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A search for the charmless baryonic decay B* — Appp is performed using proton-proton
collision data recorded by the LHCb experiment, corresponding to an integrated luminosity of

5.4 fb~!. The branching fraction for this decay is measured for the first time relative to that of the

topologically similar decay B — J/wK™*, with J/yr — ApK~. The branching fraction is measured to be
B(B* — Appp) = (2.15+£0.35+0.124+0.28) x 1077, where the first uncertainty is statistical, the
second is systematic, and the third arises from the uncertainty in the normalization channel branching
fraction. The CP asymmetry is measured to be Acp = (5.4 £+ 15.6 + 2.4)%, where the uncertainties are
statistical and systematic. The background-subtracted invariant-mass distributions of Ap and pp pairs exhibit
pronounced enhancements at both kinematic thresholds, in contrast to a uniform phase-space distribution.

DOI: 10.1103/3pcs-dxtn

Studies of exclusive B-meson decays to final states
containing both baryons and mesons have been ongoing
since the late 1980s [1]. Several baryonic B decay modes
have been observed, including three-body final states such
as ppK*, ppr*, ppK?, and ppK*(892)* [2,3], as well as
four-body modes like ppr™z~ and ppK+tK~ [4]. In the
standard model, these decays proceed via b — u tree-level
and b — s(d) electroweak penguin diagrams, providing a
valuable laboratory for studying direct CP violation and
testing hadronic models [5,6].

Unlike mesonic modes, baryonic B decays exhibit a
unique feature known as threshold enhancement: a pro-
nounced peak near the invariant-mass threshold of the
baryon-antibaryon pair [2,3]. Final states with two baryon-
antibaryon pairs are particularly intriguing, as they probe
hadronization dynamics beyond those accessible with a
single pair [7].

The LHCb Collaboration recently reported the first obser-
vation of a four-body charmless fully baryonic weak decay,
B — pppp [8], which mainly proceeds via a b — u tree-
level internal W-boson emission [7]. The measured branching
fraction, B(B°— pppp)=(2.2+0.4+0.1+0.1)x 1073,
is approximately 2 orders of magnitude lower than
those of analogous four-body baryonic B decays, such
as B — pprtx~ [4]. To explain the overall observed
suppression, form factors that describe the evolution of
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short-distance systems to those with baryons in the final
state have been proposed [7]. In this approach, a double-
enhancement mechanism in baryon-pair formation was also
proposed. It increases the decay rate in the limited regions of
phase space where one or both baryon pairs are produced
near threshold. With this effect, the decay B* — Appp
(The inclusion of charge-conjugate processes is implied
throughout, except in the discussion of asymmetries.), which
proceeds via a combination of via a combination of b — u
tree level suppressed by Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements and b — s electroweak loop
amplitudes, is expected to have a branching fraction of
B(B* = Appp) = (74708 £0.0373¢) x 1077 [7], where
the uncertainty arises from nonfactorizable QCD correc-
tions, the CKM matrix-element inputs, and form-factor
modeling. The comparatively large branching fraction of
this decay offers a promising opportunity to study the
mass spectra of baryon pairs and explore baryon-pair
formation mechanisms. The mass spectra may reveal
resonant structures such as the X(1835) and X(2085),
which are interpreted as baryonium-like bound states
[9,10]. In addition, owing to the interference between
tree-level and penguin diagrams in the low m(Ap) and
m(pp) mass regions, sizeable direct CP asymmetries are
possible [11].

In this Letter, the Bt — Appp decay is studied using
proton-proton (pp) collision data collected by the LHCb
experiment over the period 20162018 at a center-of-mass
energy +/s = 13 TeV and corresponding to an integrated
luminosity of approximately 5.4 fb~!. The branching fraction
of the signal decay is measured relative to that of the topologi-
cally similar normalization mode, B™ — J/y(— ApK~)K™,
using a simultaneous fit across all data-taking periods. In
addition, this Letter presents a study of the m(Ap) and
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m(pp) spectra and CP asymmetry in a purely baryonic
four-body decay.

