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Abstract

The first single-experiment evidence for the rare decay B® — u*p~ and the world’s
most precise measurements of the B — p*u~ branching fraction and effective
lifetime are reported. The results are obtained using Run 3 proton-proton collision
data corresponding to an integrated luminosity of 18 fb=! recorded with the LHCb
Upgrade I detector at a centre-of-mass energy of 13.6 TeV between 2024 and 2025.
Their combination with the Run 1 and Run 2 LHCb results further improves the
precision. All measurements are found to be in agreement with the Standard Model
expectations.
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Introduction

The Standard Model of particle physics (SM) describes the known elementary particles
and their strong, weak and electromagnetic interactions within a single quantum field
theory. It has been tested with remarkable precision over half a century, most recently at
the Large Hadron Collider (LHC) at CERN, where the discovery of the Higgs boson [1,2]
completed its particle content. Nevertheless, the SM has no candidate for dark matter,
which is about five times more abundant than ordinary matter [3], and it cannot account
for the observed asymmetry between matter and antimatter in the universe [4].

Extensions of the SM that address these shortcomings generally introduce new particles.
These may be searched for at colliders if sufficient energy is available, but particles too
heavy to be produced can still reveal their presence through precise measurements of the
properties and interactions of known particles. By judicious choice of observables, it is
possible to gain sensitivity to unobserved particles through their quantum mechanical
interference with SM processes, even when their rest mass may be orders of magnitude
higher than the energy scale of the collider. This strategy has a long historical pedigree:
the suppression of strangeness-changing neutral-current decays led to the prediction of
the charm quark [5] before its direct discovery [6,7], while the rate of B%~B° mixing [8]
and precision electroweak measurements [9] provided early indirect evidence for a heavy
top quark, prior to its direct observation in 1995 [10, 11].

Processes in which a beauty (b) quark couples to either a strange (s) or down (d) quark
and emits a lepton-antilepton pair (¢T¢7) are particularly sensitive probes of New Physics
(NP). Since the only gauge field in the SM that can change flavour directly is the charged-
current W+ boson, these flavour-changing neutral current (FCNC) transitions proceed via
higher-order interactions involving the electroweak and top quark fields, which causes them
to be highly suppressed. However, this suppression makes these processes particularly
sensitive to contributions from high-scale NP, which can alter their branching fractions,
effective lifetimes, charge-parity asymmetries and angular observables. Measurements of
these processes can probe energy scales up to 100 TeV [12], significantly above the direct
reach of the LHC.

Over the past decade, several persistent deviations from SM predictions have been
reported in the differential branching fractions [13-16] and angular observables [15,17-21] of
b — stt{~ decays, where ¢ = e, u, hinting at effects from NP. However, the interpretation of
these results is ambiguous due to the difficulty in accounting theoretically for contributions
from quarks and gluons, particularly in respect of hadronic form factors and charm
loops [22-32].

The decays B?— utp~ and B°— ptp~ are examples of FCNC transitions, which
involve the annihilation of a beauty antiquark with another down-type quark: bs — pt ™~
and bd — pTpu~ respectively.! Example SM and NP Feynman diagrams are shown
in Fig. 1. These decays are further helicity suppressed compared with b — sf*T¢~
decays due to the initial B?S) meson having total angular momentum zero and the
W#* and Z bosons having reduced couplings to right-helicity fermions and left-helicity
antifermions. Consequently, these decays are very rare, with predicted branching fractions
of B(BY— putpu~) = (3.66 £0.14) x 107 and B(B°— pu*p~) = (1.03 £ 0.05) x 1071 in
the SM [33]. The purely leptonic final state means that the theoretical uncertainties
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Figure 1: Example Feynman diagrams for the B® — p*p~ decay: (top left) SM box, (top
right) SM triangle, (bottom left) NP Z' boson and (bottom right) NP vector leptoquark. The
corresponding diagrams for B — 7~ are obtained by replacing the d quark with an s quark.

associated with their branching fractions are small compared with those of b — st~
decays. Residual hadronic effects are controlled via precise lattice QCD calculations [34].

