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First Observation of the B! — A} A, Decay and Evidence for the B’ — A} A; Decay
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A search is presented for the two-body charmed baryonic decays, B‘()S) — AFAZ, using a data sample
collected by the LHCb experiment during 2011-2012 and 2015-2018, corresponding to an integrated
luminosity of 9 fb~!. The first observation of the BY — A} A decay is reported with 6.2¢ significance

along with 4.3¢ evidence for the B — AfA; decay. The branching fractions are measured to be
B(B®— AfA;)= (101703 £0.08+0.15)x 107> and B(BY—AfA;)=(5.0+1.34£0.5+£0.8)x 107,
where the first uncertainty is statistical, the second systematic, and the third due to external inputs.
These results provide novel experimental inputs for the theoretical framework describing two-body
baryonic decays of B mesons via W-emission and W-exchange mechanisms.
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The study of B-meson decays has long been a fertile
ground for testing the standard model of particle physics
and probing for potential new physics beyond it. Among
the diverse decay channels, baryonic decays of B mesons
provide a unique laboratory for exploring the interplay
between weak interactions and quantum chromodynamics
in the nonperturbative regime [1,2]. These decays are not
only sensitive to the Cabibbo-Kobayashi-Maskawa matrix
elements [3,4], but they also offer insights into the
dynamics of baryon production and final-state interactions,
which are less understood compared to mesonic systems.

In the standard model, two-body baryonic B-meson
decays proceed at tree level through the nonfactorizable
internal W-emission quark diagram and the factorizable
W-exchange and W-annihilation topology. However, the
W-exchange and -annihilation processes can be helicity
suppressed [5,6], and hence, are often neglected in theo-
retical studies [7—13]. Experimental searches for the fac-
torizable topology are currently limited to the BY — pp
decay [14], with an upper limit on the branching fraction B
set at 4.4 x 107° at 90% confidence level (CL) [15].
However, other theories suggest that processes with
quark-level b — ¢ transitions, such as B? — ATAZ,
BY - =F=7, and B? — pA7, can circumvent severe hel-
icity suppression, making the factorizable topology non-
negligible [16—18] and potentially leading to sizable direct
CP asymmetries [13].
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As illustrated in the Feynman diagrams in Fig. 1, the
two-body charmed decays B — A}A; are expected to
proceed mainly through tree-level W-emission amplitudes,
while BY — AFA. decays are expected to proceed
via suppressed topologies [19]. As a consequence, the
BY = AFA7 branching fraction is expected to be larger
than that of the corresponding BY-meson decay. If the
BY — AFA7 decay proceeds similarly to B~ — EYA7 and
BY - =} A- decays, which are also believed to be domi-
nated by the nonfactorizable W-emission topology, then its
branching fraction is expected to be |V y/V|?
(tpo )75+ )B(B~ — BOA7) = (4.7 4+ 1.1) x 107 in the U-
spin symmetry limit. Here, the CKM matrix elements V.,
and V,,, along with the B® and B* meson lifetimes 7z
and 7+, are taken from Ref. [20]. While the
Belle Collaboration has reported an upper limit on the
BY = A} A7 branching fraction of 6.2 x 107 at 90% CL
[21], consistent with this prediction, the LHCb
Collaboration has determined more strict upper limits of
1.6 x 107 and 8.0 x 1073 at 95% CL for the B® — AFA;
and BY — AFA7 branching fractions, respectively [22].
These measured upper limits suggest a tension between
theory and experiment, indicating a contribution from
W-exchange or interference effects, which requires more
precision measurements for confirmation.

This Letter presents a search for E?S) — Af(pK~n')
AZ(pK*n™) decays using proton-proton (pp) collision
data collected with the LHCb detector at center-of-mass
energies of 7, 8, and 13 TeV during the LHC Run 1
(2011-2012) and Run 2 (2015-2018) data-taking periods,
corresponding to a total integrated luminosity of 9 fb~!.
The branching fractions of the signal decays are measured
relative to the topologically similar B — Dy (KTK~zn")
DY (K z*zx*) and BY — DY (K K*nt)D;(KTK™ ")
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FIG. 1. Tree-level Feynman diagrams for BOS) — AfA; decays. The left diagram shows the contribution from the W-emission

process, while the right one depicts the W-exchange process.

