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1 Introduction

Rare B meson decays provide a sensitive probe for beyond-the-standard-model (BSM) effects
and can explore energy scales much higher than the ones directly accessible at the Large Hadron
Collider (LHC) at CERN. A key factor in the success of these studies is the availability of
precise theoretical predictions for experimentally accessible processes. The B! — u "~ and
B® — uTu~ decays represent a rare case where theoretically clean predictions are matched
with a clear experimental signature. (In what follows, charge-conjugated decays are implied.)
These rare decays are examples of flavor changing neutral current processes, which are strongly
suppressed in the standard model (SM), making them sensitive to BSM physics contributions.

The B! — u"u~ and B® — u*u~ decays proceed through penguin and box diagrams that
involve Z or W boson exchange and are furthermore helicity suppressed by a factor mi /m3,

where m,, and my denote the masses of the muon and either the BY or B® meson, respectively.

K
Moreover, the B — 11~ decay is also Cabibbo suppressed. As a result, in the SM, the average

time-integrated branching fractions for these decays are very small [1]:

BBY = uTu") = (3.6640.14) x 1077
BB — utu~) = (1.03+0.05) x 1071,

These predictions include next-to-leading order (NLO) corrections of electroweak origin and
next-to-next-to-leading order (NNLO) QCD corrections. The largest contribution to the theo-
retical error is due to the uncertainties in the CKM matrix element values.

A number of experiments at ete™ and hadron colliders have searched for these decays, but
only recently the first observation of the B! — 1~ decay was reported in a combined anal-
ysis of data taken by the LHCb and CMS Collaborations [2], which was later confirmed by the
ATLAS [3], CMS [4], and LHCDb [5, 6] experiments individually. Currently, the most precise
measurement of the BY — u 1~ branching fraction is achieved in a combined analysis of data
of the three experiments [7]. They show a small deviation from the SM prediction at the level
of 2.1¢. No significant indication of the B — u 1~ decay has been reported so far.

A few recent measurements of b — s/ £~ processes have reported disagreements at the level of
2-3 standard deviations from the SM predictions in the branching fraction of the B — K*pu*p~
and B — ¢u*u~ decays [8-11], angular observables in the B — K*u ™y~ decays [12, 13] and in
searches for lepton flavor universality violation in measurements of the Ry and Ry ratios [14—
17]. While not all individual measurements confirm these observations [18, 19], the global fits
of rare B decay data show a strong preference of the BSM physics scenario over the SM by more
than 4 standard deviations [20].

In the framework of an effective field theory, b — s¢*¢~ decays are dominated by the semilep-
tonic operators Oy = (5,79,b,)(£y"€) and Oy = (5,7,b)(€y"y5(). As the B} — p*yu~ and
B® — uTu~ decays are dominated by the Oy, operator, they can be sensitive to the same ef-
fects. The BSM physics contributions could be observed as deviations of the corresponding
Wilson coefficients (Cy and C;) from their SM values. What differentiates the fully leptonic B
meson decays from the semileptonic ones is that all non-perturbative hadronic contributions
enter through the decay constants, which are known precisely from the Lattice QCD calcula-
tions. Therefore a precise measurement of the B — u "y~ decay properties may have a big
impact on interpretations of these anomalies.

The effective lifetime of the B! meson measured in the B — pu*u~ decay is an independent
theoretically clean probe for BSM physics [21]. In the SM, only the heavy BS,H mass eigenstate



can decay to the u"u~ final state. This is because, in the absence of CP violation, the BY mass
eigenstates are also CP eigenstates, with the heavier one being CP odd, and u "y~ isalsoa CP-
odd final state. Therefore, any significant deviation of the measurement from the SM prediction
for the BS,H lifetime would indicate a BSM physics contribution. Currently, the most precise
measurement of the B meson lifetime in BY — 1+~ decays of T(BY — utu~) =2.074+0.29ps
comes from the LHCb experiment [6].

In this note, we report on a new measurement of the B — u "1~ decay and a search for the
B? — u T~ decay based on the proton-proton (pp) collision data at a center-of-mass energy
of 13 TeV collected by the CMS experiment in 20162018, and corresponding to an integrated
luminosity of 140fb~!. The new analysis uses improved techniques compared to our earlier
publication based on 2011-2012 and 2016 data [4]; consequently the 2016 data sample has been
reanalyzed, and the new results supersede the ones from Ref. [4]. Given that the sensitivity of
the 2016-2018 data significantly exceeds that of the 2011-2012 sample, no attempt is made to
combine the new results with the 2011-2012 data.

