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Abstract
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1 Introduction

The Standard Model (SM) of particle physics provides a remarkably successful description
of the fundamental particles and their interactions, accurately accounting for a wide range
of experimental observations. However, despite its predictive power, it is widely regarded
as incomplete. It does not address several open questions, including empirical puzzles such
as dark matter and neutrino masses, as well as naturalness problems like the hierarchy
problem and the strong-CP problem. These shortcomings motivate the exploration of
theories beyond the Standard Model (BSM).

A possible explanation for the absence of BSM signals is that the corresponding
mediators are either too heavy to be produced at current collider energies or too weakly
coupled to SM particles to yield detectable signatures. Hierarchical frameworks, like
Composite Higgs models, naturally accommodate both features by introducing a new
strongly interacting sector with a global symmetry broken at low energies, giving rise to a
heavy vector resonance (V') and lighter scalar pseudo-Nambu—Goldstone bosons (a1, asg, . . .).
These can decay either into one another or into SM particles through suppressed couplings
to SM fermions [1]. Depending on the specific realisation of the model, these scalar states
can be either short- or long-lived [2]. Supersymmetric extensions of the SM can give
rise to analogous spectra, featuring heavy mediators and lighter states with suppressed
couplings, thereby leading to similar experimental signatures [3-5].

Decays of B mesons into final states with four and six muons are ideal processes to
search for such models when the scalars decay predominantly into leptons. One possibility
is the decay B?— aa, where each scalar decays exclusively into a pair of oppositely charged
muons, producing a four-muon final state.! In non-minimal scenarios where more than
one scalar is produced by symmetry breaking, six-muon final states can be favoured, aris-
ing from decay topologies of the form B?— ajas — aja1a1 — ptp~ pTp~ptp~. Decays
featuring muons are typically favoured over those with electrons because of the hierarchy
of couplings, whereas a limited phase space restricts the coupling of scalars to tau lepton
pairs [1].

Such multimuon B-meson decays are very rare processes in the SM. The predicted
branching fraction for B® — ppu~p™u~ decays is (0.9-1.0) x 1071° [6], while decays with
higher muon multiplicity are suppressed. However, in the BSM scenarios described above,
branching fractions of up to O(107%) and higher may be obtained for B?— ajay and
Bt — KTajay decays [2].

Experimentally, the strongest direct constraints on these signatures come from
the search for B decays to four muons by the LHCb experiment, finding
B(BY— pru ptum) <86 x 1071 and B(B®— putpu ptu~) < 1.8 x 10719 at the 95%
confidence level (CL) |7]. Complementary sensitivity arises from searches for muon pairs
with the LHCb [8] and CMS [9] experiments, which can be recast into limits on the
branching fraction B(BY— ajas) < O(1077) for lifetimes of the a; mediator of up to
10ns [2].

This paper reports the search for B decays into four- and six-muon final states at the
LHCb experiment, including scenarios where the intermediate scalars can be either short-
or long-lived. Different decay topologies can arise depending on the masses of the scalars,
as illustrated in Fig. 1 for ptp~p™p~ and ptp~ptp~ ptp~ states, respectively. The scalar

IThe inclusion of charge-conjugate processes is implied throughout.
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Figure 1: Decay modes studied in this analysis, including four-muon final states, where mg, <
2mg, , and six-muon final states, where mg, > 2my,.

as can either decay into two aq scalars or directly into two muons. The scalars are assumed
to decay on-shell, as off-shell decays are typically further suppressed [1]. Concretely, the
decays searched for are B?S) —utpptpm, BY = Ktutu—ptu—, B?S) — ettt
and BT — KtuTp ptpu~ptp~. The reported measurements are performed using pp
collision data collected by the LHCb experiment in 2016, 2017 and 2018 at /s = 13 TeV,
corresponding to an integrated luminosity of 5.4fb~!. Branching fractions are measured
relative to the B?— J/ip(— puTpu~)p(— utp~) decay,? whose branching fraction has been

determined to be (1.74 £ 0.14) x 1078 [10].

2 LHCDb detector and simulation

The LHCD detector [11,12] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < b, designed for the study of particles containing b or ¢ quarks. The
detector used to collect the data analysed in this paper includes a high-precision tracking
system consisting of a silicon-strip vertex detector (VELO) surrounding the pp interaction
region [13], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 T m, and three stations of silicon-strip detectors and straw drift
tubes [14] placed downstream of the magnet. The tracking system provides a measurement
of the momentum, p, of charged particles with a relative uncertainty that varies from
0.5% at low momentum to 1.0% at 200 GeV.? The minimum distance of a track to a

2Throughout the paper, ¢ is used to mean the ¢(1020) meson.
3Natural units with & = ¢ = 1 are used throughout.



primary pp collision vertex (PV), the impact parameter (IP), is measured with a resolution
of (15 4 29/pr) um, where pr is the component of the momentum transverse to the
beam measured in GeV. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors (RICH) [15]. Photons, electrons
and hadrons are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter (ECAL) made from a scintillator/lead
structure up to 25 radiation lengths to fully contain showers from high-energy photons,
and a hadronic calorimeter (HCAL), with iron and scintillating tiles running parallel to
the beam axis [16]. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using PYTHIA [18§|
with a specific LHCb configuration [19]. Decays of unstable particles are described
by EVTGEN [20], in which final-state radiation is generated using PHOTOS [21]|. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [22| as described in Ref. [23].

Simulated signal samples are generated for all relevant decays, with two mass
points concerning the a; and as scalars: configurations (m,, = 0.25GeV,m,, = 0.40 GeV)
and (mg,, = 2.00GeV,m,, = 2.75GeV) are generated in ptp~ptp~ modes, whereas
(ma, = 0.50 GeV,m,, = 1.50GeV) and (m,, = 1.25GeV,m,, = 3.50 GeV) are included
for ump~ptp” ptp” modes. The lifetime of a; scalars is varied up to 1000 ps, while as
resonances are assumed to decay promptly. This strategy follows the phenomenolog-
ical considerations of Ref. [2] and is designed to maximise coverage of the accessible
parameter space. For increased generality, modes with muons not constrained to come
from scalars, i.e. B?S) —utpptpm, Bt — Ktutp ptu, B?S) — ptpmp Tt and
BT — Ktptu ptpu~ptp~ are also studied. The model used to simulate these decays
follows a uniform phase-space (PHSP) distribution. All samples are corrected to account
for known data-simulation differences in the b-hadron production kinematics, detector
occupancy, and trigger efficiencies (see Sec. 5).

