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The first observation of the decay Bt — pA is presented using proton-proton collision data collected by
the LHCb experiment between 2016 and 2018 at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.4 tb~!. The signal significance exceeds seven standard deviations. Using the
Bt — Kgﬂ'+ decay as a normalization channel, the branching fraction is measured and combined
with previous LHCb results based on data collected at 7 and 8 TeV in 2011 and 2012, yielding
B(B* — pA) = (1.24 4+ 0.17 £ 0.05 + 0.03) x 1077, where the first uncertainty is statistical, the second
is systematic, and the third comes from the uncertainty on the branching fraction of the normalization

channel. The BT — pA weak decay parameter is measured to be agz = 0.87f8“22§ =+ 0.09, indicating the
presence of comparable S-wave and P-wave decay amplitudes.
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The study of charmless two-body B-meson decays
provides critical insights into strong interaction dynamics
and CP violation in heavy-quark decay processes. While
decays into a pseudoscalar-meson pair (B — PP’) have
been extensively examined by the BABAR [1-4], Belle
[5-8], and LHCb [9-14] collaborations, decays into a
baryon-antibaryon pair are significantly less explored.
Prior to this Letter, only two such processes had been
observed, B — pp [15] and BT — pA(1520) [16], and
precise measurements of their decay properties are lacking.

Following pioneering searches conducted by the CLEO
[17] and Belle [18] collaborations, the LHCb experiment
reported the first evidence for the B¥ — pA decay with a
significance of 4.1¢ using proton-proton (pp) collision
data collected at center-of-mass energies of 7 and
8 TeV during 2011-2012 (Run 1) [19]. (The symbol A
is used to refer to the ground-state A baryon, and the
inclusion of charge-conjugate processes is implied,
throughout this Letter.) The measured branching fraction,
B(BT — pA) = (2479 £0.3) x 1077, was found to be in
good agreement with the theoretical predictions [20,21],
although improved experimental precision is highly desir-
able. This would help to better constrain the tree-level and
loop (penguin) amplitudes in charmless two-body baryonic
B-meson decays [22], which allows for more reliable
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predictions of their decay rates and CP asymmetries.
Improved precision is also useful for testing various
near-threshold enhancement mechanisms [23-25] pro-
posed to explain why two-body B-meson decays to baryons
are significantly suppressed relative to their multibody
counterparts.

Furthermore, clearly observing the B¥ — pA decay will
be a key step toward studies of CP violation in this
decay, which may potentially help resolve an intriguing
anomaly regarding the magnitude of CP violation observed
in the Ag — pK~ decay. These two decays, as well as the
BY - K*K~ and B — K*7~ decays, are related by the
underlying b — uit5 quark transition. The representative
diagrams for Bt — pA are illustrated in Fig. 1. Sizable
CP-violation effects can arise from the interference
between tree-level and penguin contributions of similar
size [26]. While the BY — K*K~ and B — K*z~ decays
exhibit CP asymmetries of ~10% [13], the recent meas-
urement of Acp(A) - pK~) = (—1.14 £ 0.76)% [27] by
the LHCb collaboration reveals a puzzling suppression.
This anomaly may stem from cancellation of CP asym-
metries between different partial waves [26,28]—a unique
feature present in b-hadron decays involving baryons but
absent in B — PP’ processes. Theoretical studies have
suggested that the CP asymmetry in B — pA could reach
the 10% level [22], but this could be suppressed by
cancellation between the S-wave and P-wave amplitudes
[29], Ag and Ap, corresponding to the decays to states with
orbital angular momentum L = 0 and L = 1 between the
proton and the A baryon. However, this cancellation
necessitates both sizable S-wave and P-wave amplitudes.
An angular analysis measuring the weak decay
parameter ag = 2Re(As - Ap)/(JAs|* + |Ap|?) [26], which
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FIG. 1.

characterizes the interference between the two amplitudes,
can test this assumption. Therefore, experimental inves-
tigation of the CP violation and angular distribution in
BT — pA decays can provide valuable insights to elucidate
the situation.