2 Data analysis overview

The data analysis strategy employed in this measurement is based on the previous CMS studies
of B — u*u~ and B® — u "~ decays. We made a few modifications and improvements to in-
crease the analysis sensitivity, benefiting from the large amount of data collected in 2016-2018.
With the increased sensitivity, we had to develop new methods to achieve better understanding
of various systematic effects.

We reconstruct leptonic B meson decays by combining two oppositely charged muons, per-
forming a common vertex fit, and imposing selection criteria to separate small signals from
large backgrounds. (Here and in what follows, we use the notation B to denote either the B°
or the BY meson.) The dominant background sources are the combinatorial background where
the two muons originate from two different heavy quarks, the partially reconstructed semilep-
tonic decays where both muons originate from the same B meson, and the peaking background
coming from the charmless two-body hadronic decays of B mesons.

The combinatorial and partially reconstructed backgrounds are the main limiting factors in the
analysis sensitivity. Despite being reducible backgrounds with a number of distinct features,
they are copious, which makes it difficult to reject them completely without losing a significant
fraction of signal events. In order to maximize the analysis sensitivity, we perform a multi-
variate analysis (MVAg) combining multiple discriminating observables in a single powerful
discriminator. Training and performance evaluation of the MVAg is described in Section 6.

The charmless two-body decays, such as B —» Ktm—, Bg — KTK~ etc., may look like sig-
nal when both charged hadrons are misidentified as muons. We measure the misidentification
probabilities in data using Kg — ntn, ¢ — K'K~, and A — pr~ decays. We find a rea-
sonable agreement between the data and Monte Carlo (MC) simulation for pions and kaons,
where the misidentification probability is dominated by the pion and kaon decays in flight to
a muon and a muon neutrino. The probability to misidentify protons as muons is an order of
magnitude smaller according to simulation, and found to be even smaller in data making con-
tributions from associated processes unimportant. With a tight muon identification based on a
multivariate analysis (MVA,), we reduce the charmless two-body backgrounds to a negligible
level.

We split events into 16 categories: four data-taking periods, two pseudorapidity regions, and
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two signal regions with different signal purity defined by the analysis MVAg discriminator
value. The pseudorapidity regions are 0 < |yg| < 0.7 and 0.7 < |#g| < 1.4, where 7 is
the pseudorapidity of the most forward muon. The absolute pseudorapidity is limited to 1.4
because of the trigger requirement.

The results are extracted using simultaneous unbinned maximum likelihood (UML) fits. For
the branching fraction measurements, we perform a two-dimensional (2D) fit using the dimuon
invariant mass and its uncertainty as the observables. For the lifetime extraction, we perform
a three-dimensional (3D) fit using the dimuon mass, the decay time, and its uncertainty as the
observables.

Given the poor precision in the knowledge of the bb cross section at the LHC, a direct extraction
of the branching fractions of the BY — u*u~ and B® — u*u~ decays would be affected by a
large uncertainty. As commonly done in B physics analyses, the signal branching fraction is
instead calculated by normalizing it to another decay channel of a B meson, for which the
branching fraction is well known and whose characteristics allow for a precise reconstruction
with low backgrounds. The BT — J/¢K™ with J/¢p — pp is the best candidate in our case. We
also consider BY — J/i¢ decays with ¢(1020) — KK as an alternative. The signal branching
fractions B(B? — u*u~) and B(B® — u* 1) can be then extracted as

NBg%y"‘y_ Ept Kt fu

B(B) = utu~) =B(B" = J/yK") 1)
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where Ny is the number of the decay X candidates, as extracted from the fit, and ey is the
corresponding full selection efficiency. In addition, f,, f4 and f, are the B hadron production
fractions for B, B and B? mesons, respectively. The ratio £,/ f4 is expected to be 1 in the SM
due to the isospin symmetry. The ratio f,/ f,,, as well as B(B* — J/¢K*) and B(B? — J/y¢),
are external inputs discussed later in Section 9.

A key advantage of measuring the branching fractions with respect to other decays is that it
allows for a cancellation of many systematic uncertainties in the selection and reconstruction
efficiencies of the signal and normalization channels.

In order to avoid unconscious biases, the analysis employed a “data blinding” technique. All
optimization studies were performed on data excluding events with the dimuon mass from
5.15 to 5.50 GeV. Once the selection criteria and measurement procedure were fixed, the data
were unblinded.

3 The CMS detector

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator



hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. A more detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [22].

