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Summary. — Several tensions between the experimental measurements and their
Standard Model predictions have been observed in rare B meson decays mediated by
b — s¢T¢~ transitions. To understand the nature of these discrepancies, the LHCb
experiment is extending its previously reported studies with additional observables
and decay modes. These proceedings summarise the latest results on the topic. They
report on a measurement of the interference between the long- and short-distance
contributions in BT — K"~ decays, on the searches for the B — putp=p™p™
and B — 777 decays, and present an update of the B — p"p~ analysis, which
includes the first measurement of the BY — p* ™ effective lifetime.

1. — Introduction

Rare B meson decays that are mediated by b — s¢T¢~ transitions offer powerful
probes to search for beyond the Standard Model physics. In the Standard Model (SM),
these flavour changing neutral currents are forbidden at tree level and can therefore only
proceed via loop topologies, suppressing their branching fractions. New physics (NP)
models, on the other hand, can introduce couplings to new (heavy) mediators at both
the tree and loop level. Measurements of the branching fractions and angular observables
in these decays allow us to probe the NP effects, which are often associated with energy
scales much higher than those accessible by direct searches.

In the past years, several tensions between the experimental measurements and their
SM predictions have been observed in b — s ¢~ transitions. Most notably, these include
the measurements of the angular observables in B® — K*9y* = [1-3], and the ratio Rx
between the branching fractions of the BT — K*pu*u™ and Bt — KTete™ decays [4],
which forms a stringent test of lepton flavour universality. In addition, many differential
branching fractions in b — su™p~ decays are found to be systematically below their
SM expectations [5-7]. Although individually these measurements do not yet provide
sufficient evidence for NP, combined model-independent analyses using the effective field
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theory framework point towards a deviation from the SM value for the Wilson coefficient
Cy by four to five standard deviations [8-10].

To understand the nature of this discrepancy, be it SM or NP, it is not only important
to confront the existing analyses with additional data, but also to extend the studies with
additional observables and decay modes. These proceedings summarise the latest results
on the topic. They report on a measurement of the interference between the long- and
short-distance contributions in BT — KT pu*u~ decays (sect. 2), on the searches for the
B — pTp~ptpm (sect. 3) and B — 77~ decays (sect. 5), and present an update of
the B — p*p~ analysis (sect. 4). Throughout these proceedings B refers to either a
BY or a BY meson, and the inclusion of charge-conjugate processes is implied. Except
for the updated B — putpu~ analysis, which also includes data from Run 2 of the LHC,
the measurements are performed on a data set corresponding to 3fb~! of integrated
luminosity collected by the LHCb experiment in 2011 and 2012.

2. — Resonance effects in BT — KTt u~ decays

Underestimated long-distance charm-loop effects could offer a SM explanation for the
tension observed in the dimuon mass squared, ¢2, distribution of the angular observ-
able P! measured in B® — K*%u*u~ decays [1]. If they indeed account for the current
discrepancies between the data and the SM predictions, such contributions need to be
sizeable in dimuon mass regions far from the pole masses of the J/¢¥ and ¥(2S5) reso-
nances. It is thus important to understand how well such effects are modelled in the
SM and how they interfere with the short-distance contributions in these ¢? regions.
LHCD has therefore performed a study of the BT — Kt~ decay channel, measuring
for the first time the phase difference between the short-distance and narrow-resonance
amplitudes.

The short-distance contributions to the C'P-averaged differential decay rate of the
BT — K*uTu~ decay originate from electroweak penguin topologies, and can be
parametrised following the notation of ref. [11] as
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Here G, o and V5 are respectively the Fermi constant, the QED fine-structure constant
and the relevant CKM matrix elements; |k| is the kaon momentum in the BT meson rest
frame; 52 =1 — 4mi/q2; ms, My, My, M and mp are the respective particle masses;
fo+,7 represent the scalar, vector and tensor B — K form factors; and C7 9 19 denote
the Wilson coefficients associated with the electromagnetic dipole operator, the vector
current and the axial-vector current. The corresponding right-handed operators, which
are suppressed in the SM, are ignored in this analysis. The coefficient C7 is fixed to its
SM value, taken from ref. [12], while Cy and Cjq are free parameters in the fit.