This Letter presents the first observation of the rare
baryonic decay BT — pA and the first measurement of its
decay parameter using pp collision data collected during
2016-2018 (Run 2) by the LHCb experiment at a center-of-
mass energy of 13 TeV, corresponding to an integrated
luminosity of 5.4 fb~'. The branching fraction of the
BT — pA decay was measured relative to the normaliza-
tion decay B* — K3z*, with subsequent decays A — pz™*
and K9 — 7" z~. This result was then combined with the
previous LHCb measurement. In order to avoid experi-
menter’s bias, the results of the analysis were not examined
until the full analysis procedure had been finalized.

The LHCb detector is a single-arm forward spectrom-
eter covering the pseudorapidity range 2 <p5 <S5,
described in detail in Refs. [30,31]. Of particular relevance
for this analysis is the tracking system. Depending on the
decay vertex position of the VO (representing A or K2)
particle, the decay products can be reconstructed as long
tracks using hits from the full tracking system or as
downstream tracks without hits in the vertex detector. This
analysis uses V? decays reconstructed from either two long
tracks (LL) or two downstream tracks (DD). Due to their
difference in the invariant-mass resolution, BT candidates
formed with these two types of V° hadrons are analyzed
separately. Particle identification (PID) information is
provided by two ring-imaging Cherenkov detectors.

Simulation is used to develop the selection strategy,
model the signal and background invariant-mass distribu-
tions, and evaluate the efficiencies for the measurement of
the relative branching fraction. Signal and normalization
decays are generated uniformly in phase space using the
software described in Refs. [32-36]. The simulated kin-
ematic spectra of the BT mesons, angular distribution of the
final-state particles, as well as the track multiplicity, are
corrected to match those observed in the data. The PID
response in the simulation is also tuned to match that in the
data using dedicated calibration samples [37].
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Representative Feynman diagrams for the B* — pA decay. (a) Tree-level. (b) Penguin. (c) Annihilation.

The online event selection [38] is performed by a trigger
[39], which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by two software stages, which apply a partial
and full event reconstruction. The hardware trigger deci-
sions are classified as trigger on signal (TOS) if only signal
tracks are used in the trigger decision or as trigger
independent of signal (TIS) if particles independent of
the signal, such as high energy leptons or photons from the
decay of the other b-hadron, are used to select the event.
Subsequently, the software trigger requires a two- or three-
track secondary vertex with a significant displacement from
any primary pp interaction vertex (PV).

In the offline selection, four independent subsamples of
B™T candidates are formed for each decay mode, corre-
sponding to the combinations of two trigger categories
(TOS and TIS) and two track categories (LL and DD). Due
to their different background levels and compositions, these
categories are analyzed separately in the selection and mass
fit procedures, but they are combined for the angular
analysis.

The V° candidates, reconstructed using pairs of oppo-
sitely charged tracks under the pz™ or ztz~ particle
hypothesis, must have a good-quality decay vertex that
is significantly displaced from any PV and meet minimum
momentum thresholds. The reconstructed invariant mass is
required to fall in the window [1112,1120] MeV/c?
([1110,1122] MeV/c?) for the LL (DD) category under
the pz* hypothesis for A candidates and [480, 515] MeV/c?
([465,530] MeV/c?) under the 7z~ hypothesis for K
candidates. Subsequently, the V° candidates are further
combined with a proton (pion) for the signal (normalization)
channel to reconstruct BT candidates. The BT and V° decay
vertices are required to be separated by at least 2.5 standard
deviations along the beam direction. Since the momentum
vector of a B candidate should point back to the production
vertex, the candidate is required to have a small opening
angle between its momentum and flight direction and a small
23 with respect to the associated PV. Here, the associated PV
is the PV that is best aligned with the B* flight direction, and
1% is the difference between the vertex-fit ¥ of the given PV
reconstructed with and without the particle in question. A
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kinematic fit is performed to improve the B* mass resolution
by constraining the invariant mass of the V° candidate to the
known A (K?) mass [40] and requiring the BT candidate to
originate from the associated PV.

Due to possible misidentification of a charged pion as a
proton, or vice versa, K3 — ztz~ and w(2S) = pp (only
in the LL case) decays can be mistakenly reconstructed as
A — prt decays. These background candidates are sup-
pressed using PID information or rejected by dedicated
vetoes in the corresponding mass spectra. Similarly, for the
Bt — K3z" mode, backgrounds from K*(892)° — K*z~
(LL only), A = pz*, and D° - K~z* (LL only) arise
when a charged kaon or proton is misidentified as a pion,
and these candidates are vetoed.