The silicon tracker used in 2016 measured charged particles within the range || < 2.5. For
nonisolated particles of 1 < pr < 10GeV and |5| < 14, the track resolutions were typically
1.5% in py and 25-90 (45-150) um in the transverse (longitudinal) impact parameter [23]. At the
start of 2017, a new pixel detector was installed [24]; the upgraded tracker measured particles
up to || < 3.0 with typical resolutions of 1.5% in py and 20-75 ym in the transverse impact
parameter [25] for nonisolated particles of 1 < pr < 10GeV.

Muons are measured in the pseudorapidity range |#| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Matching
muons to tracks measured in the silicon tracker results in a relative transverse momentum
resolution, for muons with pr up to 100 GeV, of 1% in the barrel and 3% in the endcaps [26].

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 us [27]. The second
level, known as the high-level trigger (HLT), consists of a farm of processors running a version
of the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1kHz before data storage [28].

4 Data and Monte Carlo simulations

We split data collected with the CMS detector in 2016-2018 into four distinct periods: 2016a,
2016b, 2017, and 2018. The integrated luminosities of the corresponding samples amount to
20.0, 16.6, 42.0, and 61.3fb™ 1, respectively [29-31]. Data from the 2016a period was affected by
the strip tracker dynamic hit inefficiency. The problem was resolved in August 2016 and the
data for the rest of the 2016 data-taking period is referred to as 2016b. During the winter break
of 2016-2017, the pixel detector was upgraded. The new detector provides a higher acceptance
and better resolution. During the 2017 data taking, the pixel detector had synchronization
issues at the beginning of the run, followed by the DC-DC converter failures leading to about
11% of the detector being unresponsive. Most of these issues were resolved in 2018.

We use multiple samples of MC-simulated events to evaluate the signal efficiency, the detec-
tor response, and the background yields. The simulated event samples are generated with
PYTHIA 8.212 [32] using tune CP5 [33] and propagated through the CMS detector model using
the GEANT4 [34] package. The decay of B hadrons is described using the EVTGEN 1.3.0 [35]
program and final-state photon radiation using the PHOTOS 3.56 [36] program.

Multiple interactions within the same or nearby bunch crossings (pileup) are simulated for all
samples by overlapping simulated minimum bias events with the hard scattering, with the
multiplicity matching that observed in data (averaging to 23 for the 2016 and 32 for 2017-2018
data).
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5 Event reconstruction and selection

The events used in this analysis were collected with a set of exclusive dimuon triggers designed
to select B — utu—, BY — J/yKT, and BY — J/¢¢ events. Given the high rates of dimuon
events, the triggers were designed with tight selection requirements to achieve acceptable data
rates. The L1 hardware triggers required two high-quality [27] oppositely charged muons re-
stricted in rapidity to || < 1.5. At the HLT, a high-quality secondary dimuon vertex [28] was
required and the events were restricted to narrow mass windows around the B meson and J/y
masses. The J/i triggers additionally required the secondary vertex (SV) to be displaced from
the beam spot.

The candidate selection starts with the reconstruction of dimuon candidates, which are used to
build different B candidates for the signal and control regions. The selection is kept as similar as
possible among all the candidates to be able to benefit from the cancellation of systematic effects
in the ratio of efficiencies used for the branching fraction normalization. Both muons were
required to have a high-quality central track [23] with the transverse momentum pr > 4 GeV
and rapidity |7| < 1.4. In addition, both muon candidates were required to pass tight muon
identification requirements [4, 26], which suppressed misidentified muons from pion and kaon
decays in flight and other sources.

We fit the B meson candidates employing a kinematic fitter described in Ref. [37]. We apply
different kinematic constraints depending on the final state. For the B — p"u~ and BY —
utu~ decays, we use a common vertex constraint, while for the B* — J/wK™ and B! — J/¢¢
decays we also add a mass constraint for the J/i candidate.

From the candidate’s decay vertex and its momentum we build a refitted trajectory represent-
ing the B candidate. Then, for each primary vertex (PV) in the event, the trajectory is extrap-
olated to the closest point to that vertex. The absolute distance between the closest point and
the PV in 3D is defined as the impact parameter. The PV with the smallest impact parameter is
selected as the best PV for the B candidate

Table 1 shows a summary of the B candidate selection criteria used as inputs to the MVAg and
the UML fits. The 3D SV displacement significance is defined as the 3D distance between the
PV and the dimuon SV, divided by their combined uncertainty. The 2D puu pointing angle « is
defined as the angle between the dimuon momentum and the line connecting the PV and SV
and is calculated in the transverse plane with respect to the beam direction. The pointing angle
requirement is introduced to match the cos(a) > 0.9 requirement used in the J/¢ triggers.