3 Event selection

The online event selection is performed by a trigger [24], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. In the hardware stage, events containing
candidates with at least one muon with transverse momentum above a certain threshold
are retained, where the threshold varies across the data-taking period [25]. In the first
software trigger stage, candidates must include a high-pr muon that is inconsistent with
having originated at a PV or at least one two-muon combination with a mass larger than
1GeV. In the second stage, candidates are required to form a two-, three- or four-track
vertex inconsistent with the PV, where up to two particles have to be identified as muons.

In the offline reconstruction, particles identified as muons and kaons are combined
to produce B candidates formed from between four and seven tracks, with a mass in
the range (4850,6000) MeV. In the search for decays via short-lived intermediate scalars
(referred to as prompt in the following), all tracks are combined in a single step to form a
common vertex. For signatures with long-lived scalar intermediates (displaced), scalar



candidates are built by combining displaced pairs of muons, which are further combined
to form candidate B mesons.

Muon tracks must satisfy loose requirements on track x?/ndf, the probability of
reconstructing tracks from unrelated hits in the detector layers, muon identification, and
minimum pr. In all cases, muon candidates are required not to point towards any PV.

Multiple categories of track reconstruction are considered, depending on the respective
decay scenario. For the prompt modes, only tracks with hits in all tracking stations are
considered; in the following these are referred to long (L) tracks.

In contrast, displaced candidates are reconstructed either from pairs of long tracks or
from pairs of downstream tracks (D), being defined as tracks reconstructed from hits in the
subdetector stations downstream of the VELO subdetector. Muon tracks are combined
into dimuon candidates by requiring: (i) a small distance of closest approach between the
tracks, (ii) a low vertex-fit x? of the resulting dimuon candidate, which (iii) is required to
be well displaced from its associated PV. This is achieved by using the x# of the individual
tracks, defined as the difference in the vertex-fit x? of a given PV, that is reconstructed
with and without the track being considered. These requirements apply to long and
downstream muon pairs, although due to the notably worse momentum resolution of
downstream tracks, the selection is loosened for the latter. For all reconstructed topologies,
at least one pair of long tracks is required, as no trigger algorithm selecting downstream
tracks is available for the analysed dataset. Thus, the different reconstruction categories
for the displaced regime are: LL or LD for p™p~ p* ™ modes or LLL, LLD and LDD for
wp”pt T modes. The muon-pair candidates are further combined to a B-meson
candidate, which must satisfy requirements on its vertex quality, decay length, and its
vertex pointing with respect to their associated PV.

Finally, in modes with an additional charged kaon, one extra track identified as a kaon
is combined with the multimuon candidate. This track must satisfy basic requirements on
track quality, pr, and x% with respect to its associated PV.

Hadronic background is suppressed using particle identification (PID) information
provided by the muon system, calorimeters and RICH detectors, which is used to select
muons. Particle-identification requirements are also placed on kaon candidates in modes
with an additional charged kaon.

Track pairs, where the hits of one particle are used to reconstruct two different tracks,
are rejected by imposing a minimum angle requirement between each pair of tracks. In
displaced regimes, duplicate candidates may also arise due to the same set of muon
candidates being arranged in different sets of pairs. They are removed based on the quality
of the vertex fit of the long-lived scalar in u*p~pt ™ modes or the sum of the fit qualities
in ptp~ptp” ptpT modes; retaining only the candidate with the highest quantity per
event.

To suppress contamination of the prompt signal modes from well-known SM resonances,
such as the ¢, J/i) or 1(25), requirements on the masses of pairs of oppositely charged muon
candidates are imposed. Mass regions around these resonances are explicitly vetoed, where
the regions are defined as |m(pu*p~) — My| < 7T0MeV, |m(pu*p™) — Myp| < 100 MeV and
Im(pt ™) — Myes)| < 100 MeV, respectively, where My, M, and My s are the known
¢, Jb and ¥(2S) masses [10]. Additionally, to suppress potential contributions from
Bt — KTJip(— p"pu~ptp~) decay, candidates with a four-muon mass near the J/ip
resonance are vetoed in the BT — K putp~putp~ prompt channel.

An equivalent approach is employed for displaced samples. In four-muon modes, mass
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Figure 2: Representative example of the mass selection for BT — KT putp~ptp~ptpu~ using
simulation generated with m,, = 1.25GeV, m,, = 3.50GeV, for the scalar lifetimes (left)
ta; = 1ps and (right) 100 ps, and data from the lower and upper mass sidebands of the B-
candidate mass distribution. The ellipse encloses the signal selection region. The parameters Aq;
represent the difference in masses between the a; scalar coming from the B vertex and a;, each
of the scalars coming from the as.

vetoes are included in those dimuon pairs used to build the prompt scalar candidates.
For the six-muon modes, mass requirements are applied to exploit the fact that all three
reconstructed dimuon pairs are to be mutually consistent, satisfying

S = \/(A12)2 + (Alg)z < 50 Me\/, (1)

where Aq; stands for the difference in masses between the a; scalar coming from the
B vertex and a;, each of the scalars coming from the a, . This requirement effectively
suppresses background from random track combinations while retaining high signal
efficiency. A representative example of this selection for B — utp~ptpu~pTu~ decays
with a given mass configuration can be found in Fig. 2 for scalar lifetimes of #,, = 1ps
and t,, = 100 ps.

To ensure a clean separation between prompt (muon tracks being originated at the
B meson vertex) and long-lived (dimuon tracks compatible with an intermediate dis-
placed vertex) regimes, a decay time of ¢ > 0.2ps is required for the displaced muon-
pair candidates. The threshold is determined such that the contribution from decays
BY— J/(— ptp)¢(— ptpT) surviving the signal reconstruction criteria is less than 1
in the long-lived regime. In accordance with the prompt regime, this selection functions
as a natural veto to prompt resonances like the ¢, J/ib and ¢(2S) mesons. This selection
is illustrated in Fig. 10, from A.

