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Abstract

Searches for the rare hadronic decays B0 → pppp and B0
s → pppp are per-

formed using proton-proton collision data recorded by the LHCb experiment
and corresponding to an integrated luminosity of 9 fb−1. Significances of 9.3σ
and 4.0σ, including statistical and systematic uncertainties, are obtained for
the B0 → pppp and B0

s→ pppp signals, respectively. The branching frac-
tions are measured relative to the topologically similar normalisation decays
B0→ J/ψ(→ pp)K∗0(→ K+π−) and B0

s→ J/ψ(→ pp)φ(→ K+K−). The branching
fractions are measured to be B(B0→ pppp) = (2.2± 0.4± 0.1± 0.1)× 10−8 and
B(B0

s→ pppp) = (2.3± 1.0± 0.2± 0.1)× 10−8. In these measurements, the first
uncertainty is statistical, the second is systematic and the third one is due to the
external branching fraction of the normalisation channel.
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The physics of B mesons decays to charmless, hadronic final states with pp pairs is
not well understood. Non-perturbative strong interactions combine with short-distance
weak decays to produce final states that display non-trivial patterns. Differences in the
way B mesons decay to baryonic versus purely mesonic final states have been found
since the first experimental measurement of a baryonic B decay was reported by the
CLEO collaboration [1]. The branching fraction B(B0→ pp) = (1.3± 0.2)× 10−8 [2] is
two orders of magnitude lower than B(B0→ π+π−) = (5.1±0.2)×10−6 [3], while four-body
B0→ pphh′ decays are not as suppressed relative to the corresponding two-body decays
B0 → hh′ where hh′ denotes a meson pair. For hh′ = K+π−, the ratio of four-body to
two-body branching fractions is about 0.43±0.03, while for hh′ = π+π−, the ratio is about
0.57±0.04 [3]. The knowledge of related B0

s decays is more limited. The branching fractions
for the pp̄K+K−, pp̄K+π−, and pp̄π+π− final states are (4.5±0.5)×10−6, (1.4±0.3)×10−6,
and (4.3± 2.0)× 10−7, respectively, [4]. The decay B0

s→ pp has not been observed; the
LHCb collaboration recently reported an upper limit of B(B0

s→ pp) < 4.4 (5.1)× 10−9 at
the 90% (95%) confidence level (CL) [2]. The branching fractions of multi-body baryonic
decay modes may be significantly increased due to a threshold enhancement effect in the
baryon-antibaryon invariant mass spectrum [5–8], while two-body baryonic decays (such
as B0

(s) → pp) are suppressed [8–10].
The fully baryonic decay B0→ pppp has not been observed previously; the BaBar

collaboration reports an upper limit of 2 × 10−7 at 90% CL [11]. No prior search
for B0

s→ pppp has been reported. While no theoretical prediction related to the purely
baryonic B0

(s)→ pppp decays is currently available, a first measurement of the corresponding
branching fractions would allow to better understand the underlying dynamics. The goal
of the analysis presented here is to probe B0

(s)→ pppp branching fractions with sensitivities
of O(10−8), similar to that for B0

(s) → pp and an order of magnitude lower than the
B0→ pppp limit from the BaBar collaboration.

We search for B0
(s)→ pppp using the full Run 1 and Run 2 proton-proton collision

data sets.1 These were collected by the LHCb experiment over the period 2011–2018 at
center-of-mass energies of 7, 8, and 13 TeV with integrated luminosities of approximately 1,
2, and 6 fb−1, respectively. A blind selection procedure is used, with unblinding performed
in two steps: first the Run 1 then the Run 2 pppp data. The B0→ pppp and B0

s→ pppp
yields are determined from fits to the integrated data sets with different selection criteria.
Anticipating the B0

s signal to be much smaller than the B0 signal, tighter selection criteria
for the B0

s study are used to further suppress background.
The branching fractions of the signal decays are measured simultaneously across all

data-taking periods relative to the topologically similar B0→ J/ψ(→ pp)K∗0(→ K+π−)
and B0

s→ J/ψ(→ pp)φ(→ K+K−) normalisation channels using

B(B0→ pppp) = Bvis(B
0→ J/ψK∗0)× N(B0→ pppp)