Table 1: Selection summary before the analysis MVAg.

Selection B—utu~ BT = J/yKT B —]J/pe
B candidate mass [ GeV | [4.90, 5.90] [4.90, 5.90] [4.90, 5.90]
Blinding window [ GeV ] [5.15, 5.50]

Py [GeV ] >4 >4 >4
17, <14 <14 <14
3D SV displacement significance >6 >4 >4
Pruu [GeV ] >5 >7 >7
up SV probability > 0.025 > 0.1 > 0.1
up invariant mass [ GeV ] [4.9,5.9] [2.9, 3.3] [2.9, 3.3]
Kaon p1 [GeV ] >1 >1
Mass-constrained fit probability > 0.025 > 0.025
2D pp pointing angle [rad] <04 <04

¢ candidate mass [ GeV ] [1.01, 1.03]




6 Multivariate analysis

Most of the observables used to distinguish signal from background have rather weak discrim-
inating power. Therefore we employ a multivariate analysis MVAg to combine them into a
single more powerful discriminator. Compared with the previous analysis [4], we have relaxed
the preselection requirements, developed new discriminating observables, added significantly
more data for the model training, and used a more advanced machine learning algorithm. This
allowed us to significantly improve the analysis sensitivity achieving the same level as in the
previous measurement with just ~ 60% of the previous data.

Inputs to the MVAg can be split into three major classes. The first class includes pointing angles,
which are defined as the angles between the B candidate momentum and the line connecting
the PV and SV, either in 2D or 3D. We use both definitions since the 2D version benefits from
a smaller uncertainty on the vertex position and the 3D version provides additional match-
ing information along the beam line. These observables are effective at rejecting all types of
backgrounds except for the ones originating from the two-body decays.

The second class of observables is related to the SV. The dimuon candidates from the combina-
torial background tend to correspond to a low-quality SV fit. Therefore the SV probability is
one of the most powerful discriminators. In addition to that, it is often possible to find another
track that forms a better SV with one of the muons. Furthermore most of the misreconstructed
SVs tend to be close to the PV and they can be rejected using the SV displacement information.

The last class of observables represents various isolation variables that are designed to detect
nearby decay products present in the semileptonic B meson decays. We examine the isolation
environment of each muon as well as the dimuon candidate as a whole. Besides the isolation
variables we use additional observables designed to detect extra tracks or vertices compatible
with the two muons, which often happen for the partially reconstructed and combinatorial
backgrounds. In particular, we compute the number of tracks compatible with the yu SV based
on various track selection requirements. We also look for better-quality SVs formed by one of
the muons and an arbitrary track.

The isolation I is determined from the B candidate transverse momentum and other charged-
particle tracks in a cone of radius AR = /(An)? + (A¢)? = 0.7 around the B candidate mo-
mentum as follows:

pr(B) + Lok 1l

where the sum includes all charged-particle tracks with py > 0.9 GeV that do not belong to the
B candidate and are associated with the same PV as the B candidate.

This selection has been optimized in previous studies to maximize the separation power be-
tween B! — u*u~ signal and background and to achieve a reasonable agreement of the MC
simulation with data for the Bt — J/¢K™ normalization channel.

In addition to the B candidate isolation, we also compute a single-muon isolation IH for each
muon using charged-particle tracks in a cone with radius AR = 0.5 around the muon direction:

Py

I, = — —,
: Pl + Lk | o]

where the sum includes all tracks with py > 0.5GeV that do not belong to the B candidate and
are associated with the same PV as the B candidate.
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The parameters for the single-muon isolation have been optimized to achieve maximum sep-
aration between signal and background, while minimizing the dependence on the level of
pileup.

For the MVAg training, we employ the XGBOOST library [38], which implements an advanced
gradient boosting algorithm. The training is performed on a mixture of simulated B — 3~
signal events and background events in data selected using the sidebands of the dimuon mass
distribution consisting of two regions: [5.5,5.9] GeV populated by the combinatorial back-
ground and [4.9,5.1] GeV representing a combination of the partially reconstructed and combi-
natorial backgrounds. The events are split into training and testing categories in a 2:1 propor-
tion. To reuse all available events we trained three classifiers by assigning events to one of the
categories based on their event number modulo 3. This allowed us to classify all events in data
making sure that no event was evaluated by a classifier that was trained on the event itself.