The control decay modes, BY— Jhp(— pt ) o(— ptp) and
BY— Ji(— putp)o(— KTK™), are selected in a complementary way to the
prompt signal samples. Candidate B — J/ip(— putu~)d(— pu~) decays are selected by
requiring that the mass of one of the muon-pair candidates falls within the J/i) mass
region whilst the other muon pair candidate falls in the ¢ mass region. Candidate
BY— Jip(— ptp”)p(— KTK™) decays are selected similarly, with the mass of the kaon
pair being consistent with the known ¢ mass.



In addition to the aforementioned selections, a multivariate classifier (MVA) is applied
to further suppress background from random track combinations in the four-muon modes.
A boosted decision tree (BDT) classifier implemented in the SCIKIT-LEARN toolkit [26],
applying the AdaBoost technique [27,28], is giving the best separation between signal and
background. Unbiased training is achieved via applying the k-folding method [29]. Separate
BDTs are trained for each of the prompt, displaced-LL and displaced-LD reconstruction
categories, and for the different decay channels. The training uses signal simulation and
background candidates taken from both low- and high-mass sideband regions in data as
signal and background proxies, respectively. Here, the sidebands are defined as the region
enclosing a reconstructed B candidate mass between 4850 MeV and 6000 MeV, with the
window (Mp — 75, M + 75) MeV (M is the known mass of the corresponding B meson)
being subtracted.* To avoid experimenter’s bias, the signal region was not examined while
defining and optimising the selection. The optimal set of input variables for each BDT
is determined by recursively training the BDT, removing the training feature with the
least importance until a considerable decrease of the area under the receiver operating
characteristic (ROC) curve is observed. The requirement on the BDT response is optimised
in terms of background rejection and efficiency preservation with the Punzi figure-of-merit
espr/(3/2 + /Noke) [30], where eppr is the efficiency of the BDT requirement and Ny,
is the estimated number of background events within the signal region interpolated from
the sidebands.

4 Backgrounds

The use of different reconstruction techniques leads to the presence of different peaking
background sources that could mimic the signal processes. In order to identify the
dominant background sources, a broad survey of possible background channels is made, for
which: i) corresponding branching fractions are taken from their known values [10], ii) the
effects of prompt mass or decay-time selections are included in the corresponding lifetime
regime, and iii) hadron-to-muon misidentification rates [31] are included.” Those with a
non-negligible yield are studied according with detailed simulation. After evaluation, no
background component has revealed any clear effect on signal estimates.

For prompt-reconstructed samples, the most significant physical backgrounds mainly
come from two sources: i) nonresonant B decays, and ii) unflavoured and charmonium
decays from B mesons, including ¢ — utu~, Jip— p"p~ and ¥ (25)— ptup~, or reso-
nances like the w, p and 7 in the low dimuon mass spectrum. Additionally, semileptonic
or hadronic b-hadron decays, e.g. B'— ntn putp~, B— nrn ntn—, A= p" K ptu,
with two or more hadrons misidentified as muons are another possible source of background.
In general, prompt-mass vetoes and PID requirements are sufficient to effectively veto
contamination from prompt hadron decays, with processes involving J/b— putpu™ (utp™)
decays like B?— J/(— putu=)KTK™ or BT — KT Jip(— pTu~ptu).

Backgrounds affecting non-prompt signals mainly proceed from two sources: i) prompt
decays that, due to finite vertex resolution, are erroneously classified as displaced, and
ii) decays involving pure long-lived resonances like the K§ and A hadrons. Decays of the

4The defined signal region contains about 95% of the simulated signal.
°The BY — J/(— ptp~)¢(— pu~) control mode reconstructed as B — ajas — ptpu~ptp~ is used
to test their influence on signal decays.



first type are likely to contaminate displaced categories with long tracks, whereas decays
of the second type pose a threat to both displaced categories with long and downstream
tracks. Likewise, but in a residual way, A) candidates with a similar topology to the
signal modes (e.g. A)— A(— pm~)utTp™) can be pushed to the region of interest because
of their proximity to the B meson mass. Examples of decays arising in the displaced
regime are B*— J/(— ptp ) K{(— mtn) or BO— Jiap(— ppt)K*(892)(— Ktr™).

While numerous processes can mimic four-muon signatures, very few can produce
six reconstructed muons. For example, one possible source within the SM is given
by the decay B?— Ji(— utp~)o(— ptp~)é(— ptu~), whose branching fraction is
at the level of 10713, orders of magnitude below the signal sensitivity of this analysis.
Other potential six-muon backgrounds are similarly suppressed and, after applying the
requirements described in Sec. 3, are found to have negligible contributions in all prompt-
and displaced-reconstruction categories, with expected yields of less than 1074,

Once the modes requiring dedicated studies are identified, the prompt, displaced-LL
and displaced-LD offline selection criteria are applied over simulated samples and the
number of expected candidates is computed as

Noorm
kag = Bbkg X X Ehie X fbkg (2)

Bnorm gnorm fnorm ’

where B;, N;, ¢; and f; are the known branching ratios [10], yields, total efficiency of
the selection criteria, and b-quark fragmentation fraction to each b-hadron species of the
background and normalisation channels. The integrated ratio of fs/fq has been measured
at /s = 13TeV for 0.5GeV < pr < 4.0GeV and 2.0 < n < 6.4 and was found to be
0.2539 4+ 0.0079 [32]. In addition, f, ~ f;, due to isospin symmetry.

For the B?— putp~ " p~ searches, contributions from processes with two pions in the
final state can populate regions of the mass spectrum in the signal region, and modes such as
B?— JhpK+ K~ appear in the low-mass sidebands. A potential background contribution
across all reconstruction categories is the decay B®— Ji)(— ptu~)K$(— 7ra~), which
after the full selection requirements, yields a contamination compatible with zero. In
the displaced categories, the most important contribution arises from B?— Jiyntr—.
However, these decays are also suppressed to a negligible level through the decay-time
and PID criteria.

For the B™ — K™ u* ™~ ptp~ search, the background composition is similar. Processes
with two pions in the final state dominate the sidebands, with partially reconstructed
decays populating the low-mass region in the prompt, LL, and LD categories. The
decay mode BT — Kt J/ip(— ptp )n(— ptpu~y) contributes at a low level but does
not form a peaking structure. The most significant peaking background arises from
BT — Kt J/p(— ptp~ptp™), which is efficiently removed by vetoing candidates with
a four-muon mass near the J/i) resonance. This requirement eliminates the only non-
negligible peaking background in any reconstruction category.