normalization channels using

. . , Bp:Bp+ N(B" — AfA7) e(B° — D;DV)
B(B® - AfA;) = B(B* - D;D+) - —2 2 . Chata 2. ———
(B~ ASAs) = B(E" ~ DyDT) B:.  N(B" - D;D*) e(B" - AfA;)

2 D A — D —_
BB A*A?) = BB pipy) - oi VB =~ MRS e(BY ~ DiDy)
o T By N(BY - DIDY) e(BY = ATAD)

where N denotes the measured yield; e represents the
combined efficiency, including the detector acceptance,
trigger, reconstruction, and selection efficiencies; and B Dt
Bp+, and B,+ denote the known branching fractions of
Dy - K"K™n", D" - K n*zn", and AT — pK~n" de-
cays, respectively [20].

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 5 < 5, described in
detail in Refs. [23,24]. The online event selection is
performed by a trigger [25,26], which consists of a
hardware stage followed by a two-level software stage
that applies a full event reconstruction. At the hardware
trigger stage, events are required to have a hadron, photon,
or electron with high transverse energy in the calorimeters.
For hadrons, the transverse energy threshold is 3.5 GeV. At
the software trigger stage, there must be a secondary vertex
consistent with a two-, three-, or four-body decay topology,
with significant displacement from any primary pp colli-
sion vertex (PV). At least one charged particle must have a
transverse momentum pr > 1.6 GeV and be inconsistent
with originating from any PV [27].

Simulated samples are used to study the properties of the
signal, normalization, and background channels. Proton-
proton collisions are generated by PYTHIA [28] with a
specific LHCb configuration [29]. Decays of unstable
particles are described by EvtGen [30], in which final-state
radiation is generated using PHOTOS [31]. The interactions
of the generated particles with the detector material, and
their responses, are implemented using the Geant4 toolkit
[32,33], as described in Ref. [34].

In the offline selection, the candidate decays are
reconstructed by first forming Al (or D(t)) candidates
from three-track combinations and then combining pairs
of these charmed hadrons into B?S) mesons. Each final-
state particle must fulfill the momentum requirements
p > 5 GeV, pr > 500 MeV, and must be inconsistent
with originating from any PV using the criterion ;(Izp >4,
where y%, is the difference between the vertex-fit ¥ of a
given PV reconstructed with and without the particle in
question. For proton candidates, a more stringent require-
ment p > 10 GeV is imposed. In addition, a loose particle
identification (PID) requirement is applied to all
charged tracks [35,36]. The charmed hadrons are required
to satisfy pp>1GeV with a good-quality decay
vertex significantly separated from any PV. To further
suppress singly charmed and charmless background
sources, the measured decay length along the beamline
direction for each charmed hadron candidate must be
greater than half of its resolution. Subsequently, a good
B?S) decay vertex is required, which must be significantly

displaced from the associated PV, defined as the PV for
which the particle has the smallest y7,. The momentum of
the B?S) candidate is required to be consistent with its
flight direction. To suppress background arising from the
misreconstruction of a single charged-particle trajectory
as two or more distinct tracks, candidate decays are
rejected if the opening angle between the momentum
vectors of any pair of final-state tracks is less than
0.5 mrad.
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To suppress cross-feed among A, D, and D" candi-
dates, veto criteria are implemented based on invariant-
mass and PID requirements. For A7 — pK~z" decays,
candidates are rejected if the pK~ invariant mass, after
assigning the kaon mass to the proton candidate, lies within
+10 MeV of the known ¢(1020) mass [20]. Additional
PID requirements are applied when the reconstructed
pK~z" invariant mass lies within +25 MeV of the
known DT (D) mass after assigning the pion (kaon)
mass hypothesis to the proton candidate. Similarly, a
tighter PID requirement is applied to the K™ meson in
D} — K~ K*'z" decays for events where the invariant mass
of the K~ K™ n™ combination, computed after assigning
the pion (proton) mass to the kaon, falls within 25 MeV
of the DT (A}) mass. In the case of D" — K=ztz"
decays, after assigning the mass of either of the two pions
to the kaon (proton), candidates with K~z +z" invariant
mass within +25 MeV of the DJ (A}) mass are rejected
unless a tighter PID requirement is fulfilled.

