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Abstract

Searches for rare B? and B° decays into four muons are performed using proton-
proton collision data recorded by the LHCb experiment, corresponding to an in-
tegrated luminosity of 9fb~!. Direct decays and decays via light scalar and Jp
resonances are considered. No evidence for the six decays searched for is found
and upper limits at the 95% confidence level on their branching fractions ranging
between 1.8 x 10719 and 2.6 x 1079 are set.

Published in JHEP 03 (2022) 109

(©) 2022 CERN for the benefit of the LHCb collaboration. (CC BY 4.0 licence.

t Authors are listed at the end of this paper.


https://creativecommons.org/licenses/by/4.0/

i



1 Introduction

Decays of neutral B? and B° mesons into four muons that are not medi-
ated by intermediate resonances proceed through 6 — s and b0 — d quark
flavour-changing neutral current (FCNC) transitions. These decays proceed by
electroweak loop amplitudes in the Standard Model (SM), as illustrated in
Fig. [T, due to the absence of tree-level FCNCs and hence are highly suppressed,
with predicted branching fractions of B(B?— utpu~putu~) = (0.9 —1.0) x 107° and
B(B°— utpu—ptp™) = (0.4 —4.0) x 1072 [1].

However, new particles beyond the Standard Model (BSM) may significantly enhance
these branching fractions. For example, decays via scalar and pseudoscalar sgoldstino
particles into a pair of dimuons in the Minimal Supersymmetric Standard Model (MSSM)
may lead to significant enhancements of the branching fractions |2]. Furthermore, rare B?
and B° decays into a pair of dimuons mediated by BSM light narrow scalar resonances (a)
of the form B?S) — a(ptp~)a(utp™) naturally occur in extensions of the SM involving
a new strongly interacting sector. In particular, such models [3],4] can account for the
long-standing tension between the SM prediction [5] and the observed [6],7] value of the
anomalous magnetic dipole moment of the muon, as well as the widely discussed anomalies
in b— s¢*¢~ transitions [8-14]. This motivates a search for B decays into two light scalars
with masses around 1 GeV/c? [15).

This article presents searches for B?S) — ptp~ptp~ decays using proton-proton
(pp) collision data recorded by the LHCb experiment in 2011, 2012 (Run 1) and 2015-
2018 (Run 2) at centre-of-mass energies of 7, 8 and 13 TeV, respectively, corresponding
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Figure 1: Feynman diagrams for nonresonant BY, B® — u*u~p*p~ decays.



to a total integrated luminosity of 9fb™!. Previously, the most sensitive searches for
B?S) — ptp~ ptp~ decays were performed by the LHCbD collaboration using data recorded

during Run 1 corresponding to an integrated luminosity of 3fb™'. No signals were observed
and the limits B (B — pTpu~ptu™) < 2.5x 1072 and B(B— pTpu~ptpu™) < 6.9 x 10710
were set |16]. These searches were insensitive to B?s) — a(ptp)a(ptp™) decays with
mg ~ 1GeV/c? due to requirements imposed to remove decays via ¢ mesons. Now, a
specific selection is used that avoids vetoing the dimuon mass region around 1 GeV/c?.
In addition, searches are performed for B?s) — J/p (uT ) ptp~ decays, which are
tree-level b — ¢ transitions that proceed via W boson exchange, as demonstrated in
Fig. 2l No SM predictions for these branching fractions are currently available. However,
an estimate for the BY decay may be obtained using a prediction for the branching
fraction of the B? — Jipete™ decay [17], the measured J/) — p*p~ branching frac-
tion [18], and assuming that the B? — J/iputp~ and BY — J/ibeTe™ branching fractions
are equal, yielding B (B — J/) (ut ) ptpu~) ~ 10711 The equivalent BY branching
fraction may be estimated by multiplying this value by |V, Ves|/|VeyVea| = 0.05, leading
to B(B— J/ (uTp~) wtp~) ~ 10713, Since these branching fractions are significantly
below the sensitivity of this analysis, the presence of a signal would indicate BSM physics.
The branching fractions are measured using BY —  Ji) (utp~) ¢ (utp™) de-
cays as a normalisation channel, which has a measured branching fraction of
(1.74 £ 0.14) x 1078 [18,19]. Since this decay has the same final state as the sig-
nal modes, many sources of systematic uncertainty cancel. First, the yield of the
BY — Jhp (™) ¢ (uTu™) control mode is estimated using an unbinned maximum-
likelihood fit to its invariant mass spectrum. Then, searches for B(Os) — pTp”ptp and
B?S) — JW (wp”) ptpu~ decays are made using unbinned maximum-likelihood fits to the
invariant mass spectra of each decay. These are performed simultaneously in multiple
intervals of the response of a multivariate classifier constructed to separate signal and
combinatorial background, where combinatorial background arises from muons that do
not all originate from the same b-hadron decay. In contrast, B?S) = a(pTu )a(ptu)
decays are searched for by imposing a minimum requirement on the multivariate classifier
response due to the very low levels of background, followed by a single fit to the mass
spectrum of each signal mode. For all six signal modes, the branching fractions are
normalised using the yield of the control mode, its measured branching fraction, and
the ratio of efficiencies between the signal and control modes calculated using simulated
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Figure 2: Feynman diagram for BY, B® — Ji) (utp~) ptp~ decays.