In addition, partially reconstructed backgrounds are strongly suppressed by kinematic
and PID requirements. Semileptonic decays such as B— D~ p*v,, with D~ — K- 77,
can mimic signal-mode vertices in the LD and LDD categories if hadrons are misidentified
as muons. However, the combined misidentification rates required for these topologies
reduce their expected contribution to negligible levels. Partially reconstructed signal
decays with higher muon multiplicities, e.g. B— p*pu~ ™ p~ ™ p~, can produce apparent
four-muon candidates if one or more muons fail the reconstruction criteria. However, these



decays populate the low-mass region and do not lie within the signal windows in either
prompt or displaced searches.

To summarise, a detailed study of potential SM backgrounds determines that none
of the processes considered might contaminate the signal region, with combinatorial
background as the only remaining component.

5 Normalisation

The signal branching ratio is measured with respect to the branching ratio of the normali-
sation resonant decay BY— J/ip(— utp")é(— pt ), and is parameterised in terms of
signal yield as Ngg = Bsig/sig, With the single-event sensitivity agy given by

Bnorm €norm f norm
Qgig = X X (3)
o8 Nnorm E;sig fsig ’

where the labels “sig” and “norm” refer to the signal and normalisation modes.

Efficiencies are calculated using simulated decays, to which weights are applied
in order to minimise discrepancies between data and simulation. These weights are
calculated by comparing BY — J/ip(— ptpu~)d(— KTK™) decays in data and simula-
tion, for which the branching fraction is three orders of magnitude larger than for
BY— Jhp(— ptp)é(— ptu~), allowing for a more precise determination of differ-
ences between data and simulation. The trigger and offline selections for these de-
cays are similar to those used for B — J/(— putp~)o(— ptp~) decays, but no PID
requirement is applied on the kaons. The distributions of the variables of interest for
BY— Jh(— putp)o(— KTK™) decays are separated from background in data using the
sPlot method [33], with the B-candidate mass used as the discriminating variable.

The first set of weights, wgen, referred to as the generator weights, corrects the pr and
pseudorapidity distributions of the B mesons, along with the multiplicity of the underlying
events. The weights wrg, referred to as the trigger weights, correct the efficiency of the
hardware (LO0) trigger. The weights wye., referred to as the reconstruction weights, correct
the vertex x2, x% and flight-distance significance of the B mesons. The efficiency for a
given decay mode can be expressed as

Z Wgen E WgenWLO Z WeenWLOWrec

presel trig sel
Esig = Egeo X X X , (4)
Z wgen Z wgen Z wgenwLOwrec
gen presel trig

where €, is the detector geometrical acceptance efficiency, the label “gen” refers to the
generated sample before any reconstruction or selection, while “presel”, “trig” and “sel” refer
to the offline reconstruction sample passing the preselection requirements, the preselection
and trigger requirements, and the full selection requirements, respectively. In the above
equation, the reconstruction weights are normalised such that ) wgenWro = D WgenWroWrec-
tri tri

Efficiencies are calculated individually for each year of data talfing and are t}glen combined
in a weighted average according to the integrated luminosity corresponding to each sample.

The dependence of the selection efficiency on the scalar-particle decay time is studied,
which in turn drives the shape of the excluded branching-fraction curves. This study is
not used to extract efficiencies directly, but rather as a consistency check of the lifetime
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Figure 3: Extrapolation of total efficiencies across lifetime for (left) BT — Ktutu~ptp~
with (Mg, Ma,) = (2.00,2.75) GeV, and  (right) B%— pfp—ptp-ptp~  with
(May, May) = (0.50,1.50) GeV.  Colour bands represent statistical uncertainties on the ef-
ficiency that are propagated through the finite-elements approach in Eq. 6.

dependence and of the reconstruction categories included in the analysis. To model this
dependence, per-event weights are applied at both generator and reconstruction levels
according to

Tgen e_ti/'rtar

(5)
and then included in Eq. 4. Here, t; is the decay time of the scalar, 74, is the lifetime
used to generate the simulated sample, and 7., is the target lifetime. For target decay
time lying between two generated lifetime points, g; < t < go, the corresponding efficiency
is obtained through a linear interpolation following a finite-elements approach,

W; =
' Ttar eiti/‘rgen ’

Esig = W1 g9 + W2 €g2’ (6)
with weights defined as
wy = I- fa
__tmo (7)
Wy = = .
92— G

Figure 3 shows representative examples of the resulting total-efficiency behaviour
as a function of the scalar decay time for long and downstream track reconstruction
criteria in the BY — KTptp~ptp~ and BY— pp~ptp~p ™ signal modes. The smooth
evolution of the efficiencies with lifetime provides a qualitative understanding of the lifetime
dependence observed in the excluded branching-fraction curves. In addition, it is confirmed
that at large lifetimes, the inclusion of downstream track reconstruction is well behaved
within the analysis.

The single-event sensitivity age, which is defined in Eq. 3, sets the scale at which B,
can be measured if signal candidates are observed. The quantity N,o.m is determined from
a fit to the mass distribution of the normalisation mode, B, is determined from the
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Figure 4: Distribution of the puTp~pTu~ mass of candidates passing the

BY— Jhp(— ptp~)é(— pt ) selection procedure with the result of the fit also shown.

product of existing branching fraction measurements [10], namely BY — J/¢, J/p— ptu~
and ¢— ptu~, yielding Buorm = (1.74 +0.14) x 1078.

The yield of the normalisation mode Ny, is determined from an extended unbinned
maximum-likelihood fit to the mass distribution of BY — JAb(— ptp™)é(— ptp™) candi-
dates with the full normalisation-mode selection criteria applied, as shown in Fig. 4. The
fit model is composed of a double-sided Crystal Ball (DSCB) function [34] for the signal,
and an exponential function for the combinatorial background. The parameters of the
DSCB function are determined from an unbinned maximum-likelihood fit to simulated
B — Jhp(— ptp)é(— putp~) decays. The values obtained for the parameters in the fit
to simulation are used to constrain with Gaussian priors the parameters of the DSCB
function, except for the peak position p and width parameter o, which are allowed to vary
freely, accounting for differences in resolution and mass scale between data and simulation.
The slope of the background model is also allowed to vary freely. The fitted yield of
normalisation candidates is Nyomm = 145 4 13, where the uncertainty is statistical only.