In contrast to previous analyses, the long-distance amplitudes associated with vector
resonances in the dimuon mass spectrum are also modelled explicitly. They are taken
into account by introducing an effective Wilson coefficient replacing Cg in eq. (1),

(2) C5™ = Co + Y mie'™ A (¢,
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Fig. 1. — Left: fit to the dimuon mass distribution of the Bt — Ktutpu~ events. Shown is
the solution for which both the J/¢ and 1(2S) have a negative sign. Right: two-dimensional
likelihood profile for the Wilson coefficients Cy and Cig.

where 7; is the magnitude of the resonance and d; its phase relative to Cy. The sum j
includes the p, w, ¢, J/1, ¥(25) as well as the broad charmonium states above the open
charm threshold. Their amplitudes A?es are modelled using Breit-Wigner functions, and,
with the exception of the J/v¢ and ¥(25), their widths and pole masses are fixed to the
known values.

The fit to the dimuon mass spectrum has a four-fold degenerate solution, correspond-
ing to remaining ambiguities in the signs of the J/¢ and ¢(2S) phases. The values of
these phases are compatible with :I:%, which implies that the interference with the non-
resonant penguin contributions is small, disfavouring this effect as an explanation for the
tensions in Pf. The solution for which both the J/¢ and ¢ (2S) have a negative sign is
shown in the left panel of fig. 1, while the other three solutions can be found in ref. [13],
together with the numerical results of the fit. The two-dimensional likelihood profile for
Co and C1 is shown in the right panel of fig. 1, preferring the solution |Cy| > |CSM| and
|C1o| < [CTM|. Alternatively, if Cjg is constrained to its SM value, then the fit prefers
|Co| < |CSM|, in agreement with the global fits [8-10]. The branching fraction of the
short-distance component can be obtained by integrating eq. (1), giving [13]

(3) B(BT — KT utp™) = (4.37 4+ 0.15 (stat) + 0.23 (syst)) x 10",

Note that unlike the previous, binned measurement [5], which reports compatible results,
this branching fraction does not rely on an extrapolation over the excluded g2 region.

3. — Search for B — ptpu~ptp~ decays

A search for the decay of a neutral B meson into four muons is performed, improving
the existing branching fraction limits [14] for two specific scenarios: the non-resonant
SM amplitude and a supersymmetry model where the decay proceeds through a scalar S
and a pseudo-scalar P sgoldstino particle. The main contribution to the SM amplitude
originates from the B — uT ™ electroweak loop topologies in combination with a virtual
photon, from which the other muon pair is created. The NP model is motivated by the
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Fig. 2. — Mass distribution of the selected ™~ u™pu~ events. The coloured boxes define the
various signal and control regions used in the analysis.

result from the HyperCP experiment, which found an excess of events in the dimuon
mass spectrum of the ¥ — pu* ™ decay channel that is consistent with the decay of a
resonance P — ptp~ with a mass mp = (214.3 £ 0.5) MeV/c? [15]. A dedicated search
for the B — S(— p*p~)P(— ptu~) decay, assuming masses for the sgoldstino particles
of mg =2.6GeV/c? and mp = 214.3MeV/c?, is therefore performed.

The resonant SM amplitudes are reduced to a negligible level by vetoing the contri-
butions from the ¢, J/1 and 1 (25) in all g*p~-pair combinations. Backgrounds arising
from m — p mis-identification are suppressed by imposing particle identification (PID)
requirements, and a MatrixNet multivariate classifier [16] based on a Boosted Decision
Tree (BDT) is used against the combinatorial background. The selection requirements
on the PID and MatrixNet classifier are optimised using the near sideband region in
data, defined using the four-muon mass distribution as illustrated in fig. 2.