events. In the case of BY decays, the ratio of fragmentation fractions f,/f; is also taken
into account.

2 Detector and simulation

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, described in detail in Refs. [20,21]. It includes a high-precision tracking
system consisting of a silicon-strip vertex locator (VELO), surrounding the pp interaction
region, a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of silicon-strip detectors and straw
drift tubes placed downstream of the magnet. Particle identification is provided by two
ring-imaging Cherenkov (RICH) detectors, an electromagnetic and a hadronic calorimeter,
and a muon system composed of alternating layers of iron and multiwire proportional
chambers.

In the simulation, pp collisions are generated using PyYTHIA [22] with a specific
LHCD configuration [23]. Decays of unstable particles are described by EVTGEN [24],
in which final-state radiation is generated using PHOTOS [25]. The interaction of the
generated particles with the detector, and its response, are implemented using the GEANT4
toolkit [26] as described in Ref. [27]. Simulated B?S) — uwTp~ptp~ decays are generated
using a phase-space model for the kinematics of the muons, due to the lack of a SM
prediction for the decay dynamics. The B?s) —a(ptp )a(ptp~) decays are simulated
with an a state with m, = 1 GeV/c?, a lifetime of 1fs and a natural width of zero. With
these settings it is assumed that the a natural width is significantly below the experimental
resolution of approximately 20 MeV/c?. Simulated B?S) = J (pT ) ptp~ decays are
generated using the BTOSLLBALL model [28].

3 Event selection

The online selection is composed of a hardware trigger, followed by a two-stage software
trigger. Candidate B(OS) — ptp~ptp decays are required to pass triggers designed
to select decays involving muons, which are identified from tracks that penetrate the
calorimeters and the iron layers between the muon stations. In the hardware stage,
candidates must pass at least one of two selections: one requiring the presence of at least
one high transverse momentum (pr) muon, the other requiring a pair of muons with a
product of their respective transverse momenta above a threshold. In the first software
trigger stage, candidates must include a high-pr muon that is inconsistent with having
originated at a primary pp interaction vertex (PV). In the second stage, requirements are
imposed on pairs of muons in order to select candidates consistent with B meson decay
vertices that are significantly displaced from the PV.

Candidate B?S) — ptp~ ptp~ decays are formed by combining four tracks identified
as muons that originate from a common decay vertex. The muons forming the candidate
are all required to be inconsistent with originating from a PV, have a py > 250 MeV/c,
and a good track fit quality. The maximum distance of closest approach between the
four tracks is required to be below 0.3 mm. The resulting B candidates are required to
have an invariant mass within 1GeV/c? of the known BY mass [18] in the Run 1 dataset



or larger than 4 GeV/c? in the Run 2 dataset, a good quality vertex fit, to be consistent
with originating from a PV, have a significant flight distance, and the cosine of the angle
between its momentum vector and the vector pointing from the PV to its decay vertex
greater than zero. Hadronic background is suppressed using particle identification (PID)
information provided by the muon system, calorimeters and RICH detectors, which is
used to select well identified muons [29].