N(B0→ J/ψK∗0)
× ε(B0→ J/ψK∗0)

ε(B0→ pppp)
, (1)

B(B0
s→ pppp) = Bvis(B

0
s→ J/ψφ)× N(B0

s→ pppp)

N(B0
s→ J/ψφ)

× ε(B0
s→ J/ψφ)

ε(B0
s→ pppp)

, (2)

where N denotes a measured yield and ε denotes a combination of geometrical accep-
tance of the LHCb detector and reconstruction, trigger and selection efficiencies. The
symbol Bvis denotes the branching fraction of the nominal final state multiplied by the

1Charge-conjugate decays are implied throughout this article, unless explicitly stated otherwise.

1



branching fractions of its resonances to their decay products. The normalisation chan-
nels, B0→ J/ψK∗0 and B0

s→ J/ψφ, are chosen because their branching fractions are well
measured: (1.27± 0.05)× 10−3 and (1.04± 0.04)× 10−3, respectively [3]. Simultaneously
fitting the ratios of signal B0

(s)→ pppp rates to normalisation channel rates mitigates many
of the possible systematic uncertainties.

The LHCb detector [12, 13] is a single-arm forward spectrometer covering the pseu-
dorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region [14], 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 [15] placed downstream of the
magnet. The tracking system provides the measurements of the track momentum and
impact parameter (IP) and is used to reconstruct primary vertices (PVs). Different types
of charged hadrons are distinguished using particle identification (PID) information from
two ring-imaging Cherenkov detectors [16]. The online event selection is performed by a
trigger [17], which consists of a hardware stage followed by a software stage, comprising
two levels, which applies a full event reconstruction. All candidates must satisfy at least
one of two criteria — either a decision to accept the event was completely independent of
the tracks used to form the candidate (TIS) or a positive decision was dependent on the
tracks in the signal and no others (TOS).

Simulated samples are used to study the properties of the signal, normalisation and
background channels. Proton-proton collisions are generated by 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 interactions of the
generated particles with the detector material, and their responses, are implemented using
the Geant4 toolkit [22, 23], as described in Ref. [24].

In the offline selection, B candidates are formed from tracks required to satisfy quality
criteria, and to have a momentum in the range 10 < p < 110 GeV/c. Individual track
trajectories must be inconsistent with originating at a PV using the criterion χ2

IP > 25,
where χ2

IP is the difference between the vertex-fit χ2 of a PV reconstructed with and
without the track in question. The distance of closest approach between any two tracks
of a B candidate is required to be less than 300µm. The B candidate momentum is
required to point back to its PV by requiring χ2

IP < 25. The angle between the candidate
momentum vector and the line connecting the associated PV and the decay vertex of
the candidate must be less than 14 mrad. The B vertex is required to be well separated
from the PV and the B candidate must have a decay time greater than 1.0 ps. For
the pphh′ data samples additional requirements are made on the final state invariant
masses around the known masses of the J/ψ, K∗0 or φ mesons: |mpp − 3097| < 60 MeV/c2,
|mK+π− − 895.5| < 200 MeV/c2 and |mK+K− − 1019.5| < 30 MeV/c2.

The two most powerful discriminating variables between signal and background are
the χ2

IP of the B0
(s) candidate with respect to the PV and the quantity

∏
iPi(p). The

latter is defined as the product of the probabilities of the four protons being correctly
identified. Since the PID algorithms were tuned differently for Run 1 and Run 2,

∏
iPi(p)

is optimized separately for the two running periods. Using pppp data in the sideband mass
ranges m(pppp) ∈ (4950− 5240)∪ (5407− 5650) MeV/c2 and simulated B0 and B0

s signals,
the selections applied to these variables are chosen to maximize S/

√
B, where S and B

are the signal and background yields in the signal region m(pppp) ∈ [5240, 5407] MeV/c2,
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Figure 1: Combined Run 1 plus Run 2 invariant-mass distributions of B0
(s)→ pppp candidates

satisfying (left) the tight and (right) the very tight selection criteria discussed in the text. The
fit results (solid blue lines) for these samples are shown together with the fit model components.
The hashed cyan band corresponds to the 1σ model uncertainty based on the fit covariance
matrix.

with the constraint that S/
√

S + B is greater than 95% of its maximum value.
The expected yields from B0→ pppp decays are larger than the corresponding B0

s

decay. At tree level, B0→ pppp decays occur mainly via a W -emission diagram, while
B0
s → pppp decays occur through Cabibbo suppressed W -exchange diagrams. The B0

s

production rate is further suppressed by fs/fd ∼ 25% [25] compared to that of the B0.
Thus, different working points are chosen: tight and very tight selections for the B0 and
B0
s searches, respectively.

