Bt — K+t Tt~ imprints on the BT — K putu~
dimuon spectrum. Eur. Phys. J. C 80(12), 1095 (2020). https://doi.
org/10.1140/epjc/s10052-020-08674-5. arXiv:2001.04470 [hep-
ph]

W. Parrott, C. Bouchard, C. Davies, Standard model predictions
forb — k€0, b — kll_l;' and b — kvv using form factors from
ny =2+ 2+ 1 lattice qcd. Phys. Rev. D 107(1) (2023) . https://
doi.org/10.1103/physrevd.107.014511

R.E.A. Aaij, Differential branching fractions and isospin asymme-
tries of b to k¥ decays. J. High Energy Phys. 2014(6), (2014) .
https://doi.org/10.1007/JHEP06(2014)133

LHCb Collaboration, R. Aaij et al., Measurements of the S-
wave fraction in B® — K*m~putu~ decays and the B —
K*(892)°ut ™ differential branching fraction. JHEP 11, 047
(2016) (Erratum: JHEP 04, 142 (2017)). https://doi.org/10.1007/
JHEP11(2016)047. arXiv:1606.04731 [hep-ex]

LHCb Collaboration, R. Aaij et al., Measurement of C P-averaged
observables in the B® — K*OuTu~ decay. Phys. Rev. Lett.
125(1), 011802 (2020). https://doi.org/10.1103/PhysRevLett.125.
011802. arXiv:2003.04831 [hep-ex]

C. Bobeth, G. Hiller, D. van Dyk, General analysis of
B — K®¢T¢~ decays at low recoil. Phys. Rev. D 87(3),
034016 (2013). https://doi.org/10.1103/PhysRevD.87.034016.
arXiv:1212.2321 [hep-ph]

36.

37.

38.

39.

40.

41.

42.

LHCb Collaboration, R. Aaij et al., Measurement of form-
factor-independent observables in the decay B — K*0utp—.
Phys. Rev. Lett. 111, 191801 (2013). https://doi.org/10.1103/
PhysRevLett.111.191801. arXiv:1308.1707 [hep-ex]

A. Bharucha, D.M. Straub, R. Zwicky, B — V{*¢~ in the
Standard Model from light-cone sum rules. JHEP 08, 098 (2016).
https://doi.org/10.1007/JHEP08(2016)098. arXiv:1503.05534
[hep-ph]

N. Gubernari, M. Reboud, D. van Dyk, J. Virto, Dispersive analysis
of B6K ™ and By, — ¢ form factors. JHEP 12, 153 (2023). https://
doi.org/10.1007/JHEP12(2023)153. arXiv:2305.06301 [hep-ph]
LHCb Collaboration, R. Aaij et al., Measurement of the phase dif-
ference between short- and long-distance amplitudes in the B —
KTt ™ decay. Eur. Phys. J. C 77(3), 161 (2017). https://doi.org/
10.1140/epjc/s10052-017-4703-2. arXiv:1612.06764 [hep-ex]
A.S. Dighe, I. Dunietz, R. Fleischer, Extracting CKM phases and
B; — By mixing parameters from angular distributions of nonlep-
tonic B decays. Eur. Phys. J. C 6, 647-662 (1999). https://doi.org/
10.1007/s100520050372. arXiv:hep-ph/9804253

Particle Data Group Collaboration, P. Zyla et al., Review of particle
physics. PTEP 2020(8), 083C01 (2020). https://doi.org/10.1093/
ptep/ptaal04

LHCb Collaboration, R. Aaij et al., First study of the CP -violating
phase and decay-width difference in B? — ¥ (2S5)¢ decays. Phys.
Lett. B 762, 253-262 (2016). https://doi.org/10.1016/j.physletb.
2016.09.028. arXiv:1608.04855 [hep-ex]

@ Springer


http://arxiv.org/abs/1406.0566
https://doi.org/10.1140/epjc/s10052-018-5937-3
http://arxiv.org/abs/1709.03921
https://doi.org/10.1140/epjc/s10052-020-08674-5
https://doi.org/10.1140/epjc/s10052-020-08674-5
http://arxiv.org/abs/2001.04470
https://doi.org/10.1103/physrevd.107.014511
https://doi.org/10.1103/physrevd.107.014511
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP11(2016)047
https://doi.org/10.1007/JHEP11(2016)047
http://arxiv.org/abs/1606.04731
https://doi.org/10.1103/PhysRevLett.125.011802
https://doi.org/10.1103/PhysRevLett.125.011802
http://arxiv.org/abs/2003.04831
https://doi.org/10.1103/PhysRevD.87.034016
http://arxiv.org/abs/1212.2321
https://doi.org/10.1103/PhysRevLett.111.191801
https://doi.org/10.1103/PhysRevLett.111.191801
http://arxiv.org/abs/1308.1707
https://doi.org/10.1007/JHEP08(2016)098
http://arxiv.org/abs/1503.05534
https://doi.org/10.1007/JHEP12(2023)153
https://doi.org/10.1007/JHEP12(2023)153
http://arxiv.org/abs/2305.06301
https://doi.org/10.1140/epjc/s10052-017-4703-2
https://doi.org/10.1140/epjc/s10052-017-4703-2
http://arxiv.org/abs/1612.06764
https://doi.org/10.1007/s100520050372
https://doi.org/10.1007/s100520050372
http://arxiv.org/abs/hep-ph/9804253
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.physletb.2016.09.028
https://doi.org/10.1016/j.physletb.2016.09.028
http://arxiv.org/abs/1608.04855

	Short- vs. long-distance physics in BtoK(*) ell+ell-: a data-driven analysis
	Abstract 
	1 Introduction
	2 Theoretical framework
	2.1 Hadronic matrix elements of four-quark operators
	2.2 Long-distance contribution from  resonances

	3 Numerical analysis of the experimental data
	4 Discussion
	5 Conclusions
	Appendix A: Resonance parameters
	A.1 B rightarrowK ell+ ell- 
	A.2 B rightarrowK* ell+ ell- 
	Determining BtoK* ψ(2S) amplitudes via  relations


	References