The two most powerful variables for discriminating
between signal and the remaining combinatorial back-
ground are the yf, of the B),, candidate with respect to
its PV and the quantity [ [; P;. The latter is defined as the
product of the neural-network-based PID variables for
correct identification of all six final-state particles [24].
As the PID algorithms are tuned individually for Run 1 and
Run 2 operations, the [[;P; optimization is performed
separately for each data-taking period. The selection
criteria for these two variables are determined using data
from the sideband region, 5150 < m(Af A7) < 5240 MeV
or 5407 < m(AfA;) < 5550 MeV as background proxy,
and simulated B? — AfA; samples as signal proxy,
with the goal of maximizing the Punzi figure of merit
€/[(6/2) + /Ng] [37]. Here, € represents the signal
efficiency for a given selection criterion, ¢ denotes the
target signal significance (set to 5), and Ny corresponds to
the background yield in the signal region 5350 <
m(AfA7) < 5380 MeV. The optimized [[;P; and y
selection criteria, determined separately for Run 1 and
Run 2, are applied to all data and simulation samples.

To ensure a realistic description of the data, the kin-
ematic distributions and the PID variables of charged tracks
in simulated samples are corrected. The kinematic correc-
tion accounts for dependencies on pr, 1, event multiplicity,
and yjp of the B, candidate. The correction weights are

determined through a data-driven approach employing a
gradient-boosting algorithm [38], where background-
subtracted data samples are obtained using the sPlot
technique [39] applied to normalization decay modes.
The PID variables are calibrated via a kinematic-dependent
transformation, where a kernel density estimation (KDE)
algorithm is used to provide a smooth interpolation of
distributions from dedicated calibration samples [36].
Efficiencies are derived from simulated samples after
applying the corrections outlined above and imposing all

selection criteria. The efficiency ratios between signal and
normalization channels are determined separately for each
data-taking year, and then averaged according to the
integrated luminosity of each sample, giving overall
values  €(B° - AFAD)/e(B° - Dy DY) = 0.67 +0.01
and €(BY — AFA7)/e(BY — Dy D7) = 0.56 +0.01. The
uncertainties are purely due to the limited size of the
simulation samples.

The BOS) — A}A; yields are obtained from a two-stage
fitting procedure. The first stage is an unbinned maximum-
likelihood fit to the two-dimensional [m(AJ), m(A7)] dis-
tribution, aiming to separate genuine A A- candidates from
charmless and singly charmed backgrounds. This fit is
performed in 5 MeV bins of m(AfA7) to determine
background-subtracted yields. In this fit, the Al or A;
signal is described by a modified crystal ball distribution [40]
with tails on both sides of the Gaussian core (double-sided
crystal ball, DSCB), where the tail parameters are fixed to
those found in simulation, and the peak position is allowed to
vary among different m(AF A7) bins to account for possible

correlations between the B?S) mass and the A (A7) mass. In

the baseline fit, the ratio of widths of the A peak between
data and simulation is constrained with Gaussian priors to
the value derived from the normalization channel. The
background in each dimension is described by an exponen-
tial function. The construction of the fit model and the
corresponding results are detailed in the End Matter.

The second stage is a binned maximume-likelihood fit to
the resulting m(AF A7) distribution of the doubly charmed
decays, as shown in Fig. 2, to determine the B — ATA;
and BY — A A7 signal yields, with potential background
from nonpeaking A A also included. The B(()S) signal
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FIG. 2. Mass distribution of the A}A; system with singly
charmed and charmless backgrounds subtracted. The fit result
(blue curve) is shown together with the signal components from
BY - AYA; (filled green) and BY — AfA; (filled purple)
decays and the nonresonant background contribution (filled
gray).
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shape is described by a DSCB distribution with the tail
parameters fixed from simulation. Widths of the B® and BY
peaks are fixed to the values measured for the correspond-
ing normalization channels scaled by the ratio of signal to
normalization widths determined from simulation. The
background shape is assumed to be exponential, with the
slope parameter free to vary in the fit. The B — AFfA7 and
BY - AFA; signal yields obtained from the fit to the
samples are 19.0f55€ and 25.1 4+ 6.7, respectively, where
the uncertainties are statistical only and determined from
pseudoexperiments.