The expected yield for the remaining background in the signal region is extrapolated
from a fit to the far sideband, resulting in 0.47 + 0.29 (0.55 4 0.31) expected events in
the B? (B) search window. No events are observed inside these two regions and a limit
is therefore set on the branching fractions, giving [17]

<6.9x1071%@ 95% C.L.,
<25x%x107? @ 95% C.L.,
<6.0x1071%@ 95% C.L.,
<22x107% @95% C.L..

B(B” — prp~ptp
B(B) — p*tpptp
B(B® — S(— ptpu™)P(— ptp7)
B(B) — S(— pu*u™)P(— ptu”)

T — — ~—

The two-dimensional exclusion limits are shown in fig. 3.

4. — Branching fraction and effective lifetime measurements in B — ptpu~
decays

Since they are characterised by a purely leptonic final state, the time-integrated SM
branching fractions of B meson decays into two charged muons, B(B® — utu~) =
(1.06 + 0.09) x 1078 and B(B? — utp~) = (3.65 £ 0.23) x 1077, can be predicted
with small theoretical uncertainties [18]. This feature makes the B — ptu~ decay
channels sensitive probes to search for beyond the SM physics, and therefore key modes
to search for and study at the LHC. This search culminated in the first observation of
the BY — T u~ decay from a combined analysis of the LHCb and CMS Run 1 data [19].
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Fig. 3. — Two-dimensional 95% confidence level exclusion limits for the B — p*pu~ptu~ (left)
and B — S(— p"pu")P(— ptp”) (right) searches.

LHCb has now updated its Run 1 analysis to include 1.4fb~! of integrated luminosity
collected in 2015 and 2016 at a centre-of-mass energy of 13 TeV. In addition, several key
aspects of the analysis have been revised and improved. These include new isolation
variables, which aim to identify other tracks in the event that originate from the same b-
hadron decay, a reoptimised BDT classifier, and more stringent PID requirements on the
two muon candidates. Together, these improvements lead to a 50% better suppression of
the combinatorial background. The different PID requirements lead to a 10% lower signal
efficiency, but increase the rejection power for doubly mis-identified B — hTh{")~ modes,
which form the most dangerous background, by 50%. Other partially reconstructed
backgrounds, which potentially extend into the B® mass window, include B decays with
two real muons, and b-hadron decays with one or more hadrons misidentified as muons.
All partially reconstructed backgrounds are modelled and included in the fit. The dimuon
mass distribution of the selected B — uTu~ candidates with a BDT response greater
than 0.5 is shown in fig. 4.

The B — pTp~ branching fractions are determined from a simultaneous fit of the
Run 1 and Run 2 data to the dimuon mass distribution of the selected candidates in the
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Fig. 4. — Mass distribution of the selected B — u™p~ candidates with BDT > 0.5, with the
result of the fit overlaid.
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range [4900, 6000] MeV /c2. The fit is performed in 4 bins of the BDT output, ignoring
events with a BDT response below 0.25. The B? — pu*pu~ decay is observed with a
significance of 7.8 standard deviations, and a branching fraction [20]

(8) B(B) = ptp™) = (3.0+£0.6 (stat) 03 (syst)) x 1077,

which is the first observation of this mode by a single experiment. Since the significance
of the B® — putpu~ signal is only 1.6 standard deviations, an upper limit is set on its
branching fraction at [20]

(9) BB® — utp) <34x107° @95% C.L.

The two-dimensional likelihood profile for the B — p* ™~ branching fractions is shown
in fig. 5, showing that the best fit solution is in good agreement with the SM expectation.