In order to measure the actual MVAg performance in data we use the BY — J/pK™ control
sample with modified selection requirements to improve the matching between the B — 'y~
and B — J/pK™ kinematic distributions. In addition to the standard selection requirements
we require the kaon pr < 1.5GeV, effectively requiring the kaon to be soft and carry just a
small fraction of the original B meson momentum.

Even with the optimized selection, we still have some differences in the kinematic distributions
for the two decays, which may have an impact on the analysis. The most important one is the
difference in the invariant mass of the B} and J/¢ mesons. It has a significant impact on the
opening angle between the two muons, which leads to a larger uncertainty in the pu vertex
position along the dimuon momentum and therefore the SV significance that needs to be scaled
by a factor ~ 1.6 to match the B! — u*u~ distribution to the B* — J/¢K™* distribution.

To achieve the best matching between the MVAg distributions for the B! — p*u~ and BT —
J/$K™ decays we need to select the right input observables for MVAg in the BT — J/K™ chan-
nel. For the pointing angle and the impact parameter we use the K final state observables
since otherwise we would have a wrong B candidate momentum vector. We also ignore the
kaon track in all the isolation calculations and extra track counting. For the rest of the inputs
we rely on the ypy observables only.

Figure 1 shows a comparison of the MVAg distributions for the B* — J/pK™ simulation and
data. The data plots have background subtracted using the sPlot technique [39] applied to
the UML fits of the Bt — J/¢K™' invariant mass distributions. We observe good agreement
between MC simulation and data for the 2016a and 2016b samples. The agreement is worse for
the 2017 and 2018 samples.

We derive corrections to the efficiency of the MVAg selection requirements in two different
ways. The first (“Ratio”) method derives the corrections using the Bt — J/K* sample and ap-
plies them to the B — "~ and BY — u "y~ efficiencies. The second (“XGB0OOST”) method
is based on the idea of reweighting the MC simulation samples to match the data. We were not
able to find a single variable, which would allow us to compensate for the discrepancy, and
therefore we developed an approach using the XGBOOST algorithm to train a classifier on the
difference between the simulation and data in Bt — J/¢pK™ events and use it to reweight the
simulated B — p"u~ events. We trained the XGBOOST classifier using the same inputs that
we use for the analysis MVAg. The data have the backgrounds subtracted via the sPlot tech-
nique, as described above. The corrections from the two methods are summarized in Table 2.
In general the two methods give compatible results within 1-2 standard deviations. We are
using results from the XGBOOST method as default, and take the difference between the two



Table 2: Efficiency corrections for the B — 11~ decays derived using two different methods:
the efficiency ratio between data and simulation and XGBOOST reweighting in B™ — J/pK*
events. The loose region is defined as MVAg > 0.9 and the tight one as MVAg > 0.99.

Loose MVAg selection Tight MVAg selection
Method
2016 2017 2018 2016 2017 2018
Ratio 1.0114+0.013 0.939£0.007 0.903£0.008 1.058+0.019 0.891+£0.008 0.885+£0.010

XGBoosT 0.9914+0.008 0.949+0.003 0917=£0.002 1.0084+0.011 0.905+0.004 0.908 £ 0.002

methods as a systematic uncertainty.
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Figure 1: Distributions of the MVAg output for 2016a (left), 2016b (center), and 2017-2018
(right) data and the corresponding simulations. The blue histograms represent reweighted MC
simulations using the XGBOOST reweighting method. The MC distributions are normalized to
the data integral.

7 Data analysis

We perform a set of UML fits: the BT — J/¢K* and B! — ]J/¢¢ yield fits, simultaneous
B — u*u~ and B — u*u~ branching fraction fit, and B! — u "~ effective lifetime fit.

For the branching fraction extraction, we perform a 2D fit of the dimuon invariant mass and
the relative mass resolution distributions within multiple event categories. The events are cat-
egorized using the following three independent criteria:

— data-taking period: 2016a, 2016b, 2017, or 2018;

— signal purity based on the analysis MVAg: [0.90, 0.99] or [0.99, 1.00]; and
— absolute rapidity of the most forward muon: [0.0, 0.7] or [0.7, 1.4],

leading to 16 unique categories.