The decays B?s) — uwtp~ are particularly sensitive to contributions from additional
Higgs scalar bosons, Z’ vector bosons or leptoquarks, and provide complementary infor-
mation on potential NP contributions to the deviations seen in b — s¢*¢~ decays. Precise
measurements of their properties are thus highly motivated [35]. The suppression of the
B°— utp~ decay rate, relative to that of the B?— pu*pu~ decay, is predominantly due to
the hierarchy of CKM matrix elements. The ratio of branching fractions is a theoretically
clean observable and in the SM is given by
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where 7o denotes the B? lifetime, 'y the decay width of the heavy BY mass eigenstate,
Mpo and Mpo the B?S) meson masses, fpo and fpo their decay constants, and m,, the
muon mass. The SM prediction Rii\f = 0.0280 £ 0.0016 [33] also holds in all NP theories
satisfying the Minimal Flavour Violation (MFV) hypothesis [36]. The measurement of
R, can therefore reveal new flavour structures beyond the CKM paradigm.

In addition to the branching fractions and their ratio, the effective lifetime of the
BY%— ptpu~ decay can be measured. It is defined from the decay-time distribution (I'),
where the angular brackets denote the sum over B? and BY decays, as
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where ¢ is the decay time, 70 = 2h/(I'y, + I'y) and ys = 7o (', — I'y)/(2R) with I', and
'y denoting the decay widths of the light and heavy BY mass eigenstates, respectively.



The effective lifetime provides complementary sensitivity to NP [37] via the quantity
AL, which encodes the relative contributions of the B light and heavy mass eigenstates
to the decay. In the SM, the decay proceeds purely from the longer-lived heavy-mass
eigenstate, such that AW =1 up to O(aZ,) corrections [33]. However, NP contributions
may change its value in the range [—1, +1], resulting in a smaller effective lifetime even in
cases where B(B?— ™) agrees with the SM.

The search for the decay B®— u*pu~ began with the CLEO experiment in 1984, which
set the first upper limit of B(B%— utp™) < 2.0 x 107* at 90% confidence [38]. The
B?— utp~ decay was first observed through a joint analysis of LHCb and CMS Run 1
data [39], followed by the first single-experiment observation by LHCb in 2017 [40]. The
most recent measurements of B(BY — p* ™) have been performed by the ATLAS [41],
CMS [42] and LHCb [43,44] experiments using Run 1 and 2 data. The first evidence for the
B°— ut i~ decay reported by the joint LHCb and CMS analysis [39] was not confirmed in
subsequent analyses, and the current experimental limit is B(B° — p*pu~) < 1.6 x 10710 at
90% confidence [45]. The effective lifetime of B?— u*pu~ decays has also been measured
by LHCb [43,44], CMS [42] and ATLAS [46].

This article presents measurements of the B — ;" p~ branching fraction and effective
lifetime and a search for the B®— u*u~ decay, using proton-proton (pp) collision data
recorded by the LHCb experiment in 2024 and 2025 during Run 3 of the LHC at a centre-
of-mass energy /s = 13.6 TeV, corresponding to an integrated luminosity of 18 fb~1. In
addition, results are reported combining the Run 3 data with the previously analysed
Run 1 and 2 data, which were recorded at /s = 7TeV (2011), 8 TeV (2012) and 13 TeV
(2015-2018), with a total integrated luminosity of 9 fb~1. The results are the most precise
to date by a single experiment and supersede those presented in Refs. [43,44].