The normalization channel yields are obtained using a
similar two-stage fitting procedure as for the signal chan-
nels, where the B?S and D, signal and background
components are modeled using the same line shapes as
the B(()S) — AFA7 decays. The line shape for the misiden-
tified B° — D;yD* decay in the B — D} Dy dataset is
estimated from simulated samples using the KDE approach
[41]. The fits yield 26171 £ 164 B° — D;D* signal
decays and 2926 + 65 BY — D! D7 signal decays, with
the fit projections provided in the End Matter.

Several sources of systematic uncertainty from the mass
fit and the efficiency ratio are considered. A summary is
presented in Table I. Alternative mass fits are performed
with different configurations of the fit model, and the
largest change in the branching ratio is assigned as the
corresponding systematic uncertainty. The signal models
are varied to use either fixed or Gaussian-constrained
widths for the BOY peaks and either Gaussian-constrained
or floated widths for the A} peak. Alternative signal
models for AJ, DZ;), and B?S) peaks are tested either by

varying the DSCB tail parameters or by replacing the
DSCB distribution with a Hypatia [42] distribution. The
exponential background shapes are replaced with

Chebyshev polynomials. The line shape of the misidenti-
fied B —» D;D* decay in the B? — Dy D; dataset is
replaced by an alternative KDE with a 50% wider sampling
width. The fitting procedure is validated using pseudoex-
periments. A bias at a level of a few percent is observed in
the fitted signal yield, mainly arising from the positivity
constraint on the signal yields in the first-stage fit and
the inherent bias of maximume-likelihood fits with small
yields [43]. The size of this bias is assigned as a systematic
uncertainty.

Systematic uncertainties associated with the efficiencies
estimated from simulation are also evaluated. Limited
knowledge of the detector material budget and particle
interaction cross sections leads to uncertainties on the
tracking efficiencies, which are estimated using the
approaches provided in Ref. [44]. The corrections applied
to the PID variables in the simulation depend on both the
sample size of the calibration datasets and the kernel
densities used in the sampling. To evaluate the systematic
uncertainty, the KDE template is varied by increasing the
kernel width by 50% and by implementing a bootstrapping
technique. The uncertainties arising from the limited size of
the simulated samples are estimated under the assumption
that the efficiencies follow binomial distributions. A
systematic uncertainty associated with the kinematical
correction procedure is evaluated by performing an alter-
native correction that employs a different set of kinematic
variables to train the weighting algorithm. The systematic
uncertainty associated with imperfect simulation of the
hardware trigger is estimated using a data-driven method
[25,26] and found to be negligible. This is expected, given
the similar kinematics and decay topologies between the
signal and normalization decays.

To address uncertainties due to the treatment in simu-
lation of intermediate states in the AT — pK~z" decay and

TABLE 1. Relative systematic uncertainties on the measured branching fraction ratios. The dashes indicate sources that are not

relevant for that measurement.

Source [B(B® — AFA7)/B(B® - Dy D")] (%)

A peak width
B?S) peak width

A or D(t) line shape

B, signal line shape

Background line shape

Line shape of misidentified decay

Fit bias

Tracking efficiency

PID correction

Simulated sample size

Kinematical correction

A Dalitz plot and polarization correction
BY lifetime correction

Total

[B(BY > AFAZ)/B(BY - DY DY)| (%)
2.1 4.3
0.2 0.5
0.2 0.2
3.6 0.5
14 7.1
not applicable 0.1
5.7 1.2
1.3 1.6
0.7 0.9
1.7 1.8
0.2 0.3
3.6 4.3
not applicable 0.6
8.4 9.9

061802-4



PHYSICAL REVIEW LETTERS 136, 061802 (2026)

the Al -baryon polarization, two weighting procedures are
implemented. The A Dalitz plot distributions in simu-
lation are weighted to match those in data. Then, the A}
polarization is emulated by a weight 1 + aP cos 6, where
6, is the angle between the proton momentum in the A7
rest frame and the A direction in the B?s) rest frame. The
decay parameter o and polarization P are taken from
Ref. [45]. The systematic uncertainty is evaluated as the
relative difference between results with and without these
weights applied. An additional systematic uncertainty is
assigned to account for the difference between the average
BV lifetime used in simulation and the physical lifetimes of
the decay modes, which are dominated by the shorter-lived
B mass eigenstate for both signal and normalization
modes. The effect is evaluated by reweighting the BY
lifetime distribution in simulated samples and found to
be small.