6 Fit procedure

Extended maximum-likelihood fits to the mass of the B-meson candidates in the range
(4850, 6000) MeV are used to search for the signal decays and to extract the signal branching
ratio. In the case that no significant signal is observed, 95% CL upper limits on the
branching fractions are set using the CLg method [35]. For prompt searches and displaced
modes with 7,, = 1ps, individual fits are performed to each mass component, since no
effect from displaced reconstruction (neither long nor downstream tracks) is present. On
the other hand, simultaneous fits to LL and LD samples, or LLL, LLD and LDD samples
for very displaced modes (t,, > 1ps) are performed, sharing the branching-ratio parameter
and weighted by the corresponding single-event sensitivities.

The signal component is modelled using a DSCB function. Its shape parameters are
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obtained by fitting to simulation candidates that remain after the complete selection
criteria. In particular, mismodelling is often observed, impacting the stability of some fit
parameters. Due to strong correlations between some parameters, the power-law exponents
of the DSCB are fixed during the fit, while the transition points are allowed to float.
This procedure has been shown to improve fit stability. The signal shape parameters
are subsequently fixed in the mass fit, and the single-event sensitivities for each category
are constrained with Gaussian priors, where the width of the Gaussian comprises both
statistical and systematic uncertainties. The background is dominated by a combinatorial
contribution, whose shape is modelled by an exponential function. Thus, the fitting
strategy relies on an unbinned maximum-likelihood fit whose signal and background
components are normalised to Ny, and Ny, respectively.

As statistical uncertainties are large due to the low event yields, validation studies are
crucial to reaffirm the fitting approach. Therefore, pseudoexperiments are generated under
the signal-plus-background hypothesis. For each pseudoexperiment, the total number of
events is fixed to N = Ny + Ngg, and B-candidate mass values are randomly sampled
from the combined signal and background probability density functions (PDFs). To test
the robustness of the fit model, Ny, is chosen at various points corresponding to branching
ratios up to 1078, ensuring that the model is evaluated under meaningful conditions.
Each pseudoexperiment is then fitted using the baseline model. From the fit results,
standardised residuals of the extracted signal branching fractions B are computed for
all signal modes, where N denotes the number of muons. In addition, validation tests
with B = 0 are performed and confirming the reliability of the model in the absence of
signal. In all cases, 1000 samples are generated, and the occurrence of failed fits does
not exceed 1%. No particular deviation is observed in any of the signal modes, with the
standardised-residual distribution being compatible with a normal Gaussian distribution.

Finally, in order to extrapolate the sensitivity reach across the lifetime spectrum of
the a; scalar, the core resolution of the signal PDF is studied for different reconstruction
categories to validate the assumption that the signal mass resolution is similar across
different scalar lifetimes. For all categories, the fitted resolutions are found to be compatible
within uncertainties for different lifetimes.

7 Systematic uncertainties

A number of systematic uncertainties have the potential to affect the measurements
reported in this paper, with dominant contributions arising from the potential mismodelling
of the PID efficiencies and the background distribution. The full list can be found in
Tables 2 and 3 of Appendix B.

Due to the underlying decay topology, the signal decay modes can exhibit a nontrivial
dependence on the momentum transfer, ¢>. However, this is not modelled in the simulation
samples used in this analysis, which are generated under a phase-space model assumption.
In particular, it has been shown that for B* — K'a,a, decays, the differential width
dI'/dg? follows a nonuniform, physically motivated distribution [1]. Currently, no theo-
retical prediction for the decay dynamics of B? — aja, decays is available. To assess the
impact of this mismatch on selection efficiency, the simulated signal sample is weighted
to follow the aforementioned ¢? distribution for the BT — K*aja, decays. The selection
efficiency is then recomputed using the weighted samples, and the difference with respect
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to the baseline phase-space efficiency is assigned as a systematic uncertainty. This results
in systematic uncertainties ranging from 0.1% to 10%.

The effective lifetime of any B? signal mode is unknown a priori and can vary between
the lifetimes of the light and heavy eigenstates, denoted as 71, and 7y, respectively [36].
These lifetimes are measured to be 7, = 1.429 4+ 0.006 ps and 7y = 1.622 £ 0.008 ps [10].
Simulation samples used in this analysis for B? signal modes are generated assuming the
mean BY lifetime. Since the selection efficiencies depend on the BY flight distance, the
effective lifetime introduces a source of systematic uncertainty on the efficiencies. To
quantify this, the simulated candidates are weighted such that their true decay times
correspond to an effective lifetime of either 71, or 3. The selection efficiencies are
recomputed using these weighted samples, and the largest difference with respect to the
baseline efficiency is assigned as a systematic uncertainty. This results in systematic
uncertainties of up to 7.1%.

The parametrisation of the combinatorial background constitutes the dominant source
of model dependence in the limit-setting procedure. To assess its impact, the baseline
exponential description is replaced by a linear function and the 95% CL upper limits are re-
evaluated using the CLg method [35]. Unlike the other systematic uncertainties, which act
multiplicatively on the signal efficiency and are propagated to the single-event sensitivity
through Gaussian constraints, this term reflects how much the extracted branching fraction
changes under a different background hypothesis. The resulting variation of the upper
limits ranges from 2% up to 17%, the largest values being found in the lowest-yield
channels, where the limited number of candidates in the sidebands leaves the background
shape poorly constrained.