Detector and simulation

The LHCb Upgrade I detector [47] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or ¢ quarks.
The detector includes a high precision tracking system consisting of a silicon-pixel vertex
detector (VELO) surrounding the interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet, and three stations of scintillating-fibre detectors
located downstream of the magnet [48]. The identification of particles [49] is performed
with two ring-imaging Cherenkov (RICH) detectors, an electromagnetic calorimeter, a
hadronic calorimeter and a muon system. The Upgrade I detector represents a major
enhancement of the LHCDb experiment, allowing operation at an instantaneous luminosity
of 2 x 10** ecm2s7!, five times that of the previous detector. To enable this, the tracking
and RICH subsystems have been replaced with higher granularity detectors, while the
existing muon system has been upgraded with finer readout granularity and improved
shielding. The Upgrade I detector maintains or improves the excellent track reconstruction
and particle identification (PID) performance of the original LHCb detector in the higher
pile-up environment of Run 3 [50]. Furthermore, the initial hardware trigger stage has
been replaced with an all-software trigger [51], leading to substantial improvements in
efficiencies for hadronic and electron final states. While the B?S) — ptp~ yield per unit
luminosity is similar to that obtained in Runs 1 and 2, the analysis presented in this
article benefits from a substantial increase in integrated luminosity in Run 3 and from



improvements in the muon identification [52,53], particularly in rejecting misidentified
hadronic backgrounds.

Simulated samples are used to model the detector response. In the simulation, B?s)
mesons are generated using PYTHIA [54] with a specific LHCb configuration; decays of
unstable particles are described by EVTGEN [55] and final-state radiation is generated
using PHOTOS [56]. The interaction of the generated particles with the detector, and its
response, are implemented using the GEANT4 toolkit [57, 58] as described in Ref. [59].

Analysis method

The analysis follows a similar strategy to that adopted with the previous version of the
LHCb experiment for Run 1 and 2 data [43,44], but introduces developments enabled
by the Upgrade I detector and Run 3 data-taking conditions. Following the trigger and
preselection, candidate B?S) — utp~ decays are identified using a boosted decision tree
(BDT) classifier [60,61] trained to reduce combinatorial background. The signal yields of
B%— ptp~ and B — ptp~ decays are determined with an extended unbinned maximum-
likelihood fit to the dimuon invariant mass, performed simultaneously in five subsamples
split according to the response of the BDT classifier. The signal yields are converted into
branching fractions using B — K*7~ and BT — JA K™ with J/i) — p*p~ normalisation
modes, which are chosen due to their large yields and final states similar to the signals.
The efficiency ratios between the signal and normalisation modes are determined through
a combination of simulation and data-driven techniques. A fit to the dimuon invariant-
mass distribution is used to perform background subtraction via the sPlot [62] technique,
followed by a fit to the decay-time distribution. The decays B®— 77—, B?— KTK~,
BT — JWK* and BY— Jhb¢, with Jap— ptp~ and ¢— KTK~, are used to validate
the branching fraction and lifetime measurements and to correct simulation. To avoid
experimenter’s bias, the dimuon invariant-mass range [5200, 5450] MeV/c?, where the
BY— ptp~ and B°— ptu~ decays peak, was not studied until all methods had been
finalised.

In Run 3, the LHCD trigger system is divided into two stages, both implemented purely
in software. In the first stage, data from the detector are read out at the LHC bunch-
crossing frequency and events are passed to the second stage if they satisfy requirements
on at least one of two multivariate classifiers. These are trained to identify single tracks
with high transverse momenta (pr) and impact parameter significances (x% ), or pairs of
tracks forming a displaced vertex. In the second trigger stage, two-body B-meson decays
are reconstructed by a single algorithm that combines two oppositely charged tracks with
high p, pr and x%. The resulting B meson candidates must have a good vertex-fit quality,
a significant displacement from any primary vertex (PV) and have a momentum that is
well aligned with the vector joining the decay vertex and its associated PV. Since this

algorithm imposes no PID requirements on the tracks, it reconstructs both B?s) — T

and B?s) — h*h'~ decays (where i) = K, ), reducing systematic uncertainties associated
with their selection efficiencies. Similar, but distinct, trigger algorithms that impose
additional requirements on the PID responses of the muon and kaon candidate tracks are
used to reconstruct BT — JAp KT and B?— J/ip¢ candidates.