For each B* decay mode and data category, a multi-
variate classifier based on the boosted decision tree (BDT)
[41,42] method is employed to differentiate the signal from
combinatorial background composed of random combina-
tions of tracks. The classifier is trained using simulated
signal decays and background from the high-invariant-mass
sideband ([5700,6000] MeV/c?) of selected B* data
candidates. The BDT classifier mainly uses information
on the decay kinematics and topology of the BT decay
chain as well as PID information for the charged hadron
originating directly from the B* decay. The optimal
requirement on the BDT response of the B* — pA
candidates is determined by maximizing the figure-of-merit
€/[(X/2) + /N [43], where € is the signal efficiency of
the BDT requirement obtained from simulation, X is the
target significance (set to 5), and Np is the background
yield in the invariant-mass signal region defined to be
within three times the resolution from the known B* mass
[40]. The BDT requirement for the B* — K3z mode is
optimized by maximizing the quantity Ng/\/Ng + N,
where Ng denotes the expected signal yield. After applying
all the selection criteria discussed above, all candidates in
the B* invariant-mass region [5040,5700] MeV/c? are
retained for the subsequent analysis.

To determine the signal yields, a simultaneous unbinned
maximum-likelihood fit is performed for each data cat-
egory on both the pA and K3z mass distributions. The pA
mass spectrum consists of a signal peak, a combinatorial
background component, and partially reconstructed struc-
tures appearing in the low-mass region. The K3z mass
spectrum features an additional misidentification back-
ground from Bt — K3K* decays.

For both decay modes, the signal peak is described by
the sum of a double-sided crystal-ball (DSCB) function
[44] and a Gaussian function. The tail parameters, the
relative fractions of the two functions, and the ratio of their
widths are fixed to values obtained from simulation. The
combinatorial background is described by an exponential
function, with the slope parameter determined from the fit
to each mass spectrum. Partially reconstructed backgrounds

populating the B¥ — pA lower-mass sideband are assumed
to arise from B — pAz~, Bt — pAz®, and BT — pAy
decays. Their shapes are derived from simulation and
modeled using a kernel density estimation [45]. In the
K%z" mass spectrum, the partially reconstructed back-
ground is modeled empirically by an ARGUS function [46]
convolved with a Gaussian function. Furthermore, the
background due to misidentified BT — K2K*t decay is
modeled by a DSCB function, with the tail parameters
and the mass difference between the B* — KJK* and
Bt — Kz peaks fixed to values obtained from simulation.

In the simultaneous fit, the B* — pA and B* — K3z+
signal models share a common peak position and a scale
factor that describes potential differences in mass resolution
between data and simulation. The yields of all components
are allowed to vary in the fit except the yield of the
misidentification background from B — K3K* decays,
which is fixed based on the Bt — K3K* to B — Kz ™"
branching fraction ratio and the relative efficiencies deter-
mined from simulation.

The obtained yields of B* — pA and B" — K3z*
decays in each data category are given in the End
Matter. The total signal yield is determined to be
88 4 12 for the BY — pA decay and (28.5+0.2) x 103
for the BT — K(S)ﬂ+ process, where the uncertainties are
statistical only. The invariant-mass distributions for both
BT decay modes, summing over all four data categories, are
shown in Fig. 2 along with the fit results. The statistical
significance of the B* — pA decay, evaluated using the
likelihood-ratio test [47] and combining the four subsam-
ples, exceeds seven standard deviations. The log-likelihood
curve is shown in the End Matter. The fit results are used to
subtract the background in the subsequent angular analysis
using the sPlot technique [48]. The outcome of the angular
analysis is, in turn, used to determine the decay branching
fraction, as described later.