The LHCb detector [12,13] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector used for this analysis includes a high-precision
tracking system consisting of a silicon-strip vertex detector
(VELO) 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 measurements of the track momentum and
impact parameter (IP) and is used to reconstruct the primary
pp interaction vertex (PV), where the IP is the shortest
distance between the extrapolation of a track and a PV.
Different types of charged hadrons are distinguished using
particle identification (PID) information from two ring-
imaging Cherenkov detectors [16]. The A — pz~ decay is
reconstructed in two distinct categories depending on
whether the decay products are reconstructed in all tracking
detectors (long) or in all but the VELO (downstream).
While candidates in the long category have better mass,
momentum, and vertex resolution than those in the down-
stream category, the downstream category accounts for
two-thirds of the total A yield.

Online event selection is performed by a trigger [17] that
consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a two-level
software stage, which applies a full event reconstruction. At
the hardware stage, events are required to have a muon with
high transverse momentum (pr) or a hadron, photon, or
electron with high transverse energy in the calorimeters.
The first-level software trigger requires one or two tracks
that are likely to originate from B decays. The second-level
software trigger requires a two-, three-, or four-track
secondary vertex with a significant displacement from
any PV. A multivariate algorithm [18] is to identify
secondary vertices consistent with the decay of a b hadron.

Simulated samples are used to study the properties of the
signal, normalization, and background channels. PYTHIA
[19] generates pp collisions using an LHCb-specific
configuration [20]. Decays of unstable particles are
described by EvtGen [21], in which final-state radiation is
generated using PHOTOS [22]. The interactions of generated
particles with the detector material, and their responses, are
implemented using the Geant4 toolkit [23,24], as described
in Ref. [25]. Simulated signal and normalization decays are
generated using phase-space models.

Off-line candidates are selected by exploiting the char-
acteristic topology and kinematic features of four-body
decays to final states containing a A baryon. The prese-
lection requires loose track quality and applies minimal
kinematic requirements to the A and B* candidates. All
charged tracks except those used to reconstruct A

candidates must originate from within the VELO and are
required to have a good track-fit quality. Fake tracks, which
are reconstructed from detector hits that do not correspond to
real particles, are rejected by applying a selection on the fake-
track probability [26]. A minimum pt of 250, 200, and
400 MeV/c is required for the proton, kaon, and A baryon,
respectively. Each track must have a significant y3,, where y2,
is defined as the difference between the vertex fit y> of a PV
reconstructed with and without the considered track.
Candidate A baryons are formed by combining proton and
pion track candidates that are fitted to a common decay
vertex. A loose PID requirement on the proton from the A
baryon is applied at this stage. For A candidates in the long
category, the selection algorithm further requires that the
decay vertices of the A baryon and the associated B
candidate are well separated. The A decay products must
satisfy |m(pr) — M| < 6 MeV/c? where M , is the known
A mass [27]. Candidate B™ mesons are reconstructed by
combining a A candidate with three charged final-state
particles into a common vertex. Both the BY — Appp
and the BY — J/w(— ApK~)K* decay chains are fitted
constraining the A mass to its known value [27]. The PV that
fits best to the flight direction of the BT candidate is taken as
the associated PV. The angle between the B™ momentum
direction and the displacement vector from the PV to the B
decay vertex is required to be less than 2.5°. The B™
candidate is also required to have pt > 3000 MeV/c¢ and
a large decay length significance, defined as the > of the
separation between the B decay vertex and the associated
PV, ensuring a clear displacement from the PV.