The candidates reconstructed in the second stage of the trigger are stored, and passed
through an offline selection in order to increase signal purity and to isolate different final



states. Final-state tracks are required to fall within the geometrical acceptance of the
RICH and muon detectors, and additional loose requirements are imposed on the kinematic
properties of the tracks and B candidates. A requirement on the output of a multivariate
classifier is imposed to suppress combinatorial background while maintaining a high signal
efficiency. This classifier is trained using simulated B?— " u~ decays as signal proxy and
a large simulated sample of inclusive bb — Xt~ processes as background. It combines
information on the track impact parameter (IP) with respect to the associated PV, the
distance of closest approach of the tracks, and the B candidate IP, x%, vertex fit x* and
the angle between its momentum vector and the line joining the PV to its decay vertex.
Finally, strict requirements on the PID information, provided predominantly by the RICH
and muon systems, are used to separate two-body decays into pu*pu~, K*n~, KTK~ and
7T~ final states.

After these selection requirements, the B?S) — up~ signal sample remains dominated
by combinatorial background, predominantly made of muons from semileptonic decays of
two b hadrons in the same event. This background is controlled using a BDT classifier,
trained using simulated B?— p*p~ decays as signal and inclusive bb — X pu*u~ events as
background that have passed the trigger and offline selection. The most discriminating
features used in the BDT are the responses of two dedicated isolation classifiers trained
using tracks from the underlying event that do not form the signal candidate, exploiting
the tendency of B(OS) — T~ decays to be more isolated, i.e. to have fewer additional
nearby tracks, than background candidates. Additional training features for this BDT
are: /A¢? + An? where A¢ and An are the differences between the azimuthal angle
and pseudorapidity of the two tracks forming the B candidate, the minimum Y% of the
signal candidate tracks, the angle between the B candidate momentum vector and the
line between the PV and its decay vertex, the vertex fit x? of the B candidate and the x%
of the B candidate. The output of the BDT classifier is rescaled after training to give an
approximately uniform distribution for signal B?S) — ptp~ decays in a range between zero
and one. To enhance the signal sensitivity, the B — pu*u~ and B®— utpu~ yields are
extracted through a simultaneous fit to the dimuon invariant mass performed in five bins
of the BDT classifier response, with the bin edges 0.25, 0.40, 0.50, 0.60, 0.70 and 1.00. The
background-dominated region below 0.25 is not included in the fit. The effective lifetime
is measured using candidates passing the requirement BDT > 0.5, which is optimised to
give the maximum expected signal significance for B? — u*u~ decays.

Branching fraction measurement

The signal yields IV B, sty AT converted into branching fractions via

BBy 117) = Ny e L
where Byom and Nyom, are the branching fraction [63] and yield of the normalisation mode
(B°—= K7~ or Bt = JWK™), enorm (€sig) 1s the efficiency for the normalisation (signal)
mode, and foom (fsig) 1S the probability for a b quark to fragment into the corresponding
B meson. Assuming f; = f,, the relevant ratio fs/f; has been measured by LHCD in
pp collisions at /s = 13.6 TeV to be 0.247 4 0.008 [64]. The yields of B’— K7~ and
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Figure 2: Mass distribution of (left) B — K+~ and (right) BT — J/W K™ events with the fit
curve overlaid. The data sample corresponds to an integrated luminosity of 4.3 fb~! collected in
2025.

Bt — JhWWK™ decays are evaluated from fits to data in the various data-taking periods
into which Run 3 is divided, one of which is shown in Fig. 2.

The values of a%%m;“ . from the two normalisation channels are determined for
)
14 data-taking periods, and averaged according to the normalisation mode yields and

ratios of signal and normalisation efficiencies. The values obtained of a%‘g:u .
for each normalisation mode are then combined, taking their correlations into ac-
count, to obtain the single-event sensitivities apo_,,+,~ = (1.13£0.04) x 107" and
o+~ = (2.76 £0.05) x 1072, The expected signal yields, assuming SM branch-
ing fractions, in the BDT region used for the fit (BDT > 0.25) are 235+ 13 B — pu~
and 26 £ 1 B°— p*pu~ decays.