The weak decay parameter ap can be obtained from an
analysis of the angular distribution described by [49],

dN

m x (1 —apag cos 0,) - e(cos 6,),

where 6, denotes the angle between the antiproton
momentum and the direction opposite to the Bt momen-
tum in the A rest frame, and a,, is the weak decay parameter
of the A — pz~ process, for which the CP-average value
ay® = 0.754 £ 0.003 reported by the BESIII experiment is
used [50]. The acceptance function e(cos 6,) accounts for
the effect of the detector geometry and selection require-
ments. Its shape is obtained from simulation and described
using a second-order polynomial function. The back-
ground-subtracted angular distribution and the acceptance
shape are presented in Fig. 3. An unbinned maximum-
likelihood fit to the background-subtracted data [51] is
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FIG. 2. Invariant-mass distributions of selected (left) Bt — pA and (right) Bt — ngr+ candidates combining all categories. The

results of the fit are also shown.

performed to extract the decay parameter az. The angular
fit procedure is validated using pseudoexperiments, and a
small bias in the estimate of ap is observed and assigned as
a systematic uncertainty. The evaluation of the acceptance
shape from simulation is verified using the B — K2z™"
control channel, for which the distribution of the cosine of
the z* helicity angle in the K2 rest frame is known to be
flat. Systematic uncertainties associated with the modeling
of the acceptance shape and the signal and background
mass shapes are assessed by using alternative models, while
biases due to the assumption of no correlation between the
pA mass and the angular variable cos @ , are evaluated by
performing separate mass fits in different ranges of cos @,
and recalculating the signal weights. The resulting shifts of
the ap value are assigned as the corresponding systematic
uncertainties and summed in quadrature. The uncertainty
originating from the A weak decay parameter is found to be
negligible. The decay parameter is measured to be

ag = 0.877035 +0.09,
where the first uncertainty is statistical and the second is

systematic. This result is consistent with the theoretical
prediction of ap =~ 0.6 [29].

The branching fraction of the B* — pA decay is
measured with respect to that of the BT — K3z " decay
following the equation

R— B(B* = pA) _ N(BF — pA)
" B(Bt—Kirt) N(Bt—Kiz")
e(B"—> K" B(KS—>ntn")
e(Bt = pA) B(A-prt)
Here, B(K? - z"n7)=(69.20+0.05) x 107>  and

B(A - pr~) = (64.10 +0.50) x 1072 are taken from
Ref. [40], N denotes the yield of the signal or normalization
channel extracted from the data fits, and e represents the
total reconstruction and selection efficiency, which is
determined for each decay mode using corrected simulation
samples.

Systematic uncertainties on the branching fraction
ratio associated with the fitting procedure and the
efficiency determination are summarized in Table I.
Pseudoexperiments are performed to validate the mass fit
procedure. A bias in the Bt — pA yield is found and
assigned as a systematic uncertainty. The systematic
uncertainty resulting from the choice of fit model is
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FIG. 3. Distributions of cos 8, in (left) the background-subtracted B* — pA data and (right) the simulated BT — pA sample

generated uniformly in phase space, together with the fit results.
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TABLE 1. Summary of relative systematic uncertainties (in
percent) for the measured ratio of branching fractions in the four
categories. The total relative uncertainties, obtained by summing
all contributions in quadrature, are provided for comparison.

Source TOS LL TOS DD TIS LL TIS DD
Fit bias 0.3 1.0 2.1 0.9
Fit model 2.9 4.6 4.0 12.4
Simulation sample size 1.1 1.2 1.8 3.1
Data-simulation matching 0.6 1.0 33 4.8
Trigger efficiency 22 2.2 1.4 1.9
Tracking efficiency 1.0 1.3 1.0 1.4
Kinematic correction 3.5 2.2 0.0 0.5
PID 0.3 0.9 0.5 35
A polarization 1.0 0.9 2.1 22
K9/A branching fraction ratio 1.0

Total 54 6.2 6.4 143

quantified using alternative models. As examples, the
DSCB function for the signal peak is replaced by a
Hypatia function [52], and a second-order Bernstein poly-
nomial is used instead of an exponential function for the
combinatorial background. Uncertainties associated with
the remaining fit components are found to be negligible.

The statistical uncertainties of the efficiencies due to the
finite size of the simulation samples are considered as a
source of systematic uncertainty and propagated to the
branching fraction ratio. The simulation-based efficiency
estimation relies on accurately associating generated and
reconstructed particles. The effect of imperfect matching is
investigated by redetermining the efficiencies with an
alternative method. Furthermore, the hardware-trigger effi-
ciency is calibrated using a data-driven method [53].