The parameters of interest are the branching fractions of the B — u*u~ and B® — utpu~
decays, which are derived from the corresponding yields. The signal mass model includes the
per-event mass resolution in the parameterization. The likelihood consists of five components:
BY signal, B? signal, partially reconstructed semileptonic 3-body B — huv and B — hupu
background, peaking B — h™h ™ background, and the combinatorial background (h represents
a hadron).
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We estimated the expected performance of the branching fraction measurement via an ensem-
ble of pseudo-experiments generated using the SM values for the branching fractions and the
lifetime. The relative uncertainties in the B (B! — u* ™) are expected to be +11.1/—10.5%
with the expected signal significance of 13.1 standard deviations. For the B (B® — p ™), the
expectations are +67/—62% and 1.67 standard deviations.

In order to extract the effective lifetime of the B meson in the B! — p "~ decay, we per-
form an UML fit of the dimuon invariant mass, decay time, and decay time uncertainty. The
signal component of the decay time is corrected for the reconstruction and selection efficiency
measured in simulation and corrected for mismodeling using the BT — J/pK™ decays in data.
In order to minimize the difference between the two channels, we used BT — ]/1[]K+ events
selected in as similar a manner as possible to the B — u "~ decays including the analysis
MVAg, constructed in such a way that it matches MVAg of B — 1~ decays. The combina-
torial background decay time distribution was obtained from the mass sideband in data. The
decay time uncertainty is calculated for each event and used as a conditional observable in the
fit.

Using pseudo-experiments generated with a complete B! — 1+~ model, the expected uncer-
tainty in the lifetime is found to be (4-0.18, —0.16) ps.

8 Systematic uncertainties

8.1 Branching fraction measurement

The branching fraction measurements have multiple sources of experimental and theoretical
systematic uncertainties. The experimental uncertainties are dominated by the uncertainty in
the B — u™u~ signal efficiency corrections due to mismodeling of MVAg in MC simulation, the
kaon reconstruction and selection efficiency for the B" — J/¢ K™ and B — J/i¢ normaliza-
tion measurements, and the trigger efficiency difference between the signal and normalization
channels. The uncertainties in the branching fractions of the B* — J/wK™ and BY — J/i¢
decays, as well as in f/ f,, are considered to be external uncertainties, which are factorized out
in the final results.

The signal efficiency corrections for mismodeling of the MVAg distribution are estimated with
two different methods described in Section 6. The two methods give results compatible with
each other. Based on the difference between the two methods, we assign a 2 (3)% systematic
uncertainty in the corrections for the MVAg > 0.9 (0.99) B! — u"u~ and B — utu~ signal
efficiency.

The tracking efficiency difference between data and simulation is assessed using D** decays [40].
This method computes the ratio of the D — K~ 7t to D’ — K~ 7" 7w 7~ event yields for D°
mesons coming from D** — D%7r* decays and compares it with the world average value [41].
Based on these results we assign an overall 2.3% systematic uncertainty due to the tracking
efficiency for each kaon.

As for other systematic uncertainties, the fit bias is extracted from the difference between the
measured branching fraction from the pseudo-experiments and the SM value. The shape un-
certainty of the normalization channel is derived by using the different signal pdfs in the yield
tits. The pileup uncertainty is extracted from the efficiency ratio difference derived using the
pileup distribution of data and MC simulation. The normalization channels require a tighter
SV probability than the signal channel due to the different triggers. Its uncertainty is evaluated
by the efficiency difference of the tighter SV probability requirement (0.1 with respect to 0.025)
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between the data and MC simulation in the BT — J/{K™ events.

Table 3 summarizes the systematic uncertainties for the branching fraction measurements using
the B — J/wK™ events for normalization. For the B! — u "y~ branching fraction measure-
ment with the B! — J/1¢ normalization the tracking efficiency systematics is doubled to 4.6%
due to presence of two kaons in the final state and the shape uncertainty is found to be a bit
larger, i.e. 1.5%. At the same time, this measurement is free from the B production fraction
systematic uncertainty.

The lifetime of B mesons has a significant impact on the signal efficiency for the B — Ty~
decays. The branching fraction measurements are reported assuming the SM value for the
lifetime. For an alternative hypothesis, the scale factor for the branching fraction is 1.577 —
0.3587, where T is the B meson lifetime in ps for the alternative hypothesis.

Table 3: Summary of the systematic uncertainties for the B — u "5~ and B — " u~ branch-
ing fraction measurements.

Effect B »ufu~ B —utu-
Trigger efficiency 2-4%

Pileup 1%

Vertex quality requirement 1%

MVAg correction 2-3%

Tracking efficiency (per kaon) 2.3%

BT — J/$K™ shape uncertainty 1%

Fit bias 2.2% 4.5%
fs/ fu- ratio of the B meson production fractions 3.5% -

8.2 Lifetime measurement

The dominant sources of systematic uncertainties in the lifetime measurement are associated
with correlations of the MVAg with the decay time and with mismodeling of these correlations
and other effects in simulation.