The efficiencies are evaluated using a combination of simulated signal and normalisation
decays and calibration samples taken from data. Corrections are applied to the simulation
to improve agreement with data. In particular, the kinematics of the B® (B?) candidate
and the event multiplicity are corrected using B* — JA K+ (BY— Jhb¢) data, the track
reconstruction and PID efficiencies are calibrated using data samples of hadrons and
muons, and the BDT distribution of signal candidates is corrected with B° — K7~ data.

The branching fractions of B®— utpu~ and BY— putpu~ decays are extracted from
an extended unbinned maximum-likelihood fit to the dimuon invariant mass (m,+,-)
in the range [4900, 5900] MeV/c?. Three types of backgrounds are considered in the
fit: B?S) — h™h'~ decays, semileptonic decays, and combinatorial background. The
B?S)—> h*h'~ background occurs when both hadrons are misidentified as muons and
consists of B® — 777~ B® - K*n=, B - K~7n" and B? — K*K~ decays. The
pion-to-muon and kaon-to-muon misidentification probabilities are estimated from a large
data calibration sample of A7 — pK 7" decays. These misidentification probabilities are
verified using a B?s) — h™h'~ data sample in which one of the hadrons in the final state is
misidentified as a muon. The expected yield is estimated using B — K"~ as normali-
sation mode. Semileptonic decays of b hadrons include B — 7~ u*v,, B — K~ uty,,
and A) — pu~ 7, decays where the hadron in the final state is misidentified as a muon,
as well as B — 7%yt~ and Bf — Jhbutv, decays with JAip — ptpu~. The yield
of each semileptonic mode is estimated with simulation, using Bt — J/A4 K™ decays as a



normalisation mode. The expected yields of each background source in the mass and BDT
regions used for the fit are estimated to be 37 4 2 B?s) — hth'=, 250 £34 B — 7 putu,,
1846 BY — K—putw,, 32+ 13 A) — pu v, 123+ 12 B — 795+~ and 90 + 8
Bf — Jiputv, decays. The expected yields are Gaussian-constrained in the fit according
to the values and uncertainties of their estimated efficiencies and branching fractions [63].
The contribution of B? — u*u~v decays is found to be negligible. The yield of the
combinatorial background is free to vary in the fit in each BDT region.

The mass distributions of the B®— u*p~ and B?— T p~ signals are described with
double-sided Crystal Ball functions [65] whose parameters are Gaussian-constrained in the
fit. To account for possible biases in the track reconstruction, the mean values are obtained
from data fits to B — K*7~ and BY — KTK~ decays. A resolution of 23 MeV/c? is
obtained by interpolating the resolutions measured from mass fits to charmonium and
bottomonium resonances decaying into two muons. The tail parameters, and the variation
of the shape parameters across the BDT regions are obtained from corrected simulation.
The mass distributions of the B?S) — h*h'~, B® - 7 uty, and B? — K~ ptv, decays
are obtained from simulation accounting for the change in momentum due to the decays
of pions and kaons to muons. The resulting distribution is described using Gaussian
kernel density estimates [66]. The effect on the final results of using alternative models to
parametrise the B?S) — h™h'~ mass distribution and the statistical uncertainty on its shape
are found to be negligible. The remaining semileptonic backgrounds are also modelled
with Gaussian kernel density estimates of simulated data in which the full event selection
is applied. The combinatorial background is modelled with a single exponential function
with its slope free to vary in the fit. The dimuon mass distribution with the projection of
the fit overlaid is shown in Fig. 3 for BDT > 0.6 and in Appendix B for the five individual
BDT regions.

Effective lifetime measurement

The effective lifetime is measured in a single bin of the BDT response. First, an unbinned
maximum likelihood fit to the dimuon invariant mass in the range [5200, 5900] MeV/c? is
performed in order to extract the background-subtracted B? — putpu~ decay-time distri-
bution using the sPlot method [62]. Combinatorial background, B®— ™~ decays and
misidentified BY,) — h*h'~ decays are modelled in the fit, with the B{,) — h"h'~ yield
Gaussian-constrained to the expected value, determined using the method described above,
while all other yields are allowed to float freely.