The final selection of BT candidates uses the two most
powerful variables that discriminate between signal and
background: y% of the B candidate, defined as the
difference between the vertex fit y*> of a PV reconstructed
with and without the B™ meson, and the product of the
nominal particle-identification classifiers of the three
charged final-state particles, [[; P;. The y3 distribution
for signal is approximately that of y?> for one degree of
freedom. Each classifier, P;, is derived from an artificial
neural network and ranges between O and 1, peaking
near unity for correctly identified particles and near
zero for misidentified ones [13]. Using B* — Appp data
in the sideband mass regions, defined as m(Appp)€
[4700, 5049] U [5529, 5800] MeV/c?, along with simu-
lated BT signal decays, the selection criteria are optimized
separately for the long and downstream categories to
enhance the signal significance S/+/S+ B, even if the
signal is somewhat lower than that expected. Here, S and B
denote the expected signal and background yields within
the signal region m(Appp) € [5254,5304] MeV/c?. A
common requirement log(y%) < 1.8(1.6), along with a
selection on the variable []; P; > 0.6(0.7), is applied to
the long (downstream) A category for the signal and nor-
malization channels. With respect to preselection criteria,
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FIG. 1. Invariant-mass distributions of (left) B* — Appp with m(pp) < 2850 MeV/c? and (right) BY — J/w(— ApK~)K*
candidates, after combining the long and downstream A categories and requiring all selection criteria described in the text. The fit results
are shown together with the fit model components. The hashed cyan bands represent the +1¢ model uncertainties from the covariance

matrices of the best-fit parameters.

the final selection criteria reduces background by a factor
of 5 while retaining about 65% of the signal. To avoid
experimenter bias, data in the BY — Appp signal region
are examined only after all selection criteria are finalized.

Reconstruction efficiencies for signal and normalization
channels are evaluated using simulated decays generated
uniformly in phase space. To correct the kinematic
distributions in the simulated samples, candidates are
assigned weights derived from background-subtracted
BT — H,:(— ApK™)K* candidates, where H, repre-
sents a J/y or 5. meson. Weighting depends on y2, of
the BT candidate, track multiplicity in the event, and the
momentum of each final-state particle. Additionally, the
invariant-mass distributions of the two-body combinations
of the final-state particles in simulation are corrected to
match the corresponding distributions in data. For the
normalization channel, the m(pK~) versus m(AK) dis-
tributions are corrected, while for the signal channel, the
m(Ap) versus m(pp) distributions are corrected to better
match the data after the decay is observed.

Several B' decays with intermediate charmonium
resonances can contribute to the Appp final state,
including B* — ApJ/y(— pp) and BT — Apn.(— pp).
The B* — Appp candidates are divided into three
disjoint categories: noncharmonium candidates with
m(pp) <2850MeV/c?, B — Apn.(— pp) candidates with
Im(pp)—M,, | <40MeV/c*, and B — ApJ /y(— pp) can-
didates with |m(pp) —M,,,| <30 MeV/c?, where M, and
M, are the known . and J/y masses [27]. The wider win-
dow for B* — Apn.(— pp)thanforB* — ApJ/y(— pp)
accounts for the larger 7, natural linewidth.

The invariant-mass distributions m(Appp) with
m(pp) < 2850 MeV/c? and m(ApKK) are shown in
Fig. 1. Because of the different available phase space,
the final-state particles in the signal decay have lower
momenta, resulting in an improved reconstructed mass
resolution. Unbinned maximum-likelihood fits are per-
formed to determine the signal yields. The signal shapes

are described by a modified Gaussian function with tails on
both sides of the peak (double-sided Crystal Ball [28],
DSCB) whose values are fixed from simulation. The B™
mass and width are allowed to vary independently. The
background shapes are described by linear functions with
coefficients that are free to vary. The BT signal yield
obtained from the fit to the m(Appp) selected candidates is
N(BT — Appp) = 78 4 12 events, accounting for statis-
tical uncertainties only.