Systematic uncertainties associated with the corrections
applied to simulation are estimated by using alternative
correction schemes or control samples and quantifying the
resulting variations in efficiency. The efficiencies could
depend on the polarization of the A baryon, which is set to
the measured ap value for the efficiency estimation.
Uncertainties related to the A polarization are evaluated
by varying the ap value up and down by one standard
deviation and calculating the efficiency shifts.

Among the systematic uncertainties described above, the
uncertainties associated with the trigger, tracking, PID
efficiency corrections, and A polarization are considered
fully correlated across the four data categories due to their
reliance on shared calibration sources. All other uncertain-
ties are treated as uncorrelated between different categories.
These uncertainties, along with those on the branching
fractions of the A — pz* and K3 — n"z~ decays, are
added in quadrature to give the total systematic uncertainty
on the branching fraction ratio R.

Taking into account the correlations of the systematic
uncertainties between different data categories, the
average result from LHCb Run 2 data is determined

to be RRM2 = (1.01 +0.14 +0.04) x 1072, which is
compatible with the LHCb Run 1 result RR"! =
(2.02 +0.88 +£0.23) x 1072 [19]. Neglecting the small
correlations between the Run 1 and Run 2 results, the
combined result is

RRunl&2 — (1,04 +0.14 + 0.04) x 1072,

Using the known branching fraction B(B™ — Kdz") =

(1.19 £ 0.03) x 107> [40], the absolute branching fraction
is determined to be

B(BT = pA) = (1.24 £ 0.17 +0.05 £ 0.03) x 1077,

where the third uncertainty is due to knowledge of the
B* — K" branching fraction.

In summary, a search for the rare decay B* — pA is
performed using a sample of pp collision data collected at a
center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.4 fb~!. An excess of signal
candidates over the expected background is observed with
a statistical significance exceeding seven standard devia-
tions, when accounting for systematic uncertainties. This
represents the first observation of this decay. The measured
branching fraction is consistent with available theoretical
predictions [20,21] and is more than twenty times lower
than that of the B* — pAz® mode [40], supporting the
theoretical expectation of threshold enhancement in three-
body baryonic B decays. The large value of the measured
weak decay parameter ap indicates a strong interference
between the competing S-wave and P-wave amplitudes of
the B* — pA decay, which may lead to substantial
cancellation between the CP asymmetries of different
partial waves.

It is noteworthy that the branching fraction of the
Bt — pA decay, proceeding via a b — uii5 transition,
is an order of magnitude higher than that of the B® — pp
decay [54], which proceeds via a b — uii d transition. This
pattern mirrors that in mesonic two-body B-meson decays,
where b — uiis transitions (e.g., B - KTK~ and
B - K*z~) dominate over b — uiid transitions (e.g.,
BY - 7tK~ and B’ — ntz7). However, this contrasts
with the situation in b-baryon decays, where these two
types of processes (e.g., AY) — pK~ and AY — pz~)
exhibit similar branching fractions [40]. These distinctive
patterns, in conjunction with the discrepancy in the
measured CP violation in BY - K*K~, B" - K™,
and Ag — pK~ decays, motivate future precision studies.
Leveraging the large datasets anticipated from the upgraded
LHCb experiment in future running periods, CP violation
measurements in the B¥ — pA decay channel will become
feasible, offering a powerful probe into the rich dynamics
of heavy-flavor decays and the mechanisms of CP
violation.
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TABLE II. Branching fraction ratio R calculated in four data categories. The efficiency ratio is determined from
simulation, and the yields are obtained from the baseline fit results. The first uncertainty on ‘R is statistical, and the
second is systematic.

Parameter TOS LL TOS DD TIS LL TIS DD

N(K%z") 12200 + 140 9250 + 130 5570 + 100 1480 + 50

N(pA) 40 £ 8 26 £6 17+5 5+4

[e(K3nT)/e(pA)) 2.62+0.14 3.62+0.18 3.57+0.21 2.66 +0.24

R(1072) 093+£0.19+£0.05  1.11+£028+0.07 1.18+0.38+0.08  0.95+0.82+0.14
1.04 +0.14 £ 0.04
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FIG. 4. Profile-likelihood scan curves for (left) the mass fit and (right) the angular fit. Blue curves show results with statistical
uncertainties only, while red curves include the effect of systematic uncertainties, incorporated via convolution with a Gaussian
distribution.
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