Expected signal rates in Run 1 are estimated from a previous study based on Run 1
pppp data [26], while those expected in Run 2 are extrapolated from the Run 1 measured
B0 → pppp yield. Prior to unblinding the Run 1 data, a list of tight and very tight∏

iPi(p) working points for the Run 2 data as a function of a large range of possible
central values for the B0 signal in Run 1 were established. In choosing the working points,
only

∏
iPi(p) values that are integer multiples of 0.05 in the range (0.10 − 0.90) were

considered to avoid possible biases associated with fine tuning. The
∏

iPi(p) requirement
for the very tight selection increases the background rejection by a factor of four while
reducing the signal efficiency by ∼40% with respect to the tight selection. For the χ2

IP

variable, a common requirement χ2
IP < 1.8 is used for both channels in all running periods.

Signal and normalisation efficiencies are estimated from simulation weighted to match the
data distributions of the χ2

IP of the B0
(s) candidate, the track multiplicity in the event and

the momentum and pseudorapidity of each daughter particle. The weights are obtained
from background-subtracted normalisation data samples with loose requirements applied
(all selection criteria except those on B0

(s) χ
2
IP and

∏
iPi(p)).

The invariant mass (m(pppp)) distributions of the candidates satisfying the tight
and very tight selection criteria are shown in Fig. 1. The candidates selected with the
tight (very tight) cuts are used to measure B(B0→ pppp) (B(B0

s → pppp)). The fits
shown here are used only to determine the statistical significances of the signals. The
(common) signal shapes are assumed to be described by double-sided Crystal Ball (DSCB)
functions [27] with tail parameters fixed to those found in simulation. The mean of the
B0 mass distribution is Gaussian-constrained to the value measured for the normalisation
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channel B0→ J/ψK∗0 and the mean of the B0
s mass distribution is fixed to that of the B0

plus the known B0
s − B0 mass difference [3]. The signal widths are fixed to the values

measured for the corresponding normalisation channels scaled by the ratio of signal to
normalisation widths measured in the simulation. The background shapes are assumed
to be exponential with coefficients that are left free to vary in the fit. The B0 and B0

s

signal yields obtained from the fit to the samples with tight and very tight selection
criteria are 48.2± 8.1 and 7.1± 2.9, respectively. The significances of the signal yields are
computed from likelihood scans using Wilks’ theorem [28]. They are found to be 9.3σ and
4.0σ, including statistical uncertainties only, for the B0→ pppp and B0

s→ pppp signal
respectively.

For each channel, the absolute branching fraction is measured from a simultaneous
unbinned maximum-likelihood fit to the signal and normalisation channels in which the
corresponding yields are free to vary (see Eq. 1). The data are divided into four running
periods during which operating conditions varied (years 2011-2012, 2015-2016, 2017, and
2018); these data are fitted simultaneously. The signal shapes described above are also
used in this fit. Common means and widths are used to describe the B0 and B0

s mass
distributions between the signal and normalisation channels. The B0 and B0

s mass and
width parameters vary freely in the fit; they are common to the signal and normalisation
modes but the signal widths are scaled by the ratio of signal to normalisation widths
in the simulation. Several shape parameters of the normalisation channels are common
between the three data-taking periods in Run 2. The efficiencies for both signal and
normalisation channels are determined separately for each running period.