The different signal modes and the control channel are separated using require-
ments on the four invariant masses of pairs of oppositely charged muons g;;, where
1 and j index the positively and negatively charged muons, respectively, such that
ij can take the values {11,12,21,22}. Regions around the ¢, J/i) and ¢(295)
mesons are defined as 950 MeV/c? < ¢;; < 1090 MeV/c?, |q;; — m(J/)| < 100 MeV/c* and
\qi; — m(1(25))] < 100 MeV/c?, respectively, where m(.J/i)) and m((2S)) are the known
J/p and ¥(2S) masses |1§]. The B?s) — putp~ptp signal selection requires that none
of the four pairs of opposite-sign muons has an invariant mass within any of the ¢,
J/p or ¥(2S) regions. This requirement is approximately 64% efficient on simulated
BY — utp~ptp~ candidates passing the trigger and offline selection, while rejecting
99.94% of the BY — J/) (uTp~) ¢ (utp~) decays. The control mode selection requires
that at least one of the mutually exclusive pairs of dimuons (i.e. pu puy and pg gy or pipy
and p4 p7 ) has one dimuon mass in the ¢ region while the other falls in the J/i region.
This selection is around 95% efficient on simulated B — J/) (u™pu™) ¢ (utp~) decays.

Candidate B?S) — a(ptp”)a (") decays are selected by requiring two mutually
exclusive pairs of opposite-sign muons with similar invariant masses, satisfying

6% — gl < 24/0%(a3) + o2(a) (1)

where J(qu) is the dimuon invariant mass squared resolution evaluated at qu The
resolution increases roughly linearly as a function of ¢?, from around 0.003 GeV? to
around 0.15 GeV?, and is estimated as a function of ¢> separately in each data-taking
year using simulated B? — p*pu~ptp~ decays. This requirement does not completely
eliminate contamination from B?— J/ib (uTp™) ¢ (u™ ™) decays, which may satisfy the
requirement if muons from the intermediate J/i) and ¢ mesons are paired incorrectly,
giving two intermediate combinations with similar masses. This remaining background
is vetoed by requiring that none of the four pairs of oppositely charged muons has an
invariant mass in the J/i) region.

The B?s) — J () ptp candidates are selected by requiring that at least one of
the pairs of opposite-sign muons has a mass in the J/i) region. Meanwhile the corresponding
opposite-sign pair of muons is required to have a mass that falls outside the ¢ region
under both a dimuon and dikaon mass hypothesis, in order to remove background
from B? — Jib (utu~) ¢ (™) and B — Ji (utp™) ¢ (KT K™) decays, respectively.
To suppress additional hadronic background such as B? — J/) (utp~) 7w~ and B —
JRp (™) K*° (Kt 7~) decays, the two muons not forming the J/i candidate are required
to satisfy more stringent PID criteria.

Finally, a multivariate classifier based on a boosted decision tree (BDT) algorithm
from the TMVA package [30] is used to separate signal from combinatorial back-
ground. The classifier is trained using a mixture of simulated B — pTu~p*u~ and
B° — utpu~ptp~ decays as the signal proxy, while the background proxy comprises data
with an invariant B mass, m(u*p~p" ™), in the regions m(u™p~ptu™) > 5426 MeV/c?
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and m(pTp~ptp™) < 5020 MeV/c?. The simulated B?s) — ptp~ptp~ decays used in
the training are corrected to improve agreement with data as described in Sec. [l Two
separate BDT classifiers are trained for the Run 1 and Run 2 datasets due to the different
data-taking conditions. The size of the available training sample is maximised in each
case using the k-folding technique [31], which ensures that the BDT used to classify a
given event in the data background sample is trained independent of the event itself. The
following properties of the B candidate are taken as inputs to the classifiers: the logarithm
of its impact parameter y? with respect to the associated PV, the logarithm of its flight
distance 2, its flight distance, pseudorapidity, pr, decay time, decay vertex x? per degree
of freedom, and the minimum impact parameter x? with respect to the associated PV
of the four muons. Here, the impact parameter x? is defined as the difference in the
vertex-fit x2 of a given PV reconstructed with and without the track or candidate being
considered. In Run 2, two variables reflecting the isolation of the B candidate from other
tracks in the event are also included in the training: the changes in the decay vertex x?
when either one or two of the closest additional tracks in the underlying event are added
to the decay vertex fit. Finally, the classifier response is transformed to give a uniform
distribution between 0 and 1 for simulated B?— pu*p~putp~ candidates.

In the searches for B?S) — putp~ptp~ and B?S) — JAp (ut ) ptp decays the data
are split into four intervals in the BDT classifier response with boundaries 0.2, 0.3, 0.5, 0.6
and 1.0, and a simultaneous fit to all four BDT intervals is used to search for the decays.
Due to the low background levels in the B?S) — a(ptp~)a(utp™) search region, the BDT
response in this case is only required to be greater than 0.1. Similarly, the selection for
BY— Jh (utp) ¢ (™) decays requires the BDT classifier response to exceed 0.05.

