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The B — K*®u*u~ decay is mediated via the rare flavour changing neutral current transition
b— su*u~, and constitutes a sensitive probe for physics beyond the Standard Model (BSM). Pre-
vious LHCb measurements of the decay have shown interesting tensions with the SM predictions
at the level of 3-40-. The theoretical interpretation of the anomalies is difficult due to the uncertain-
ties in nonlocal SM contributions, such as charm-loops b— scc(— y), which could mimic BSM
effects through interference with the rare mode. A data-driven approach was adopted to constrain
the size of the charm-loops and other nonlocal contributions to the B — K**p* i~ decay, in the
first measurement to parameterise the full range of the dimuon invariant mass spectrum. Through
the rescattering of B — K*0t*1t~ (— u*u™), the first direct measurement of the bst+t~ coupling
is also performed. The results are obtained using an integrated luminosity of 8.4 fb~! collected
by the LHCb experiment during 2011-2012 (Run 1), and 2016-2018 (Run 2). Although the result
of the nonlocal contributions is found to be larger than previously assumed in interpretations of

previous measurements, the vector coupling is still shifted from the SM value.
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1. Introduction

The underlying transition in the B® — K*Ou* = involves a b-quark decaying into a s-quark
and two muons. The b— su*u™ process is a flavour-changing neutral current, and is rare in the
Standard Model as it first occurs at loop-level, an example of which is shown in Fig. 1 together with
a potential beyond Standard Model (BSM) diagram. Consequently, BSM effects can compete with
the SM contribution, and be measured indirectly as shifts to the observables. There is a pattern of
deviations observed throughout many decay modes, referred to as flavour anomalies [1]. When the
experimental results are combined in global fits, the flavour anomalies can generally be explained by
a shift to underlying effective vector coupling called Cy, described in more detail in Sec. 2, but it is
yet unclear whether the observed shift in Cyg is due to BSM or nonlocal SM QCD effects. These are
non-perturbative effects and are not yet fully understood theoretically, which motivates an analysis
that separates the local and the nonlocal contributions to estimate the size of their contributions
using data. This is the first analysis of B’ — K*Opu*p~ using the 8.4 fb~! of data collected in Run 1
and Run 2.
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Figure 1: Example SM Feynman diagram of the decay B® — K**u* = (left), and a potential BSM contri-
bution including a leptoquark (right).

2. The decay in a nutshell

The differential decay rate for the B — K*Ou*p~ decay can be expressed as

dTl'[B® — K*Ou+p] 9
= BB o 3 Ji(g7) filcos Oz cos Ok §)gi(m ). (1)
dg?dQdm?, 32m &

depending on five kinematic observables, where ¢? is the dilepton invariant mass squared, and m g -
the invariant mass of the dihadron system. The angle 6, is defined between the pu* (i™) direction
and the direction opposite to the B® (B®) in the 1+ 1™ rest frame. In contrast, O is the angle between
the K* (K™) direction and the direction opposite the B® (B”) in the K*7~ rest frame. The angle
¢ is defined between the normal vectors to the u*p™ and K*7t~ planes and the specific definitions
differ between B? and B as illustrated in Fig. 2. The angular observables J;(¢?) is what have
been measured' in previous binned analyses of B — K*Ou*pu~ [2]. The corresponding spherical
functions f; are detailed in Ref. [3]. From the angular observables one can construct optimised
observables that are less affected by theoretical uncertainties, such as the well-known PZ, defined as
Py = —5_ The latest measurements from LHCb and CMS show agreement, with deviations

2 V=J2cJos ’
from the Standard Model values observed in the bins below the JAp resonance in Fig. 3.

I Although in the CP-averaged basis S; = (J; + J_i)/(dd—qr2 + ;—; .
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Figure 2: Illustration of the definitions of the angles as per LHCb convention. The angle ¢ is illustrated in

the center, and the two planes between which it is defined is shown on the left. The angles 6, and 0k are
illustrated on the right.
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Figure 3: An illustration of the ¢ spectrum in B — K*®u*u= decays on the left, and on the right the result
on P from the angular analysis of BY — K*%u*u~ from LHCb Run 142016 [2] and preliminary results from
CMS Run 2 [4].

The theoretical description of the decay in Weak Effective Theory is given by the Hamiltonian

Hover = =20 Vv 3.6 0] (), @
4

where heavy degrees of freedom have been integrated out above the electroweak mass scale, and
are contained in the effective couplings C; known as Wilson coefficients. Any BSM contributions
at high energy scale will therefore cause deviations from the SM value of the Wilson coefficients.
The possible interactions between ingoing and outgoing particles are described by the effective
operators O; with the quark-transitions accounted for through the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements V, 4., and G is the Fermi constant. The main operators contributing to
the decay are

o2 o2
16 5 o2 (SLyubr) ty*€, Oror = — Toa2

with the corresponding couplings; the electromagnetic coupling C;, the vector coupling Co, and
the axial-vector coupling Cjo. Results of many analyses with the same underlying transition can be

O7 = ——=my (3L0""bR) Fuiy, Oop = — (SLyubr) ty*yst, (3

interpreted in terms of the effective couplings through global fits of the various model-independent
measurements. An example of results from such a fit is shown on the left in Fig. 4, where the green
circle, exclusively including measurements of b— spu* ™ processes, is seen shifted by ~-1.0 from
the SM value.
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Figure 4: Results of Cjg and Cy from (left) the global fit performed in Ref. [5], and (right) the z-expansion
analysis [6], showing the results using the constraints at negative ¢ in blue, and without the constraints in
red.