For each normalisation channel, B0→ J/ψ(→ pp)K∗0(→ K+π−) and
B0
s→ J/ψ(→ pp)φ(→ K+K−), the signal model for the corresponding pphh′ sam-

ple is modeled as a three-dimensional (3D) probability density function in mpphh′ , mpp,
and mhh′ . The B0 → J/ψK∗0 (B0

s → J/ψφ) contributions to the mppK+π− (mppK+K−)
and mpp spectra are parameterised using DSCB functions to describe the B0 (B0

s ) and
J/ψ shapes. The J/ψ resonance is very narrow, so its shape is completely dominated
by resolution effects. The K∗(892)0 shape in the mK+π− spectrum is modeled using a
relativistic Breit–Wigner (RBW) function. As its natural width is so large, resolution
effects are negligible. Since the natural width of the φ meson, Γ = (4.23±0.01) MeV/c2 [3],
is comparable to the expected resolution (∼10 MeV/c2) obtained from simulation, the
B0
s→ J/ψφ contribution to the mK+K− spectrum is parameterised using a RBW function

convolved with a Gaussian function accounting for resolution effects. An S-wave
component, denoted (Kπ)0, is modeled in the mK+π− spectrum distribution using a LASS
parametrization that describes non-resonant and K∗0 (1430)0 S-wave contributions [29, 30];
this component is modeled in the ppK+π− and pp invariant mass distributions with the
same shape as the B0→ J/ψK∗0 component. The invariant mass distributions of the
normalisation channels, with the 3D fit projections superimposed from which the J/ψK∗0

and J/ψφ normalisation yields are extracted, are given in the Supplemental Material [31].
Sources of systematic uncertainties from the fit models, the efficiencies as estimated

from simulation, particle identification and the branching fractions of the normalisation
channels are considered. A summary is presented in Table 1. A subset of the systematic
uncertainties affects the statistical significances of the B0

(s)→ pppp yields. The signal shapes
are varied in two ways: (i) the DSCB tail parameters are varied and (ii) the DSCB function
is replaced with a Johnson SU distribution [32]. The exponential background shapes are
replaced with linear shapes. The largest change in the B0 (B0

s ) yield is ∼1% (9%) which

4



Table 1: Summary of systematic uncertainties on B(B0
(s) → pppp) relative to the statistical

uncertainties in [%]. The total systematic uncertainty is calculated as the quadratic sum of the
individual systematic uncertainties.

Systematic source B(B0→ pppp) B(B0
s→ pppp)

Efficiencies (sample size) 5 3
Efficiencies (weights) 16 9
PID 8 3
Tracking 5 2
Fixed PDF parameters 5 2
Signal model 1 4
Background model 8 18

Total systematic 22 21

Normalisation B 24 13

we assign as the associated systematic uncertainty. In both cases, the absolute uncertainty
in signal yield is ∼0.5 events, which is negligible compared to the corresponding statistical
uncertainties.

Uncertainties on the material budget and particle interaction cross-sections lead to
uncertainties on the efficiency ratios. These are estimated to be 0.8% and 1.0% for
B(B0→ pppp) and B(B0

s→ pppp), respectively. Differences between PID efficiencies in
data and simulation are corrected using a combination of simulated and data calibration
samples. The corrections depend on both the sample size of the simulation samples and
the kernel densities used to weight the data calibration samples to match the kinematic
distributions of the signals. The overall uncertainties from PID are estimated to be
∼1.5% in both cases. Two sources of systematic uncertainties associated with the
efficiencies estimated from the simulation are determined. First, the uncertainties on the
nominal efficiencies due to the size of the simulated samples are evaluated by applying
a Gaussian constraint in the fit. Second, the uncertainties from the weights used to
correct discrepancies between simulation and data are conservatively estimated from an
alternative fit with unweighted efficiencies. The corresponding systematic uncertainties
on both signal branching fractions are estimated to be ∼1% and ∼3% for these two
sources, respectively. The latter covers uncertainties, of typically ∼1%, due to imperfect
description of the detector in the simulation for relative hardware trigger efficiencies
between two topologically similar decay modes [2]. The uncertainties associated with the
normalisation channel branching fractions are taken from [3].