4 Background

A range of background sources have the potential to contaminate the signal search
regions. The four-muon decays B? — J/p (=) ¢ (utp™) and B — ¢ (utp™) putp,
which have branching fractions of 1.74 x 1078 [19] and 2.3 x 107! [18], respectively,
are reduced to negligible levels by the ¢ and J/i) vetoes. Potential background to the
B?S)—> a(utp~)a(utp~) search comes from B? — ¢ (utp~™) ¢ (™ u~) decays, however
the corresponding branching fraction of 1.5 x 107!2 is well below the sensitivity of this
search.

A second category of background arises from decays of b-hadrons of the form
H, — h*h'~p*p~ where two hadrons (h* and h'~) are misidentified as muons.
Such background includes B°— Ji) (utp~) ¢ (KTK™), BY— Jh(utp™) KTK—,
By = Jpp (prp ) mtnm,  B'— IR (utpm) KO (K nm),  BY— KO (K¥n )ty
B p(rtrn ) ptu=, A)— A(pr~)pTpu~ and A — A (pK~) utpu~ decays. The typical
probability for a hadron to be misidentified as a muon by the LHCb detector is around
1% [29], and this rate is further reduced by the PID requirements described in Sec.
Studies performed using simulation demonstrate that all these decays are reduced to
negligible levels by the signal and the control sample selections. As such, this analysis
is essentially free of background from other b-hadron decays, which are therefore not
modelled in the fits for the signal and control decays.



5 Fit procedure

The signal yields in the branching fraction measurements are normalised with respect to
the B — J/) (utp™) ¢ (™ pu™) control mode such that the branching fraction of a given
signal decay is calculated as

o n n

BSig = Q/q X Nsig? (2)

where the normalisation factors for B? and B® modes, a” and %, are defined as
an — Bnorm Enorm
s Y
Nnorm egig
n o Bnorm €norm fs 3
oy = P DO o8 (3)

The symbols sig and norm refer to the signal and normalisation decays, respectively,
B is the branching fraction, N is the yield, € is the total efficiency to reconstruct and
select a given decay mode and n indexes the BDT response intervals used in the simul-
taneous fits for B?S)—> wrpmpt T and B?s) — JW (wtp”) ptp~ decays (in the case of
B?S) — a(ptp")a(utp) there is only a single BDT response interval).

The branching fraction of the B®— J/p (™) ¢ (up~) normalisation mode is calcu-
lated from the product of the branching fractions of the B?— J/¢ |19, Jib— putp~ and
¢— ptp~ 18] decays, yielding Byom = (1.74 4 0.14) x 1078, The ratio of fragmentation
fractions is calculated as a weighted average of values measured at centre-of-mass energies
of 7, 8 and 13 TeV [19], giving fs/fs = 0.250 £ 0.008. The correlation in the measurements
of B(BY— Jhv¢) and f,/ fq is taken into account when calculating the uncertainty in the
normalisation term o

The efficiencies are calculated using simulated decays, to which weights are applied
in order to improve concordance with data. These weights are calculated by comparing
BY — Jhp (™) ¢ (KTK™) decays in data and simulation, for which the branching
fraction is three orders of magnitude larger than for B?— JAp (utu~) ¢ (utp~) and
therefore allows for a much more precise determination of differences between data and
simulation. The trigger and offline selections for these decays are similar to those used
for BY— J/) (uTp™) ¢ (ut ™) decays, but no PID requirement is applied on the kaons.
The distributions of the variables of interest for B — J/) (u™pu~) ¢ (KTK™) decays are
separated from background in data using the sPlot method [32], using the B candidate
invariant mass as the discriminating variable.

A first set of weights, referred to as the generator weights, corrects the pr and
pseudorapidity distributions of B mesons as generated by PyYTHIA 8 [22], along with
the multiplicity of the underlying events. A second set of weights, referred to as the
reconstruction weights, is used to correct the vertex y? per degree of freedom and the
impact parameter x? of the B mesons. The efficiencies for each mode in each data-taking
year are then calculated as

Z Wgen Z wgenwrec

presel BDT
€ = €presel * €BDT — : ) (4)
ngen Z WgenWrec
gen presel

where >, > and > refer to sums over the generated simulation sample before any
gen presel BDT

reconstruction or selection, the offline reconstructed simulation sample passing the full
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selection excluding the BDT requirements, and the offline reconstructed simulation sample
passing the full selection including the BDT requirements, respectively. Meanwhile, wgey
and wye. refer to the generator and reconstruction weights. Note that the reconstruction
weights are only used in the calculation of the efficiencies of the BDT requirements,
since requirements on the B candidate’s vertex x? per degree of freedom and the impact
parameter x? imposed in prior stages of the selection are highly efficient for the signal
modes. The individual efficiencies for each year are then combined in a weighted average
according to the integrated luminosity recorded and the bb production cross-section in
that year [33},34].