Further sources of systematic uncertainties arise from differences between data and
simulation. It is known that the performance of the PID algorithms differs between data
and simulation. To correct for this, per-track PID weights are computed using calibration
samples in data and simulation that map the PID performance as a function of track
kinematics and event multiplicity. These weights are applied to simulated candidates to
correct the PID efficiencies. However, the calibration samples have a limited size and do
not cover the full kinematic range, particularly at low muon momentum. As a result, the
PID performance in simulation may not be fully corrected, leading to potential biases in
the selection efficiencies. To quantify the potential bias this introduces, per-muon PID
weights are calculated as a function of the muon transverse momentum, pf, with the
high-yield B?— J/p(— pmu~)p(— KTK™) control mode. Weights are then applied to
each muon in the simulation samples based on pf. and a per-event weight is calculated
as the product of these weights. The selection efficiencies are recomputed with these
weights applied, and the difference with respect to the baseline efficiency is assigned
as a systematic uncertainty. These weights are not included in the baseline efficiencies
because it is only an approximate estimate of the possible size of the PID mismodelling,
parametrised in a single variable, and therefore does not constitute a robust correction.
These systematic uncertainties range from 0.3% to 21%, the largest values occurring for
the lightest scalar configurations of the four-muon modes, where the softer muon spectrum
is most affected by the limited calibration coverage at low momentum.

Similarly, tracking efficiencies, which differ between data and simulation, are not
corrected. To quantify the potential bias this introduces, calibration samples which
provide corrections in bins of track momentum p and pseudorapidity n are used to
assign weights to each track. A per-event weight is calculated as the product of these
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BY— Ktptp~ptpptp.

weights. The selection efficiencies are then calculated with these weights applied, and the
difference with respect to the baseline efficiency is assigned as a systematic uncertainty.
These systematic uncertainties range from 0.5 % to 1.8 %. To quantify the uncertainty
arising from the corrections applied to the simulated samples, the control sample used
to compute these corrections is bootstrapped [37] multiple times to generate alternative
sets of correction weights. The selection efficiencies were recomputed using each set of
alternative corrections, and the standard deviation of the resulting efficiency distribution

is assigned as a systematic uncertainty. The systematic uncertainties range from about
1% to 10%.

8 Results

Fits to the fully selected data for a set of mass and lifetime configurations are displayed
in Figs. 5-8. No signal excess is found in any of the different categories considered in
this analysis. Extending the physics reach, the data are also fit for the B — putp=ptp~
and B®— ptp~ptpu~ T decays. Given the very similar kinematics between BY and B?
modes, the following approach is used: i) signal PDF shape parameters and background
templates are taken from the corresponding BY cases, and the peak position is shifted
towards the known B mass [10], ii) efficiencies are considered as in the analogous BY
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displaced channels.

modes, but including the corresponding hadronisation factor for B mesons.

The GAMMACOMBO package [38,39] is used to compute the expected and observed
limits on the branching fractions with the CLs method [35], employing a one-sided test-
statistic [40]. The limit-setting procedure is run with 2500 pseudoexperiments each to
achieve smooth p-value distributions. To present upper limits across the lifetime reach,
the PchipInterpolator [41] algorithm is used to compute exclusion limits in the range
limited by the samples coverage. Such a method allows the interpolation of discrete
data while keeping monotonicity and positivity, avoiding nonphysical oscillations. This
decision is justified by three reasons: i) single-event sensitivities smoothly follow an
exponential-decay law, ii) the final mass spectrum after selection does not depend on the
decay time of the intermediate scalar particles and iii) the width of the DSCB is kept
constant within an uncertainty window.

Expected and observed upper limits are shown in Table 1, and interpolated across the
lifetime range considered in this analysis in Fig. 9. The corresponding profile-likelihood
curves are provided in appendix C. While a comprehensive grid of mass configurations
goes beyond the scope of this analysis due to the large number of possible combinations,
two mass configurations for each decay and lifetime are provided to illustrate the spread
of sensitivities across the (m,,, mg,,) spectrum. The limit obtained for the nonresonant
BY— utp~ptp~ decays are in full agreement, yet less sensitive than the previously
published search [7]. The weaker sensitivity is driven by the fact that this paper analyses
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only a subset of the data used in Ref. [7].

The trends in the obtained limits can be largely understood with the following
considerations. First, the larger available phase space in the u™p~pu™ ™ final states allows
for wider variations in the transverse momentum of the decay products, resulting in more
prominent behaviour depending on the decay time of the long-lived scalar. At higher
lifetimes, the B — upu~p* ™ channel tends to provide improved sensitivity compared to
the Bt — K™ pu*pu~ ptp~ mode, which can be attributed to a more effective background
suppression. Within each decay channel, the differences observed between the lower-
and higher-mass hypotheses can be understood in terms of the corresponding sensitivity
profiles. Second, the overall reduced sensitivity reach in putpu~pup~ptp~ channels can be
explained by the more restricted phase space available for transverse momentum, due to
the higher multiplicity of the final state. In these channels, the generally lower background
levels imply the behaviour of the exclusion-limit curves being fully explained by kinematic
features. At high lifetimes, the reach of decays involving lighter resonances surpasses
their counterparts with heavier resonances because of the impact of highly boosted muons
originating from momentum balance. At shorter lifetimes, a systematic difference is
observed between the mass hypotheses considered in the B?— ptp~ptpu ptp~ and
BT — Ktutu ptp~ ptp~ channels. This behaviour can be interpreted as a consequence
of momentum-balance effects, which increasingly hinder the higher-mass configurations
from satisfying the trigger requirements as the number of final-state particles increases.
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Figure 7: Simultaneous fits to the B-candidate meson mass in the (top left) LLL, (top right) LLD
and (bottom) LDD categories for B?— utpu~pTpu~ptu~ decays for the indicated displaced
samples.
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9 Conclusions

This paper presents a comprehensive search for decays of B mesons into four- and six-muon
final states, proceeding either directly or through intermediate scalar states with lifetimes
up to 1ns. The sample used in this analysis corresponds to pp collision data recorded
with an integrated luminosity of 5.4fb™!, collected by the LHCb experiment at /s =
13TeV. The decays B?S)% prp—ptp=, BY— Ktutu—ptu—, B?S)—> ptp—ptp—ptu—
and BT — Ktputu ptpu~ ptp~ are considered, in both prompt and displaced topologies.