The effective lifetime [21] offers a second probe to search for NP effects in BY — ptp~
decays, complementing the branching fraction measurement. It can be used to con-
strain the mass-eigenstate-rate-asymmetry Aar, which quantifies the relative contribu-
tions from the heavy and light mass-eigenstates of the BY meson system to the dimuon
final state. The analysis is performed in two stages: First, weights are determined for
the signal candidates based on a fit to the dimuon mass distribution. Afterwards, the
decay time distribution of the weighted signal events is fitted with a single exponential,
corrected for resolution and acceptance effects. To avoid contamination from partially
reconstructed physics backgrounds as well as from the B® — u+ i~ component, the fitted
mass range is reduced to [5300, 6000] MeV /c?. The fit strategy has been validated on the
BY — K* 7~ normalisation channel. For the BY — u*pu~ signal it gives [20]

(10) 7(BY — pt ™) = 2.04 +0.44 (stat) & 0.05 (syst) ps.

The measurement is compatible with Aar =1 (—1) at 1 (1.4) standard deviations.
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fractions.
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Fig. 6. — Left: two-dimensional distribution of the invariant masses m,+,- of the two oppo-
sitely charged two-pion combinations for simulated B? — 77~ candidates. The vertical and
horizontal lines illustrate the sector boundaries. Right: distribution of the NN output in the
signal region, with the result of the fit overlaid.

5. — Search for B — 777~ decays

Several NP explanations for the anomalies observed in b — s¢*/~ transitions pre-
dict enhanced branching fractions for the B — 77~ decays compared to their SM
expectations [18], B(B® — 7777) = (2.22 £ 0.19) x 107® and B(B? — 7tr7) =
(7.7340.49) x 10~ 7. The experimental search is, however, considerably more challenging
than for their muonic counterparts discussed above due to the presence of at least two
neutrinos in the final state.

LHCDb has performed a search for the B — 777~ decays, where both 7 leptons are
reconstructed in the hadronic 7= — 777~ 7~ v, mode. The analysis exploits the inter-
mediate resonances of the 7= — a; (1260)v, — p®(770)7~ v, decay chain to define three
regions in the data. These regions are identified using the two-dimensional distribution of
the invariant masses m .+ .- of the two oppositely charged two-pion combinations, which
has been divided into nine sectors, as illustrated in the left panel of fig. 6. The signal
region consists of B candidates with both 7 candidates in sector 5, and is used to deter-
mine the signal yield. The signal-depleted region, composed of B candidates having at
least one 7 candidate in sectors 1, 3, 7 or 9, provides a sample used when optimising the
selection. The control region corresponds to B candidates with one 7 candidate in sectors
4, 5 or 8 and the other in sectors 4 or 8, and provides the background model. The signal
selection is based on a two-stage neural network (NN) classifier using kinematic, topolog-
ical and isolation variables. After the selection, the signal, signal-depleted, and control
regions contain 16, 13 and 58% of the simulated signal candidates, respectively. The cor-
responding fractions of selected candidates in data are 7, 37, and 47%. Most of the signal
decays thus fall into the control region, but the signal region, which contains about 14700
candidates in data after the full selection, is the most sensitive due to the low background
contamination.

The signal yield is obtained from a binned maximum likelihood fit to a NN output,
in which the signal model is taken from the B — 777~ simulation while the background
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model is taken from the data control region, subtracting the signal contribution. The fit
model can be written as:

—SR o e“R_—cRr
(11) NNgia =sX NNsim + fb X <NNd§:a —-§- 6SRl\H\TSim)
where NNSiI;/data (NNSE‘l/dam) is the NN distribution in the signal (control) region from

simulation/data, s is the signal yield, f is the scale factor for the background template,
and 5% (¢“R) is the signal efficiency in the signal (control) region. The ~ represents
normalised distributions. The result of the fit to data [22] is shown in the right panel of
fig. 6 and gives a signal yield s = —23753 (stat) T}] (syst), consistent with the background-
only hypothesis.

Assuming no contribution from B — 777~ decays, an upper limit is set on the
branching fraction [22]

(12) B(BY - 77717) <68 x107% @95% C.L..

This is the first limit on the BY — 777~ mode. If instead, no contribution from
BY — 7177 decays is assumed, the limit is [22]

(13) BB —rtTr7)<21x107* @ 95% C.L.,

which constitutes a factor 2.6 improvement with respect to the BaBar result [23] and is
the current best limit.
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