After evaluating the systematic uncertainties, the branch-
ing fractions are measured as

B(B® - AFA7) = (1.011937 £0.08 £ 0.15) x 107,
B(B? — AYAZ) = (5.0£1.3+£0.5+0.8) x 1072,

where the uncertainties, respectively, represent statistical,
systematic, and external contributions from branching
fractions of intermediate charmed decays and normaliza-
tion channels [20].

To evaluate the significance of each signal decay, a test
statistic ¢ = —21n(Ly/L) is defined, where L, represents
the likelihood of the model with the contribution from
either B® > AFA7 or B » AFAZ removed, and £ cor-
responds to the likelihood when both contributions are
included. Among all the fit variants discussed above, the
model yielding the minimal ¢ value in the data is identified.
Datasets from pseudoexperiments are then generated by
excluding either B® or BY contributions from this model.
The p values associated with the observed B® and BY
signals in the data are calculated from the tails of the two
resulting ¢ distributions derived from these datasets and
then converted to significances. The resulting significance,
considering the systematic uncertainty, is 4.3¢ for the
BY - AFA7 decay and 6.2¢ for the BY — AFA7 decay.

In summary, we present the first measurements of
BY - AFAZ and BY — AFA7 branching fractions using
the complete LHCb Run 1 and Run 2 datasets. The first
observation of the BY — AF A decay represents the first
experimental verification of the W-exchange process in
baryonic B-meson decays, a mechanism long considered
helicity suppressed, and therefore, often neglected. The
measured value of B(B® — AA7) is at the level of
1 x 1073, indicating a significant discrepancy with the
expected contribution from the W-emission diagram alone,
as presented earlier in this Letter. This deviation provides
further evidence for the presence of SU(3)-breaking effects

and a W-exchange contribution that interferes destructively
with the internal W-emission process, thereby suppressing
the observed branching fraction. Taken together, these
observations suggest that the long-overlooked contribution
from W-annihilation and -exchange mechanisms in charm-
less, singly charmed, and doubly charmed two-body
baryonic B-meson decays needs a thorough reexamination.
Such effects may be important for improving predictions of
CP -violating phenomena in baryonic B decays, which
could potentially be studied using data from LHCb Run 3
and future upgrades [46,47].
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End Matter

Fit to the Af-A7 mass distribution—A two-dimensional fit model is constructed to describe the [m(A}), m(A7)]
distribution. In each dimension, the peaking component is modeled with a DSCB function S, while the nonresonant
background is described by an exponential function B. The total probability density function is constructed from the
product of all combinations of S and B, as

Plm(AL), m(A7)] = Npc - [S(m(A$))S(m(A7))] + Nsc - §S(m<Ai))B(m<Az>) + %B(m(AD)S(m(Az))
+ Ny [B(m(AZF))B(M(/_\;))],

where Npc, Ngc, and Ny, represent the yields of doubly charmed, singly charmed, and charmless background
candidates, respectively. The factor 1/2 arises from the charged-conjugate relationship between the X — Al pKtza~
and X — A;pK 7" systems and has been verified using simulated samples. The fit is performed individually for
each m(AF A7) bin, and the corresponding Npc value and its uncertainty are determined. Figure 3 shows the A} and

A7 mass distributions with the fit results also included, where results from all individual m(AZF A7) bins are combined
to improve visibility.

Fit to the normalization decay modes—Figures 4 and 5 show the m(DyD™) and m(D; Dy) distributions for the
normalization decay modes, respectively, along with the fit projections.
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FIG. 3. Distributions of the (left) A} and (right) A mass for the signal sample. Also shown is the projection of the two-dimensional fit

(solid blue line) integrated over all m(AfAJ) bins, along with the contributions from doubly charmed (dashed red), singly charmed
(filled green), and charmless (filled brown) decays.
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FIG. 4. Mass distribution of the Dy D" system, with singly charmed and charmless backgrounds subtracted, shown for (left) Run 1 and
(right) Run 2 data-taking periods. The fit projection (solid blue line) is shown together with the signal components from B — Dy D"
(filled green) and BY — D7 D™ (filled purple) decays and the background contribution (filled gray).
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(right) Run 2 data-taking periods. The fit projection (solid blue line) is shown together with the BY — DF Dy signal (filled purple) and
the background (filled gray).
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