The absolute branching fraction B(B* — Appp) is
determined from a simultaneous unbinned maximum-like-
lihood fit to the signal and the normalization channels. In
the normalization channel B* —J/y(— ApK~+c.c.)K*,
decays of B* — 5.(— ApK~ + c.c.)K*, and nonresonant
BT —-ApK*K~ and BT - ApKTKT can produce
physics  backgrounds. To  account for these,
Bt —J/w(—»ApK~+c.c.)K" candidates are divided into
three categories based on the invariant mass m(ApK~):
(i) candidates with [m(ApK~) —M,,,| <30 MeV/c? are
considered from B* — J/y(— ApK~)K™ decay, (ii) candi-
dates with [m(ApK~) — M, | < 30 MeV/c? are considered
from Bt - n.(— ApK~)K* decay [The m(ApK~)
observed width is approximately 13.8 MeV/c? for
e = ApK~ and 4.2 MeV/c? for J/w — ApK~], and
(iii) candidates with 3200 < m(ApK~) < 3300 MeV/c?
are considered from charmless Bt — ApK*tK~ and
BT - ApK"K" decays. For each decay mode, the invari-
ant-mass distributions m(ApK*K~) and m(ApK*K™")
are modeled using DSCB functions. The background
yields of B* — 5.(= ApK~)K*, Bt - ApK*K~, and
BT — ApKTK™ decays in category (i) are extrapolated
from the BT signal yields in categories (ii) and (iii).
Individual contributions within the J/y mass window are
estimated using extrapolations from simulated data.

The background-subtracted invariant-mass spectra of Ap
and pp pairs, obtained using the sPlot technique in the
m(Appp) dimension [29], are shown in Fig. 2. The two
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FIG. 2. Distributions of background-subtracted (left) m(Ap;) and (middle) m(ppy) for B¥ — Appp events in data compared with
phase-space simulation, where the proton py yields the lower invariant mass m(Ap) with A baryon. Right: two-dimensional distribution

of m(Ap;) and m(ppy) in data.

identical protons in the final state are distinguished based
on the invariant masses formed with the A baryon. The
proton that yields the lower invariant mass m(Ap) is
labeled as p;. The other proton, py, is paired with the
antiproton to form the second baryon-antibaryon combi-
nation. A double threshold enhancement is observed,
indicated by the clear accumulation of events in the lower
left-hand corner of the weighted [m(Apy), m(ppy)] dis-
tribution, as well as by the peaks near the kinematic
thresholds in the m(Ap;) and m(ppy) spectra. Similar
results, obtained by pairing the proton and antiproton
with the lower invariant mass, are shown in the End
Matter.

The m(Appp) distribution of candidates with
lm(pp)—M,_ | <40MeV/c?* is shown in Fig. 3. The signal
shape is modeled by a DSCB function and the background
by a threshold function of the form (x —x;)”, where
Xo=Mx+M, +M, and f is a free parameter of the fit.
The yield in this regionis N[B* — Apn.(— pp)] =2.94+1.9
events. The yield in the region |m(pp)—M, | <30MeV/c?
is N[B* — ApJ/w(— pp)] = 16.4 £4.2 events. This is
consistent with estimates from the known branching
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fractions B(B* — ApJ/y) and B(J/w — pp) [27] and
the number of events observed in the normalization channel.

The dominant sources of systematic uncertainty affecting
the branching fraction measurements are listed in Table I,
and include those associated with the fit models, efficien-
cies, PID performance, and the branching fraction of the
normalization channel.