The correlation of the decay time and MVAg comes from the fact that one of the most discrim-
inating variables, the pointing angle, strongly correlates with the decay time. The correlation
enters via the decay distance: the larger the decay distance the better one knows the direction
between the SV and PV. As the decay distance gets shorter, the uncertainty in the pointing an-
gle increases, making such events harder to distinguish from the background. Mismodeling of
these correlations in the simulation can have a significant impact on the decay time distribu-
tion.

The decay time is correlated with many selection requirements. Most of them are well simu-
lated. We measure the lifetime bias in B* — J/{K™ events using a relaxed selection require-
ment MVAg > 0.9 and compare it to the prediction from simulation. We find that the bias for
the lifetime measurement to be 0.04-0.05 ps depending on the data-taking period.

For the final selection, we derive a correction as a ratio of the decay time distributions at
MVAg > 0.99 and MVAg > 0.9 using BT — J/K™ events in data and apply this correction to
the B — uTpu~ decay time distribution extracted from the simulation using MVAg > 0.9 se-
lection requirement. Repeating the procedure using simulated events, we find that the method
may introduce up to 0.10 ps bias in 2016 data. The bias is found to be much smaller in 2017 and
2018 data. These effects are taken into account in the lifetime fit by introducing independent
nuisance parameters in the fit model.
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As for minor systematic uncertainties, the uncertainty of efficiency modeling is derived using
the different efficiency functions of the decay time in the lifetime fit of the B* — J/$K™ events.
We measure the lifetime of the MC samples generated with different lifetimes from the pseudo-
experiments while sharing the same efficiency function. The difference between the measured
lifetime and the input lifetime of the MC samples is assigned as the systematic uncertainty.

Table 4 summarizes the systematic uncertainties in the lifetime measurement. Most of the un-
certainties are treated as uncorrelated between different data-taking periods unless a clear cor-
relation is established.

Table 4: Summary of the systematic uncertainties in the BY — u ¥~ effective lifetime measure-
ment (ps).

Effect 2016a 2016b 2017 2018

Efficiency modeling 0.01

Lifetime dependence 0.01

Decay time distribution mismodeling 010 006 0.02 0.02

Lifetime fit bias 0.04 004 0.05 0.04

Total 011  0.07 0.05 0.04
9 Results

Using the result of the BT — J/¢K™ normalization fit with Equations 1 and 3, we find the
branching fractions to be:

B(BY — ™) = [383°03 (stat) *012 syst “§H i/ f)] x 107,

B(B® — utu~) = [037707 (stat) T005 (syst)] x 10710

These results are based on the following external inputs
e B(BT — J/yK*) = (1.020 4-0.019) x 1073,
o B(J/$ — uTu~) = (5961+0.033) x 1072, and
o f./f, =0.231+0.008.

The branching fractions are taken from the PDG [41]. The f,/f, ratio is derived from the
pr-dependent measurement of the f,/f, ratio by LHCb [42]. We are using the effective pr
distribution observed in this measurement shown in Figure 2 to compute an effective f/ f,
ratio for the phasespace used in this measurement.

The mass projections with all four data-taking periods merged together are shown in Figure 3.
The profile likelihood scans as functions of the B — u*u~ and B — p*u~ branching frac-
tions for 1D and 2D cases are shown in Figure 4. The event yields for each component of the fit
are summarized in Table 5.

We also estimate the branching fractions using the B! — J/¢¢ decays for the normalization.
This result is free from the systematic uncertainty on the f, / f, ratio, but it depends on the B —
]/ ¢ branching fraction. At the moment the branching fraction measurement is correlated with
the f, / f,, ratio measurement, but in future this may become a more precise test of the SM when
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Figure 2: The distribution of the B meson p after the sPlot background subtraction in data
(points with the error bars) and simulation (hatched histogram) for BT — J/¢ K™ (left) and
BY — utu~ (right) events. The MC distributions are normalized to the data integral.

new independent measurements of the B! — J/i¢ branching fraction become available such
as the measurement performed at the Y(5S) resonance by the Belle collaboration at the KEKB
ete™ collider [43]. Experimentally, the measurement has a bit larger systematic uncertainties
due to presence of the second kaon in the final state.

Assuming B(BY — J/¢¢) = (1.018 £ 0.050) x 1073 [42] and using the result of the BY — J/i¢
normalization fit with Equation 2, we get:

B(BY — putp™) = [3.95703 (stat) 0% (syst) *034 (BF)| x 10°°.