No significant signal is observed, and upper limits on the branching fractions are set
at the 95% CL, spanning the range from 0.6 x 107 to 5.4 x 107 depending on the decay
topology, and on the mass and lifetime of the intermediate mediators. With the exception
of the B?s) — ptp~ptp” mode with prompt mediators [7], these are the most stringent
limits on these decays, improving the constraints obtained from the recasting of dimuon
resonance searches by up to two orders of magnitude [2]. These results are complementary
to direct searches for long-lived dimuon resonances at the LHC [9,42], and constrain the
couplings of nonminimal models with hierarchical sectors, such as composite Higgs models
and supersymmetric extensions of the SM, over a wide range of mediator masses and
lifetimes.
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Table 1: Observed (expected) upper limits at 95% CL on the B(B?S)%Mﬂu_,u"ﬂu_),
B(B* — Kty p* ™), B(Bly— ptp~ptpptp”) and B(BT — K*ptp=ptpptu”) de-

cays.

Mays May Tay Observed (expected) upper limit at 95% CL

[GeV | [ps | B = prpptp” B =yt BY— Krptp~ptp
PHSP 0 1.95(0.98) x 1077 0.49(0.63) x 1079 1.33(0.68) x 1077
0.25, 0.40 1 1.36(1.42) x 10°® 6.73(3.00) x 1079 327(244) x 10°®
10 3.58 (4.83) x 1079 2.28(1.33) x 1079 4.29(3.46) x 1078
100 7.00 (8.84) x 107? 3.18(2.38) x 1079 12.8(9.38) x 1078
1000 3.43(4.40) x 1078 1.59(1.19) x 1078 5.63 (5.40) x 1077
2.00, 2.75 1 2.04(2.23) x 107° 0.71(0.53) x 10~ 2.70 (2.50) x 1077
10 1.35(1.49) x 107° 0.73(0.42) x 1079 1.59 (1.50) x 107°
100 2.97 (4.22) x 1079 2.30(1.13) x 1079 6.29 (5.21) x 107°
1000 2.23(2.96) x 1078 16.6 (7.75) x 1072 5.52 (4.43) x 1078

Bl = ptp ptpptp B =ttty BY— Kttt
PHSP 0 6 60 (7.85) x 1077 3.56 (1.86) x 107° 16.9 (8.44) x 1079
0.50, 1.50 1 55 (4. 43) x 1077 1.36 (1.00) x 107 2.83(3.20) x 1077
10 4 26( 8) x 1079 1.71 (1.59) x 107° 2.70 (3.16) x 107?
100 0.97(1.30) x 1077 3.58(3.17) x 1078 4.98 (5.17) x 1078
1.25, 3.50 1 2.61(3.13) x 1079 0.96 (0.78) x 1079 4.08(4.75) x 10°°
10 5.58 (9.11) x 107° 1.45(1.44) x 107° 5.01(5.52) x 107
100 2.33(2.88) x 1077 8.48(8.04) x 1078 2.21(2.42) x 1077
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A Decay Time Selection

The decay-time selection is optimized according to a figure of merith, see Fig. 10,
which represents the number of expected B — J/i)(— utpu~)¢(— ptp~) surviving signal
selection up to the decay-time cut. The chosen point ensures that less than 1 candidate is
expected to survive such a selection criteria, delimiting the long-lived regime.
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Figure 10: Total number of expected BY — J/ib(— utp~)é(— putu~) candidates in the analysed
dataset as a function of the requirement on the decay time of the intermediate scalars. The
blue-dashed line marks the threshold of one expected candidate, whereas the shaded region
delimits the prompt regime.
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B Systematic uncertainties

Systematic uncertainties for B — aja; and BT — KTajas decays are shown in Tables 2
and 3, where the combined systematic uncertainty results from adding the systematic
uncertainties of each category in quadrature.

Table 2: Systematic uncertainties on B(B?— pu*p~ptp~) and B(BY — putpu~ptp~pTp~). The
systematic uncertainty related to the background model used is separated from the rest of the
systematic uncertainties (combined). The combined systematic uncertainty is given as a relative
uncertainty on the efficiency ratio, whereas the background-model systematic uncertainty is
reported as an absolute uncertainty on the branching-fraction upper-limit estimate.

Mays May, |GeV | Tay | DS | Combined systematic [%] Background model

Bl = phrpptp”

PHSP 0 2.1 6.6 x 1014
0.25, 0.40 1 9.9 1.3 x 10~°
0.25, 0.40 10 3.1 <1.0x 1071
0.25, 0.40 100 3.3 2.6 x 10715
0.25, 0.40 1000 3.4 1.4 x 1070
2.00, 2.75 1 3.1 5.3 x 1011
2.00, 2.75 10 2.8 <1.0 x 1011
2.00, 2.75 100 3.4 <1.0x 10711
2.00, 2.75 1000 4.4 1.1 x 1010

BY— ittt

PHSP 0 2.4 1.1 x 1079
0.50, 1.50 1 2.4 5.5 x 1011
0.50, 1.50 10 3.7 <1.0 x 1011
0.50, 1.50 100 3.4 3.8 x 107°
1.25, 3.50 1 2.3 1.6 x 1012
1.25, 3.50 10 2.5 <1.0 x 1011
1.25, 3.50 100 6.5 3.3 % 108
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Table 3: Systematic uncertainties on BBt — Ktptuputu™) and
B(BT— Ktputu ptu~ptp~). The systematic uncertainty related to the background
model used is separated from the rest of the systematic uncertainties (combined). The combined
systematic uncertainty is given as a relative uncertainty on the efficiency ratio, whereas
the background-model systematic uncertainty is reported as an absolute uncertainty on the
branching-fraction upper-limit estimate.

May s May | GeV | Tay | DS | Combined systematic |%)] Background model
B+—> K*,u*,u’,u*u’

PHSP 0 8.8 2.1 x 10717
0.25, 0.40 1 13.0 7.8 x 10710
0.25, 0.40 10 16.0 1.1 x 10710
0.25, 0.40 100 16.0 2.2 x 1079
0.25, 0.40 1000 19.0 8.4 x 10710
2.00, 2.75 1 2.4 1.4 x 10712
2.00, 2.75 10 2.2 <1.0 x 10711
2.00, 2.75 100 2.4 <1.0x 10711
2.00, 2.75 1000 4.7 9.6 x 10~10

BY— Ktptp ptp ptp~

PHSP 0 2.2 6.2 x 10710
0.50, 1.50 1 2.4 4.2 x 1071
0.50, 1.50 10 2.7 <1.0x 10711
0.50, 1.50 100 4.5 3.7 x 10710
1.25, 3.50 1 2.1 2.7x 1071
1.25, 3.50 10 2.0 <1.0 x 10711
1.25, 3.50 100 7.7 3.7x 1078
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C Profile likelihoods