Three sources of associated systematic uncertainties are
estimated from simulation. First are the uncertainties on the
nominal efficiencies due to the sizes of the simulated
samples. Second are the uncertainties due to the weights
used for correcting kinematic differences between simulation
and data, assessed by recalculating the branching fractions
without applying the weights. The resulting deviation is taken
as a conservative estimate of the associated uncertainty. Third
are uncertainties on the tracking efficiencies, due to the
detector material budget distribution or to the particle
interaction cross-sections, that lead to uncertainties on the
efficiency ratios. Differences between PID efficiencies in data
and simulation are corrected using a combination of simu-
lated and data calibration samples. The signal shapes are
varied in two ways: the DSCB function parameters are varied
within their uncertainties, and the signal shape is modified to
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FIG. 3. Invariant-mass distribution of (left) B* — Ap#n.(— pp) candidates with |m(pp) — M, | <40 MeV/ ¢? and (right) BY —
ApJ/w(— pp) candidates with |m(pp) — M, /| <30 MeV/ 2, after combining the long and downstream A categories and requiring
all selection criteria described in the text. The fit results are shown together with the fit model components. The hashed cyan bands
represent the 16 model uncertainty on the covariance matrix of the best-fit parameters.
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TABLE I. Summary of relative systematic uncertainties on (A)
B(B* — Appp) and (B) B(B* — Apn.(— pp)), in percent.
The total systematic uncertainty is computed as the square root of
the sum of squared sum in quadrature of individual contributions.
There is no model correction for BT — Apn.(— pp) decay due
to the small size of this component. The last row indicates the
relative statistical uncertainty.

Systematic source A B

Simulated sample size 0.6 0.6
Kinematic correction 14 1.4
Tracking 1.2 1.2
PID 3.1 2.0
Signal shape 2.9 31.1
Background shape 1.2 24
Model correction (signal) 2.7

Model correction (normalization) 1.6 1.6
Nonresonant 22.9
Total systematic 5.8 38.8
Statistical uncertainty 16.4 65.5

include a Gaussian function together with the DSCB func-
tion. For the BY — Appp decay, the background model is
replaced by a second-order polynomial function. For the
B* — Apn.(— pp) decay, the threshold background shape
is replaced by an exponential function. Concerning the
correction of decay models for signal and normalization
channels in simulation, the parameters that affect the perfor-
mance of the weighting algorithm are varied individually, and
the total efficiencies are recalculated using the alternative sets
of weights, with the largest deviation taken as a systematic
uncertainty. For BY — Appp decay, an alternative correc-
tion based on the decay model shown in Fig. 4 is imple-
mented and the resulting deviation is taken as an additional
contribution to the systematic uncertainty associated with
the signal model correction. For the BY — Apn.(— pp)
decay, the dominant systematic uncertainties relate to the
signal shape and the potential contribution from charmless

W
(=}
T

BT — Appp decay, which is estimated by extrapolating the
observed yield with m(pp) < 2850 MeV/c? into the 7,
mass window.

The CP asymmetry of the BY — Appp decay rate
integrated over the phase space is measured by fitting
the BT and B~ samples separately, as shown in the End
Matter, using the same procedure as for the branching
fraction measurement. The yields vary independently,
while the shape parameters are shared between the B
and B~ candidates. The raw asymmetry (A,,,, ) between the
B* and B~ signal yields is found to be (5.6 + 15.5)%. To
obtain the CP asymmetry, this must be corrected as per

Acp = Apaw — Aprod = Adet>

where A4 is the production asymmetry of B* mesons and
Ao 1 the sum of the instrumental asymmetries in detection
(Ap), PID (App), and trigger (Ayigeer) Of particles and
antiparticles.

The production asymmetry has been measured by LHCb
to be (—0.7 +0.3)% [30]. The trigger asymmetry arises
from differences in trigger efficiencies between charge-
conjugated final states. The efficiency for a charged hadron
to be responsible for the affirmative decision of the
hardware trigger is determined as a function of pr,
separately for positively and negatively charged particles
[17]. The asymmetry introduced by the hardware trigger for

candidates is determined to be A7 = (0.03 £ 0.18)%.

trigger
The proton detection asymmetry is evaluated as a function
of momentum using the method developed in Ref. [31], and
is measured to be AZP” = (1.15 £ 0.66)%. The detection
asymmetry for the A baryon is estimated by parametrizing
the detection asymmetries of the proton and pion as
functions of their momentum and, in the case of the pion,
also pseudorapidity [31,32], and is measured to be
AS = (-1.49 £ 0.26)%. The PID asymmetry is evaluated
using calibration samples that account for differences in
PID efficiency between positively and negatively charged
tracks and is determined to be ALY = (0.18 £ 1.50)%.
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parameters.

