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The rare B — K {¢ decays exhibit a long-standing tension with Standard Model (SM) pre-
dictions, which can be attributed to a lepton-universal short-distance b — s{¢ interaction. We
present two novel methods to disentangle this effect from long-distance dynamics: one based on
the determination of the inclusive b — s€¢ rate at high dilepton invariant mass (¢ > 15 GeV?),
the other based on the analysis of the g> spectrum of the exclusive modes B — K*) ¢ (in the
entire ¢> range).

Using the first method, we show that the SM prediction for the inclusive b — sf¢ rate at high
dilepton invariant mass is in good agreement with the result obtained summing the SM predictions
for one- and two-body modes (K, K*, Kr). This observation allows us to perform a direct
comparison of the inclusive b — sf¢ rate with data. This comparison shows a significant deficit
(~ 207) in the data, fully compatible with the deficit observed at low-g? on the exclusive modes.
This provides independent evidence of an anomalous b — sf¢ short-distance interaction, free
from uncertainties on the hadronic form factors. To test the short-distance nature of this effect we
use a second method, where we analyze the exclusive B — K¢ differential branching ratio data
in the entire ¢> region. Here, after using a dispersive parametrization of the narrow charmonia
resonances, we extract the non-SM contribution to the universal Wilson coefficient Cq for every bin
in ¢%. The g*-independence of the result, and its compatibility with the inclusive determination,
provide a consistency check of the short-distance nature of this effect.
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1. Introduction

Exclusive and inclusive b — sf¢ 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. On the theory side, the presence of narrow charmonium resonances poses challenges if
the invariant mass of the dilepton pair, ¢> = (p 7+ pe)?, is close to the resonance masses. This is
why precise SM tests are confined to ¢> < 6 — 8 GeV? (low-¢? region) and ¢ > 14 — 15GeV?
(high-¢? region). On the experimental side, in the last few years measurements of rates and angular
distributions of the exclusive B — K *) iu decays by LHCb [1, 2] have shown significant tensions
with the corresponding SM predictions, especially in the low-g? region. The goal of this study is to
better understand the nature of this tension by trying to disentangle long-distance dynamics from
possible short-distance dynamics using two different approaches [3, 4].

2. First approach: semi-inclusive » — sf¢ transitions at high ¢°

The effective Lagrangian valid below the electroweak scale relevant to b — s{¢ transitions is
conventionally written as

Lhoste 4GF ae
eff V2 4n

where we have used CKM unitarity, and neglected the tiny O(V;;V,;) terms. The only O; with
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b — sf( matrix elements that are non-vanishing at tree level are the electric-dipole operator O7
and the two FCNC semileptonic operators Oy and Oj:

m _ _ —_ _ —
0; = 7b<sLawbR)FW . 0o = (Lyubr)(ty*0), O = Gryubr)(Cy'yst).  (2)
We find it convenient to perform a change of basis {Oy, O10} — {Oy, O}, where

Ov = (SLyubr)(€y"0), Or = Gryubr)(lLy"lL). (3)

such that Cy = C9+Cjo and Cy, = —2Cq . The new basis allows us to separate effective interactions
that originate from different underlying dynamics, and behave differently in the evolution from high
scales (uo ~ m;) down to low scales (up ~ mp). Throughout the computation we use the following
values:

Cr(mp) =8.38 +£0.04 Cy(mp) = -0.01 = 0.26. @)

Our goal is to compare the inclusive rate in the high-¢> region with a semi-inclusive deter-
mination based on data, as an inclusive measurement is not yet available. In order to validate
this procedure, we first show that, within the SM, the sum of a few exclusive modes (the leading
BY — K92¢, B — K%7¢, and the sub-leading B — Knff) can approximate well the inclusive
rate in the high-¢> region. As pointed out in [5], a convenient way to estimate the inclusive rate is
by computing the ratio of the FCNC transition and the » — u charged-current decay,
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where q(z) is the lower cut on ¢> (we choose q% = 15 GeV?). The hadronic structure of the two
transitions is very similar, leading to a significant cancellation of non-perturbative uncertainties.
For the inclusive rate B — X,,fv we use the measurements from Belle [6].

To provide an updated numerical prediction of Ry (q%) within the SM we re-express the result
of [5] in the Cy v basis:
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where AR, pey is the correction to the limit of purely left-handed interactions dominating b — sf¢

and identical hadronic distributions in b — u{¥ compared to b — sff. We find:

RIM = (2.538 +0.024) x 1072, AR[S%'] =(-0.03£0.22) x 1077, (7

and with this, we finally obtain for the branching ratio:
B(B — X, L0, = (4.5+1.0)x1077 =4.5x1077 [1 £ 0.16xp + 0.11ckm + 0.09a%] - (8)

The branching fractions for the leading exclusive modes in the high-g* region can be computed
using the form factors calculated in Refs. [7, 8]. Integrating for ¢> > 15 GeV, we find

B(B — KIOYYS, = (131 £0.12) x 1077, B(B — KT}, = (3.19£0.30) x 1077, (9)

The subleading B — K branching ratio is estimated via heavy-hadron chiral perturbation theory.
In order to avoid double-counting the resonant contributions from B — (K* — Kn)ft, we only
include the s-wave contribution assuming K*-dominance for the p—wave. We find

B(B — (Km)LOPM, = (5.8 £2.5) x 1078, (10)

where the narrow-width approximation is used. Combining (9) and (10), we arrive at the following
SM estimate of the semi-inclusive branching fraction:

ZB(B—>X€£ M = (5.07+0.42) x 1077 (11)

This result is well-compatible with the truly inclusive estimate presented in Eq. (8).
Having established the validity of this procedure, we now compare the inclusive determination
(8) with a semi-inclusive sum based on the available experimental data from LHCb [2] (for £ = u):

B(B — K[y, = (8:47 £ 0.50) x 1078, B(B—-K'a Wys; = (1.58 £0.35) x 1077, (12)

Applying a correction factor coming from the sub-leading B — K7 mode in (10), we determine
the following result:

> B(B— X g2, = (274 £0.41) x 107 (13)

As summarized in Fig. 1, this result is significantly below the (consistent) SM predictions in Egs. (8)
and (11). This provides an independent verification of the known suppression in the b — sjfiu,
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Figure 1: SM predictions vs. experi-  Figure 2: Regions for the Wilson coefficients favored by

mental data for the inclusive branch-  experimental data. The dark and light red regions give the

ing ratio, B(B — X,{(), intheregion ~ combined compatibility from the inclusive rate b — s

g% > 15 GeV>. (blue l1o-band), LFU tests and By — jiu (gray band) at
68% and 90% confidence level, respectively.

since, being based on the inclusive rate, it is insensitive to hadronic form factors, and has a different
sensitivity to non-perturbative effects associated with charm-rescattering.

In Fig. 2 we plot the region in the Cy—Cy, plane favored by present data (blue dashed line with
band). Perturbative and non-perturbative contributions due to charm-rescattering can be accounted
for via an effective modification to Cy. Assuming Cy, = CiM, the modification needed is very large;
in fact, it is larger than the perturbative estimate of charm-rescattering contributions, and beyond any
realistic estimate of non-perturbative charm-rescattering in the high-g? region, far from the narrow
charmonium resonances. If, instead, we allow for a (lepton-flavor non-universal) modification of
Cr, which can occur only beyond the SM, the discrepancy with the data is more easily explained
with a small (naturally lepton-flavor universal) modification to Cy. Combining the constraints on
Cr coming from LFU tests [9] and By — gau [10] (gray band), leads to a preferred region (red
region) in the Cy — ACZ plane that does not include the SM point at the 90% confidence level.

3. Second approach: bin-by-bin extraction of Co

As a further hint to the short-distance nature of this effect, we look at the exclusive modes
B* — K*jiu and B® — K% iy, and show that the Wilson coefficient Cy extracted from data does
not show a significant g>— or helicity-dependence.

In order to compute the theory predictions, we effectively modify Cy by taking into account
the perturbative corrections coming from the four-quark operators Q;_¢g. Since in this analysis the
entire g> region is considered, a parametrization of the ¢¢ resonances is also needed: we use a
dispersive approach (see [14]), where each resonance (J /i, ¥ (2s), ¥ (3770), y(4040), ¢ (4160),
and y(4450) for the K case, and only J /¥, ¥(2s) for K* due to a lack of data) is parameterized by
two unknown parameters that are extracted from data.

In the case of B — Kjiu, we perform a fit of Cy bin by bin in g> by using the measured
branching ratio by LHCDb [2] and more recently by CMS [11], and the form factors computed in [7]
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for the theory prediction. In the low-¢° region, since the experimental bins used by LHCb and by

CMS are the same, we combine the two measurements, whereas in the high-¢? region we carry out

two independent fits, using LHCb and CMS data separately. In the case of B — K™ fiu, we perform

the fit from the branching ratio and the angular observables measured by LHCb [12], using the form

factors computed in [13] for the theory predictions.

4 i
4 SM
) 3 E SM . 3 ‘I[ { == constant
© 2 'f """"""""" % """"" f ----- f ----- E """"" f TTTTT constan S f ------------ ﬁ ------------------------ * best-fit CMS
* best-fit I * best-fit LHCh
1 1
0 0
[1.1,2]  [2,3] [34] [4,5] [5,6] [6,7] [7,8] [15,16] [16,17] [17,18] [18,19] [19,20] [20,21] [21,22]
bin ¢* (GeV?) bin ¢* (GeV?)
4 [71\’\ . (l“
3 .o 4 T e
> I B I L2 __________i ______ .oy < ¢ ooy
S 2 % — sM K] bt { """"""""" { """"""""""" — sM
l - onstant — tant
2
0
[1.1,25] [2.5,4) [4,6] [6.8] [11,12.5] [15,17] [17,19]
bin ¢* (GeV?) bin ¢* (GeV?)

Figure 3: Determinations of Cy in different ¢> bins from B — Kjiu (top) and B — K*jiu (bottom) data.
The red and gray bands denote the SM value and the value extracted assuming a constant (g>-independent)

Cy, respectively.

The results of the fit are shown in Fig. 3.
The best-fit results under the assumption of
a g’-independent Cy are also shown (gray
lines). We do not notice a significant ¢>-
or polarization-dependence, which would be
present if we were missing the contribution
of dominant long-distance QCD effects. In
Fig. 4 we show the best-fit results with the
assumptions of g2-independent Cy, in the
low- and high-¢? regions and for the different
modes and polarizations.
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Figure 4: Independent determinations of Cy.

We also combine B — K and B — K* in the full ¢ spectrum (gray dashed line). These

eight independent determinations of Cy are in good agreement with each other, providing another

consistency check of the short-distance nature of the tension between the SM and b — s{¢ data.
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