Finally, potential remaining sources of systematic uncertainties are studied by dividing
the data into disjoint samples and comparing the branching fractions measured in each
subset. Five sets of disjoint subsamples are defined, with candidates separated according to:
the two magnet polarities, the four running periods, four bins of candidate B momentum,
four bins of candidate B pseudorapidity, and three mutually exclusive hardware trigger
categories (TIS only, TOS only, and the overlap between them). For each set of subsamples,
i, a p-value (pi) is determined for the hypothesis that the observed variations are consistent
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with statistical fluctuations using a χ2 test comparing the nominal branching fractions
with those observed in the subsamples. The ensemble p-value defined as the product

∏
i pi

is then computed. Ensemble p-values of 0.15 and 0.55 are observed for the B(B0→ pppp)
and B(B0

s→ pppp) measurements, respectively, and no additional systematic uncertainties
are included.

Using the tight and very tight selections, the B0 → pppp and B0
s → pppp branch-

ing fractions are measured to be B(B0→ pppp) = (2.2± 0.4± 0.1± 0.1)× 10−8 and
B(B0

s→ pppp) = (2.3± 1.0± 0.2± 0.1)× 10−8, where the first uncertainty is statistical,
the second is systematic and the third is due to the external branching fraction of
the normalisation channel. The significances that the B0→ pppp and B0

s → pppp sig-
nals differ from zero, accounting for systematic uncertainties associated with signal and
background shapes, are 9.3σ and 4.0σ, respectively. The branching fraction ratios are
B(B0→ pppp)/B(B0→ J/ψ(→ pp)K∗0(→ K+π−)) = (1.24 ± 0.21 ± 0.04) × 10−2 and
B(B0

s→ pppp)/B(B0
s→ J/ψ(→ pp)φ(→ K+K−)) = (2.1 ± 0.9 ± 0.2) × 10−2, where the

first uncertainty is statistical and the second is systematic.
The sizes of the pppp samples are too limited to quantitatively study possible cc

contributions that might be produced by tree-level, CKM-favored amplitudes, such as
B0

(s) → J/ψ(→ pp)pp. By excluding pppp candidates if any pp invariant mass is greater than
2850 MeV/c2, as shown in the Supplemental Material [31], the data clearly demonstrate
the presence of a dominant charmless contribution. With the cc veto the efficiencies for
pure phase-space decays (ignoring anti-symmetrisation of amplitudes for fermion pairs)
are reduced by 40–50% according to the simulation. The B0→ pppp and B0

s → pppp
branching fractions measured with this additional requirement are (1.6 ± 0.4) × 10−8

and (2.2± 1.2)× 10−8 (statistical uncertainties only), respectively, consistent with those
measured over the full phase space. The B0→ pppp and B0

s→ pppp significances, with
the cc vetoes applied, are 6.5σ and 3.6σ. A qualitative examination of the mpp̄ spectra in
the B0 sample is consistent with B(B0 → J/ψpp̄)× B(J/ψ → pp̄) at the expected level
of O(10−9) [3] and no other obvious resonant contributions. These observations support
the hypothesis that both the B0→ pppp and the B0

s→ pppp decays proceed primarily
through charmless transitions.

In summary, we have searched for the decays B0→ pppp and B0
s→ pppp using the full

LHCb Run 1 and Run 2 data sets and report branching fractions for both. Significances
of 9.3σ and 4.0σ, including statistical and systematic uncertainties, are measured for
B0→ pppp and B0

s→ pppp signals, respectively. We observe that B(B0→ pppp) is about
an order of magnitude lower than the upper limit previously reported by the BaBar
collaboration. This branching fraction is about twice that of B0→ pp, which is in contrast
to the B0→ pphh′ modes which have smaller branching fractions than the B0 → hh′

channels.
No significant evidence for resonant substructure associated with either decay is

observed. The data suggest that B(B0
s → pppp) is of the same order of magnitude as

B(B0→ pppp), an unanticipated result. A branching fraction as large as O(10−8) for the
B0
s decay is difficult to explain simply as a tree-level process since this decay requires both

CKM-suppressed production of an s̄ quark and strong scattering of the short-distance ss
system to a non-strange or hidden strangeness final state. The patterns of B-meson decays
to final states with baryon pairs probe non-perturbative QCD and are complementary
to the patterns of purely mesonic decays. The data sets anticipated from Run 3, with a
factor of 10 greater dataset than Run 2, should be large enough to study the amplitude
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structures of B0→ pppp decays and definitively confirm or disprove the large B0
s→ pppp

branching fraction suggested by the current data.
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