The invariant mass distribution of BY — J/ (utp™) ¢ (ut ™) candidates in the range
5100 < m(u*p~ptp~) < 6000 MeV/c? is shown in Fig. 3] The yield of the normalisation
mode is determined using an extended unbinned maximum-likelihood fit to this invariant
mass spectrum. The B? — Jip (u™pu™) ¢ (utp~) signal is modelled using the sum of
two Crystal Ball functions [35] with common mean, referred to as a double Crystal Ball
(DCB) function. The parameters of this function are determined from a fit to simulated
BY— Jhp (utp™) ¢ (u ™) decays, in which the values are fixed in the fit to data, with the
exception of the mean and widths of the DCB function, which are allowed to vary freely in
order to account for differences in resolution and mass scale between data and simulation.
The resulting ratio of the mass resolution in data over simulation is found to be 1.11+0.09.
The combinatorial background is modelled with an exponential function. Background
from the six signal decays in the control mode mass distribution is negligible due to the
low branching fractions of the signal decays and the requirements on the J/i) and ¢ masses
imposed in the control mode selection. The yield of BY — J/ib (u* ™) ¢ (uTp™) decays
is found to be 218 £ 16, where the uncertainty is statistical only. The invariant mass
spectrum and the fit projection are shown in Fig.

As described in Sec. , the data used to search for B?S) — uTpmptpT and

B?S)—> JA (ut ) ptp~ decays are split into four intervals in the BDT classifier re-
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Figure 3: Distribution of the ptp~ptp~ invariant mass of candidates passing the
BY— Jhp (T =) é (utu) selection, with the fit model used to determine the control sam-
ple yield overlaid.
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sponse, while for the B?S) — a(ptp")a(ptp~) data sample a single BDT interval is
defined. The normalisation factors o’ and o are calculated using Eq. [2/ and the inputs
described above, with their values Gaussian constrained to their central values according
to their statistical uncertainties. Additional Gaussian constraints are used to include the
effects of the systematic uncertainties in the inputs described in Sec. [6]

For each of the B?S)—> prppt s and B?S)—> JW (ptp~) ptp~ signal modes, an
unbinned extended maximum-likelihood fit is performed to the B candidate invariant
mass distribution in the range 4900 < m(u™p~pTp™) < 6000 MeV/c?, simultaneously in
all four BDT intervals, in order to search for the decays and measure their branching
fractions. In the case of the B?S) — a(pTp~)a(ptp~) modes, fits are performed to the
invariant mass distribution in a single region of the BDT response. All signal mass
shapes are modelled using DCB functions, in which the parameters are fixed to values
obtained from simulation, with the exception of the mean and widths, which are offset
and scaled respectively according to the results of the fit for the control mode. Due to
their overlap, the fits to the BY and B° decays are performed separately in each case, i.e.
the B? component is set to zero when performing the fit to the B® component and vice
versa. The yields of each signal mode are not fitted directly, rather they are expressed in
terms of the normalisation factors and the decay branching fractions (see Eq. , which are
allowed to vary freely. The branching fraction is constrained to be greater than or equal
to zero in each fit. The combinatorial background is modelled using exponential functions,
in which the slope parameters and yields are allowed to vary freely independently in each
BDT interval.

6 Systematic uncertainties

Due to the similarity between the signal and control decay modes, many sources of
systematic uncertainty cancel in the ratio of efficiencies. Nonetheless, a number of
sources of systematic uncertainty have the potential to affect the measured branching
fractions. Two sources of uncertainty arise from the models used to generate the simulated
signal decays. In particular, since no theoretical prediction for the decay dynamics of
B?S) — pTp~ptpo decays is currently available, decays are generated using a phase-
space model. This may lead to a bias in the efficiency calculation if the true kinematic
distributions of these decays differs from the one used in the simulation. To estimate the
representative scale of the bias arising from such an effect, the dimuon invariant mass
squared (g7;) distributions for B(OS) — utp~ptp~ decays are weighted to be uniform in
the (¢}, ¢5,) plane, and the efficiencies are evaluated. A similar effect is evaluated for
B?S) — JAp (uT ) utp~ decays, where the invariant mass squared of the two muons not
originating from the J/i) meson is weighted to give a uniform distribution. This leads
to shifts relative to the nominal efficiencies of up to about 20% depending on the decay
mode and BDT interval, which are taken as systematic uncertainties. This represents the
largest source of systematic uncertainty. Similarly, the effective lifetimes of the B? meson
decays, B} — pp~ptp~, Bl— a(pp”)a(ptp”) and B)— Jip (W p”) ptp~, depend
on the CP-even and CP-odd contributions in the decay amplitudes, which are a prior:
unknown. These decays are generated assuming the mean B? lifetime. If their true
effective lifetimes differ significantly from this value, then the efficiency estimates will be
biased. The maximum size of such an effect is estimated by weighting simulated decay