The PID asymmetry from the A baryon is negligible due to
its loose selection criteria.

The estimation of model-related systematic uncertainties
in the determination of A, is performed using the same
procedure as for the branching fraction measurement. The
differences between the raw asymmetries determined by the
two sets of fits are added in quadrature, and the resulting
value is taken as a systematic uncertainty. Altogether with
the uncertainties on external asymmetries, the CP asym-
metry is measured to be Acp = (5.4 £15.6 £2.4)%.

In summary, a new charmless and purely baryonic decay
mode of the BT meson, B¥ — Appp, is observed. The
signal yield is measured to be N(B™ — Appp) = 78 + 12
events. The branching fraction relative to the normaliza-
tion channel is determined to be B(BT — Appp)/
B(BT = J/y(— ApK™)K") = (0.245 + 0.040 + 0.014),
where the uncertainties are statistical and systematic,
respectively. The branching fraction is measured to be

B(B* = Appp) = (2.15+0.35 £ 0.12 £ 0.28) x 1077,

where the first uncertainty is statistical, the second sys-
tematic, and the third arises from the external branching
fraction of the normalization channel. This result is lower
than, but in reasonable agreement with, a SM prediction
of B(B* — Appp) = (74795 £ 0.03738) x 1077 [7],
where the uncertainty arises from nonfactorizable QCD
corrections, the CKM matrix-element inputs, and form-
factor modeling. The CP asymmetry is measured to be
Acp = (5.4 £15.6 £2.4)%, with the first uncertainty
statistical and the second systematic. The background-
subtracted mass spectra exhibit a clear double-threshold
enhancement in both baryon-antibaryon invariant-mass
distributions close to their thresholds, which plays an
enhancing factor [7] in the BY — Appp decay and may
reveal resonant structures such as the X(1835) baryonium
bound state [9].

In the region defined by |m(pp) — M, | < 40 MeV/c?,
the yield of B+ — Apn.(— pp) is N[B* > Apn.(— pp)| =
2.9+£1.9 events. The corresponding branching fraction
is

B(B* = Apn.(— pp)) = (8.3+54+£324+1.1)x 107,

where the first uncertainty is statistical, the second
systematic, and the third arises from the external branch-
ing fraction of the normalization channel. The 90% con-
fidence level upper limit on the branching fraction
is B(Bt = Apn.(= pp)) <2.1 x 1078,

The measurement of B(B* — Appp) constrains models
of perturbative QCD effects in multibody baryonic final
states, particularly in regions where large theoretical
uncertainties remain [7]. The threshold enhancements
manifested in this Letter highlight the rich dynamics of
baryonic B decays and should stimulate further theoretical
studies.
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Additional baryon-antibaryon mass spectra—Another
study of baryon-antibaryon invariant-mass spectra in the
BT — Appp decay is shown in Fig. 4. The two
identical protons in the final state are distinguished
based on the invariant mass formed with the antiproton
rather than with the A baryon. The pp combination that
yields the lower invariant mass is labeled as pp;. The
remaining proton, p,, is then paired with the A baryon
to form the second baryon-antibaryon combination.

As expected due to the definition of the pairs, the
enhancement here is greater for m(pp) than in Fig. 2
and less for m(Ap). Qualitatively, however, the conclusion
is the same and enhancements are observed in the lower
left-hand corner of the scatter plot and in both projections.

Fit to different charged B samples—Figure 5 shows
the fits to the BY — Appp and B~ — Appp samples
for the measurement of Acp.
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