A fit to the background-subtracted decay-time distribution is then performed in order to
determine the effective lifetime. The efficiency to reconstruct and select B? — 't~ decays
as a function of decay time is parametrised as the exponential of a cubic spline, which
is flexible enough to capture the features of the efficiency curve while being guaranteed
to be positive. The parameters of this efficiency function are determined using a fit to
the background-subtracted B — K+7~ decay-time distribution in data, shown in Fig. 4,
where the BY lifetime is fixed to the known value [63] and the parameters of the acceptance
function are allowed to float. To account for possible differences between B?— ptpu~
and B’ — K*7~ decays, this efficiency function is multiplied by a second function of
the same type, fitted to the ratio of B — u*u~ over B®— K*7~ decay-time efficiencies
in simulation. The final fit to the background-subtracted B?— up~ decay-time data
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Figure 3: Dimuon invariant-mass distribution in the BDT > 0.6 region. The data points are
shown in black, the projection of the fit is overlaid in blue, and its components are indicated
in the legend. Semileptonic backgrounds with a neutrino in the final state are grouped in the
orange component.

is performed using the resulting acceptance function multiplied by a single exponential
e_t/ Top

This method is validated using B’— KTK~ and B’— 777~ decays, where the
effective lifetimes measured on the Run 3 data sample are found to be within 0.012 ps
of the known lifetimes [63]. This difference is taken as a systematic uncertainty on
the BY— utu~ lifetime measurement. The fits to the validation channels are shown in
Appendix A.

Other sources of systematic uncertainty included are the effects of residual background
contamination from unmodelled semileptonic decays (0.006 ps), of a nonzero production
asymmetry on the decay-time distribution (0.002 ps), of the decay-time acceptance on the
relative admixture of light and heavy eigenstates as a function of AN} (0.003 ps), and the
residual bias of the lifetime fitting procedure evaluated with pseudoexperiments (0.008 ps).
The effects of neglecting decay-time resolution in the fit model and of correlations between
dimuon mass and decay time are found to be negligible.
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data points are shown in black while the maximum-likelihood fit used to extract the parameters
of the decay-time acceptance function is shown in blue.

Results
The signal branching fractions are determined to be

B(B®— ptp~) = (12605 005) x 1077,

B(B— ptpm) = (3311057 013) x 1077,

where the first uncertainty is statistical and the second systematic. The statistical
uncertainty is computed by repeating the fit after fixing all nuisance parameters to the
post-fit values obtained in the default fit. The dominant systematic uncertainty on
B(BY— ptu~) arises from f,/f; and amounts to 3% of the branching fraction, while
that on B(B®— ™) arises from the knowledge of the B?s) — hh'~ and semileptonic
backgrounds and amounts to 4%. The B? — u* ™ signal is observed with high significance.
An excess of B®— pt = events is observed with respect to the background expectation
with a significance of 3.0 standard deviations, taking systematic uncertainties into account.
The significance is computed from the difference in the likelihood value between fits
with and without the signal component using Wilks’ theorem [67], and is validated with
pseudoexperiments. The evidence for the B® — p*u~ decay enables the ratio of branching
fractions to be measured as

R = 0.03870018 £0.002 ,

where the first uncertainty is statistical and the second systematic.
The BY — ptu~ selection efficiency depends on the lifetime [68]. In the fit, the value
AR, = 41 is assumed. The dependence on this assumption is evaluated by repeating the



~ T T T T T T T T
|
3 LHCb
T N Wes27%CL
[ 95.45% CL
%Q 0.3 [Je9.73%cCL
— []99.99% cL
m | ® Best fit —
-+ sm
0.2 = R
0.1 —
-9
0 | 1 XlO
2 5 6

B(B)— p'p”)
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fit using A%, = 0 and AN = —1. An increase of 4.0% and 9.2% in B(BY — p*u~) is
found, respectively.