modes to have their effective lifetimes equal to the lifetimes of the heavy and light BY
mass eigenstates. The largest shift with respect to the nominal efficiency is again taken
as a source of systematic uncertainty, with relative shifts in the efficiencies at around the
5% level.

Further sources of uncertainty arise due to data-simulation differences. The effect of
mismodelling of the PID response in simulation is evaluated using calibration samples of
muons from data to compare data-driven efficiencies with those obtained directly from
simulation, with the differences in the ratios of efficiencies of 1-2% taken as systematic
uncertainties. The effect of the difference in mass resolution between simulation and data
on the selection efficiency is estimated to be below 1% using the results of the fits to
the control mode mass distribution. Finally, the efficiencies are evaluated without the
application of the generator and reconstruction weights described in Sec. |5|in order to
get an upper bound on the likely effect of mismodelling in simulation. Since the effect on
the efficiency ratio is found to be small, up to around 10% depending on the decay and
BDT interval, this shift is conservatively taken as a source of systematic uncertainty in
the efficiency. All these systematic uncertainties are included in the branching fraction fit
by applying Gaussian constraints to the efficiencies or efficiency ratios.

7 Results

The invariant mass distributions of B? and B° candidates passing the B?S) = utpum e,
BO) — a(ptp)a(ptp™) and BY, — JA (uTp™) ptu~ selections in the most sensitive
BDT intervals are shown in Figs. {4 i ] and [6], respectively. The projections of the fits used
to search for the signal decays and measure their branching fractions are overlaid. The
distributions and fit projections in the remaining BDT intervals are shown in Appendix [A]
No evidence for any of the six signal decay modes is found, with the most significant excesses
found in the B? — JAp (™) utpu~ and B — Ji) (uTp~) utp~ searches, amounting
to two standard deviations in both cases, calculated using Wilks’ theorem [36]. Limits
are set on the branching fractions using the CLg method [37] as implemented in the
GAMMACOMBO package [38.[39] using a one-sided test statistic, with 80 scan points and
2000 pseudoexperiments per scan point. The limits at 95% confidence level are

B (B! = ptuptu) <86 x1071Y,
B(B"— ptuptu) <1.8x1071Y,
B(B!=a(p p)a(p n)) <58 x 10719,
B(B = a(p p )a(pn)) <23 x1071Y,
B (B! = Jpp (ptp ) whp™) <2.6x1077,
B (B = Jpp (ptp ) whp™) <1.0x1077.

The corresponding CLg scans for all six decays are shown in Fig. |7l Note that in the case of
B?S) — a(ptp7)a(utp) decays, these limits are evaluated assuming a promptly decaying
intermediate scalar with a mass of 1 GeV/c?. The limits quoted for B?s) — W () ptu
decays include the J/i) — p™p~ branching fraction. These results constitute the most
stringent limits on each of the six B?S) — pwtp~ ptp~ decays to date and supersede previous
results by the LHCb experiment [16].
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A Additional figures

This appendix contains the distributions of p™p~pu*p~ invariant mass for candidates
passing the B?S) — ptpmptp” and BYy— JR (utpm) ptp” selections, in the lower three
intervals of the BDT classifier response, with the results of the maximume-likelihood fits
overlaid.
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Figure 8: Distribution of the ptp~pu™p~ invariant mass of candidates passing the

B?S) — uTp~ T selection in (top left) the lowest BDT interval, (top right) the second lowest

BDT interval and (bottom) the second highest BDT interval, with the fit models used to
determine the branching fraction of B?— p*u~putu~ overlaid.
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BDT interval and (bottom) the second highest BDT interval, with the fit models used to
determine the branching fraction of B®— ptu~put ™ overlaid.
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