The observed (expected) signal significance is found to be 12.5 (13.1) and 0.5 (1.7) standard de-
viations for the BY — u "~ and BY — u*u~ decays, respectively. The 90 and 95% confidence
level (CL) upper limits on B (B® — u Ty ~) are evaluated using the CL, approach [44, 45] and
found to be

BB® = u"u") <15 x1071%at 90% CL,
BB® = u"u") < 1.9 x 1071 at 95% CL,
as shown in Figure 5.

The effective lifetime for the B — u 1~ decay is found to be

T = 1.83 7522 (stat) T00; (syst) ps.

The UML fit projection on the decay time axis for the signal region 528 < m,,, < 5.48GeV
is shown in Figure 6. The observed lifetime is consistent with the SM value within 1 stan-
dard deviation, and therefore we do not correct the corresponding selection efficiency when
performing the branching fraction measurement.
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Figure 3: The projections on the dimuon mass axis for the branching fraction fit for the MVAg >
0.99 category (left) and 0.99 > MVAg > 0.90 category (right). The blue curves represent the
corresponding projections of the final fit model.

Table 5: Expected and observed event yields for each category (postfit). Channel 0 and 1 refer
to the |7p| ranges of [0.0,0.7] and [0.7,1.4], respectively.

Dataset Channel N(BY) N(B?) N(comb) N(peak) N(semi) Nf(total) Data
MVA; > 0.99
2016a 0 5.3 0.2 2.8 0.2 6.0 14.5 16
2016a 1 94 04 16.2 0.4 9.9 36.3 35
2016b 0 6.3 0.3 1.7 0.2 7.9 16.4 12
2016b 1 9.9 0.4 8.6 0.4 13.3 32.6 32
2017 0 23.5 1.0 51.4 0.8 29.6 106.3 114
2017 1 33.9 1.3 89.6 14 440 170.2 165
2018 0 34.5 1.4 64.8 1.3 38.4 140.4 143
2018 1 50.0 2.0 151.0 2.5 50.9 256.4 252
0.99 > MVAg > 09
2016a 0 4.8 0.2 118.0 0.2 8.4 131.6 132
2016a 1 8.9 04 324.8 0.4 16.5 351.0 352
2016b 0 5.6 0.2 107.6 0.2 10.9 124.5 126
2016b 1 9.2 04 257.1 0.4 18.2 285.3 287
2017 0 15.2 0.6 637.7 0.7 26.4 680.6 683
2017 1 21.7 0.9 1430.5 1.1 443 1498.5 1498
2018 0 23.3 1.0 936.2 1.2 52.5 1014.2 1017
2018 1 34.2 14 2222.5 1.8 79.7 2339.6 2340
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10 Summary

A measurement of the branching fraction of the B! — p*u~ decay based on the data set of
proton-proton collisions at /s = 13 TeV corresponding to an integrated luminosity of 140 fb ™!
has been presented and is found consistent with the standard model (SM) predictions within
one standard deviation. The relative combined uncertainty is reduced from 23 to 11% com-
pared with the previous CMS measurement [4] based on the partial 13 TeV data set, while the
central value is found to be somewhat higher. The new analysis applied to the data used in
Ref. [4] yields a result similar to the original measurement, indicating that the shift in the cen-
tral value is driven mostly by the new data.

The search for the B’ — 3"~ decay has not revealed a significant event excess with respect to
the dominant combinatorial background prediction. More data will be required to establish its
existence and compare the result with the SM predictions.

Compared with the latest LHCb measurement of B(BJ — p* ™) = (3.097035 T91%) x 1079 [6],
our result is about 1.2 standard deviations higher, which is going to shift the world average
from its current value B(BY — u*u~) = (2.691337) x 10~ [7] to a larger value, more consis-
tent with the SM prediction, thus reducing the overall tension. This implies that the potential
beyond-the-SM physics contribution preferred by the global fits to the rare b — s/ ¢~ decay
data [20] is most likely constrained to a single semileptonic operator O,.

The uncertainties in the branching fraction and effective lifetime measurements are dominated
by the statistical component, which allows us to expect significant improvements in the preci-
sion of the future measurements with the LHC Run 3 data.

The effective lifetime measurement of the B — u*u~ decay is also consistent with the SM
predictions and has achieved the level of uncertainty comparable with the lifetime difference
between the heavy and light B, meson mass eigenstates, thus offering sensitivity to potential
beyond-the-SM physics effects in the effective lifetime.
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