Figures 11, 12, 13, 14, 15, and 16 provide the profile likelihoods (NLL), calculated from
a scan of the branching-ratio parameter and systematic uncertainties being included as
constraints with a Gaussian prior in the fit model.
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Figure 11: Profile likelihoods for the fits for B — ptu~utp~. From left to right, top to
bottom, the fits correspond to the prompt scenario, the lifetimes [1, 10, 100, 1000] ps for the mass
configuration (mg, = 0.25GeV,mq, = 0.40GeV) and the lifetimes [1, 10, 100, 1000] ps for the
mass configuration (mq, = 2.0 GeV,mg, = 2.75GeV).
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Figure 12: Profile Likelihoods for the fits for BY — utu~p*p~. From left to right, top to
bottom, the fits correspond to the prompt scenario, the lifetimes [1, 10,100, 1000] ps for the mass
configuration (mg, = 0.25GeV,m,, = 0.40 GeV) and the lifetimes [1, 10,100, 1000] ps for the
mass configuration (mg, = 2.0 GeV,mg, = 2.75 GeV). The linear behaviour of the likelihoods for
the displaced selections arises because there is no data observed in the signal region.

23



33 33 T T T 33 _ T T T T T
§° r i §° m;=0.25GeV, my=0.40GeV i §° [ m;=0.25GeV, my=0.40GeV
q 1q T=1ps 19+ t=10ps
A, 14, 13,L ]
1 1 1 F .
0 | - Il PRI IR TR RS i 0 0 L P P RIS ST SRS R .-
0.00 025 050 075 1.00 1.25 0 1 2 3 4 5
x1079 x1078 x1078
BB* »K*pu*p-p*p”) BB* > K*u*p~p*p”) BB* »>K*p*rp~pp”)
33F T T T T T T T 33 L | S3F UL B B L
N m;=0.25GeV, my=0.40GeV 12 m;=0.25GeV, my=0.40GeV 12 [ m;=2.00GeV, my=2.75GeV
q ot 7=100ps 19 7=1000ps 19t T=1ps
Zz L - 21/2 - ZZ L -
1k 11 1 af .
L n n n n 0 1 n n n 1 n n n 1 0 I P n PRI SRS ST (ST S ST S ST S Y .-
%.0 0.5 1.0 1.5 2 4 6 0.0 0.5 1.0 1.5 2.0 2.5
x1077 x1077 x10~°
BB* =K u* p~pp”) BB =K u*p-p*p”) BB* =K u*p~pp”)
a3 T L A R LI L | T a3F L A B |
N m;=2.00GeV, my=2.75GeV 12 m;=2.00GeV, m;=2.75GeV 12 [ m;=2.00GeV, my=2.75GeV
q 7=10ps 19 7=100ps 19+ 7=1000ps
a0 14, 14,[ b
s 11 1 aF —
I oS A IR USSR NSRS S NSNS S S .. PR I ST B T | | - L Il Il Il
00.0 0.5 1.0 1.5 2.0 0 2 4 6 8 00 2 4 6
x107° x107° x10-8

BB* =K u p~pp”)

BB* =K u*p-p*p”)

Figure 13: Profile Likelihoods for the fits for Bt — K uTp~putu~
correspond to the prompt scenario, the lifetime [1, 10, 100, 1000] ps
(mq, = 0.25GeV, mgy, = 0.40 GeV) and the lifetimes [1, 10, 100, 1000] ps for the mass configuration
(Mg, =2.0GeV,mg, = 2.75GeV).

24

BB* =K u p~pp”)

. From left to right the fits

for the mass configuration



33 1 33F T HELER N B B | S3F L B L B R
§° i §’° m;=0.50GeV, my=1.50GeV i zg‘) [ m;=0.50GeV, my=1.50GeV i
q ot 19 T=1ps 19 ¢ 7=10ps

EH 13,0 13,0 ]
1r 4 1F -
P I SR B .. OK rE I SRR B S E ESEi .. 0\. PR PR PEREETE R ..

2 3 4 0.00 025 050 075 100 125 0.0 0.5 1.0 1.5 2.0
x1070 x10~° x1070

BB o ptp ptpptu) BB - prp ptpptp) BB —»p*p-ptpmptp)

a3F L L B | T a3F T T T T JR3F ~ T T T Ty
El m=0.50GeV, my=150GeV /1 & [ m=125GeV, my=350Gev /1 & [ m=125GeV, my=3.50GevV /]
q 7=100ps . :I L T=1ps 19 1 t=10ps
T, SE P 142 ]
1+ 41 4 1F .
0- ol BT L PR PR 0- 1 1 1 I. Ok (A (T SR SR S (N ST ST ST N Y
0 1 2 3 4 00 02 04 06 08 10 00 0.5 1.0 15
x1078 x10™9 x107
BB — pu*p~ptpmpt ) BB = ptp~ptpmpt ) BB — pu*p~ptpmpt )
a3F T T T T T
§° my=1.25GeV, my;=3.50GeV
q 7=100ps
Zz - -
1_ -
\L PRSI SRS NS SR NS SR
b0 "0z 04 06 08 10

%1077
BBO— pu*p~ptpmpt )
Figure 14: Profile Likelihoods for the fits for B — utp~ptp~ptpu~. From left to right, top
to bottom, the fits correspond to the prompt scenario, the lifetimes [1, 10, 100] ps for the mass
configuration (mg, = 0.5GeV,my, = 1.5GeV) and the lifetimes [1,10,100] ps for the mass
configuration (mg, = 1.25 GeV,m,, = 3.5 GeV).
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Figure 15: Profile Likelihoods for the fits for BY — utu~p*p~ptp~. From left to right, top
to bottom, the fits correspond to the prompt scenario, the lifetimes [1, 10, 100] ps for the mass
configuration (mg, = 0.5GeV,my, = 1.5GeV) and the lifetimes [1,10,100] ps for the mass
configuration (mg, = 1.25GeV,m,, = 3.5 GeV). The linear behaviour of the likelihoods for the
displaced selections arises because there is no data observed in the signal region.
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the displaced selections arises because there is no data observed in the signal region.
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