The two-dimensional profile likelihood of B(BY — p™u~) and B(B®— pp~) is shown
in Fig. 5. It is obtained by taking the ratio between the likelihood obtained from a fit in
which the two parameters of interest are fixed and the likelihood from the nominal fit. A
linear correlation of —3% is observed between the BY — ytp~ and BY — putp~ branching
fractions.

The mass fit used in the lifetime measurement and the resulting background-subtracted
decay-time distribution are shown in Fig. 6. The best-fit value for the effective lifetime is

Tup = 1.42 2 0.18 £ 0.02 ps,

where the first uncertainty is statistical and the second systematic. Using the known
values of I'y and AL’y [69], this result can be recast as

Ar, = —1.14 £1.78 £ 0.15 4 0.06,

where the first uncertainty is statistical, the second systematic and the third due to the
uncertainties on the external inputs where correlations are taken into account. This
estimate is not constrained to the physical range [—1,+1]. The B?— p*u~ signal yields
obtained in the effective-lifetime and branching-fraction mass fits are compatible within 1.7
standard deviations, as evaluated with pseudoexperiments accounting for the correlations
between the input parameters and for the different mass and BDT ranges used in each fit.
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sWeights for the effective BY — ptu~ lifetime measurement. (Right) Background-subtracted
BY — ptu~ decay-time distribution with the fit curve overlaid.

The branching fraction results are combined with those presented in Refs. [43,44] using
a simultaneous fit to the Run 1, 2 and 3 data, whose mass distributions are shown in
Appendix B. The B?S) — T~ branching fractions and nuisance parameters common to
the three samples are shared in the fit, while parameters specific to Run 1 and 2 data are
the same as those used in the previous measurements [44]. The results of the combined fit
are

B(B]— ptpu~) = (3.2550337013) x 1077,
BB~ iru) = (L1420 5 1071,
Ryp = 0.035 50157 0001 »
where the first uncertainty is statistical and the second systematic. The significance of the
B®— ptpu~ signal in the combined fit, computed using Wilks’ theorem, is 3.2 standard
deviations, and is validated using pseudoexperiments.
The measurement of the effective lifetime is statistically dominated and the systematic
uncertainty is uncorrelated with that of the result presented in Refs. [43,44]. Therefore,

the Run 1-2 and Run 3 results are combined using an inverse-variance weighted average,
yielding

Ty = 1.60 £ 0.16 = 0.01 ps,
where the first uncertainty is statistical and the second systematic. This corresponds to

’Z“Fs =091£1.92+0.18 £0.10.

Conclusions
Enabled by the unique capabilities of the LHCb Upgrade I detector, evidence for the

B®— ptpu~ decay is reported with a significance of over three standard deviations, along
with the world’s most precise determinations of the B — p™u~ and B®— pu*p~ branching

11



fractions and the B?— p*u~ effective lifetime. This work marks the first analysis of
B?S) meson decays into two muons performed with the new detector, demonstrating
its capabilities to perform precision flavour physics at high luminosity. The results
are combined with those from the previous generation LHCD detector. All results are
consistent with SM expectations and constrain new physics contributions at energy scales
beyond those accessible through direct production at the LHC.
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A Validation of the effective lifetime measurement

Figures 7 and 8 show the invariant-mass fits used to obtain the background-subtraction
weights for B — 777~ and B? — K™K~ decays, respectively, and the subsequent
decay-time fits used to validate the acceptance determination.
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Figure 7: (Left) Invariant-mass distribution with fit used to extract weights for B® — 7tz
decays. (Right) Background-subtracted BY — 7t 7~ decay-time distribution with fit used to
determine the mean B lifetime.
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Figure 8: (Left) Invariant-mass distribution with fit used to extract weights for B — KTK~
decays. (Right) Background-subtracted BY — K+ K~ decay-time distribution with fit used to
determine the effective BY — K™K~ lifetime.

B Invariant-mass fits for the branching fractions

The dimuon invariant-mass fits in all BDT categories are shown in Fig. 9 and Fig. 10 for
the Run 3 and combined Run 1, 2 and 3 data, respectively.
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