The LHCb collaboration has previously performed an analysis of 4.7 fb~! of data collected
during Run 1 and 2016 [6], where local and nonlocal contributions are separated by modelling the
nonlocal contributions” through a polynomial expansion of the form

— 22y 1 =22y 25)

1
Ha(z) =

$7'(2) Y aaxzk, (4)
L=zyy 1=2zy0s) Z,:‘

where the z functions is a mapping from g2 exploiting the properties of the hadronic matrix elements,
and the first two factors removes the poles of the JAp and 1(2S) resonances, which are the narrow cc
resonances in the illustration of the g* spectrum in Fig. 3. The ¢21 (z) ensure the correct kinematic
dependence such as Hy(g> = 0) = 0, and @, are the coefficients of the polynomial expansion,
further detailed in Refs. [6, 7]. The operator product expansion of the nonlocal contributions can be
calculated perturbatively in the unphysical region of negative ¢, which constrains the parameters
of the polynomial expansion. The results on the vector and axial-vector couplings, with and without
the constraints at negative g2, show that the nonlocal contributions have a small impact on the shift
previously seen in the vector coupling. The observed shift is between® —0.7 and —0.9, as can be
seen on the right in Fig. 4, and the tension observed is of 1.8-1.9¢.

3. Analysis strategy

For the first time the full range of the ¢? spectrum of B — K**u*u~ decays, illustrated in
Fig. 3, is parameterised to separate the local and nonlocal contributions. Starting from the angular
observables in the expression of the differential decay rate in Eq. 1, they can be expressed as bilinear
combinations of the decay amplitudes, e.g.

Js(g%) = V2B,

Re (AgAf* - A{;Alj*) _ ™ Re (ALAg + AR*AS)) : (5)

\/? I I

2Below the J /i resonance and between the Ji and the i (2S) resonances.
3Depending on the applied theory assumption.
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where the amplitudes* are parameterised for the various polarisations of the K*° to include the local
and nonlocal effects. In a general way the amplitudes are written as

ARG = Naf (G5 (aP) = C) 7 (Cuo =€) FiaD) + My ST FL D] ©)
where N, and M, are various normalisation factors, F /‘{‘ (¢*)and F /lT(qz) represent the different local
hadronic form factors. The right-handed couplings are C§ and Cj,, while the terms Cgff”l(qz) and

C;’ff”l contain the left-handed effective couplings, as well as the nonlocal contributions modelled
by subtracted dispersion relations

ff, 0 S s
S (g?) =l + YD (gd) + Y P () + YN GP) + Yo (6P) -
C;IT,/I - Cr+ g/leiw’l,

where the nonlocal vector contributions include the one-particle resonances p(770), w(782),
®(1020), JA, V(2S), P (3770), P (4040), and P (4160), whose shape is described by relativistic
2

Breit-Wigner distributions with a pre-factor % originating from the subtraction procedure in
J

the dispersion relation [8]. The two-particle resonances include the open-charm DD, D*D and
D*D*, and Y,7(¢?) include a contribution of the rescattering of B® — K*0t*t~(— p*p~), which
is sensitive to the effective coupling of the bst* 1~ vertex, allowing for the first direct measurement
of the effective coupling Cg. The shapes of the two-particle resonances are well approximated
by powers of the Kéllén function [8]. The signal candidates are identified following the selection
procedure detailed in Ref. [3], and the fit is performed in the 4 dimensions (cos(6;), cos(fk), ¢, ¢°)
and determines 150 parameters.

4. Results and conclusion

The ¢ distribution overlaid with the projection of the fit in Fig. 5 show various contributions
to the model, such as the interference in dotted grey, the varying shapes of the combinatorial
background in black, and the broad contribution from the rare mode in dotted green. A clear impact
from the nonlocal contributions on Co, in Fig. 6, show an agreement between the z-expansion and
dispersion relation analyses, although the results using theory constraints at negative g is less
compatible across all plots in Ref. [3]. The result on Cjg and Cy in Fig. 6 is also in agreement
with the z-expansion analysis, the fits to data favour the vector coupling Cy at a shift around —0.7,
and although the nonlocal contributions are larger than previously assumed in interpretations of
previous measurements, the complete shift in Cy cannot be explained. The other Wilson coefficients
are in agreement with the SM, and the tension in Cy is of 2.10-, while the global tension to the
SM is of 1.50. The largest systematic is caused by the normalisation to the JAp resonance, due
to the uncertainty on branching fraction of B — JApK*® [9]. The result on the model of the
nonlocal contributions is cross checked by allowing for a linear ¢*> dependence on Cy, and no
significant contribution is found. The indirect measurement of the process B — K*%t*1~ through
rescattering into dimuons is the first direct measurement of the bst*t~ effective coupling Cg of
(1.0 £ 2.6 + 1.0) x 10%. The sensitivity from the measurement of the rescattering process is
competitive to that of the direct searches for the process B — K*0t*1~.

4See Ref. [3] for the full description.
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Figure 5: Projections of the fit in the angles (left) in ¢ region 3.24-11.56 GeV?/c*, and (right) the ¢°
distribution with the fit projection overlaid. For all fit projections see Ref. [3].
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Figure 6: Impact from the nonlocal contributions (left) from the parallel polarisation of the K** on the real
part of Cy, showing the results from both the z-expansion [6] and the dispersion model analysis [3]. Result
on Cy and Cjo from the dispersion model analysis (right), showing 1o~ and 30~ boundaries accounting for

only statistical uncertainties in the shaded regions, and for statistical and systematic uncertainties in dashed
contours [3].
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