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We report on the first search for A-A oscillations in the decay J/w — pK~A + c.c. by analyzing
1.31 x 10° J/y events accumulated with the BESIII detector at the BEPCII collider. The J/y events are
produced using e™ e~ collisions at a center of mass energy /s = 3.097 GeV. No evidence for hyperon

oscillations is observed. The upper limit for the oscillation rate of A to A hyperons is determined to be
P(A) = [B(J/w » pK~A +c.c.)/B(J/w — pK~A+c.c.)] <4.4x 107 corresponding to an oscilla-
tion parameter 5m 3 of less than 3.8 x 10~'® GeV at the 90% confidence level.

DOI: 10.1103/PhysRevLett.131.121801

Since the big bang, the Universe has evolved to a state
where matter dominates antimatter. The origin of this
asymmetry remains a mystery. In an attempt to understand
this puzzle, Sakharov [1] proposed three conditions that
may shed light on the asymmetry: violation of charge (C)
and charge-parity (CP) symmetry, violation of baryon
number conservation, and deviation from thermal equilib-
rium. There have been abundant experimental investiga-
tions of C and CP violation with various quark decays at
both noncollider and collider experiments. Baryon number
violation (BNV) would imply the instability of the proton
and, thereby, the nucleus, albeit at a timescale of the
lifetime of the Universe [2]. There are many theoretical
models [3] in which the baryon number is not an exact

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

symmetry of nature. For example, in some grand unified
theories (GUTs), the proton can decay in several ways
through leptoquarks [4], such as p — e*z%. This mecha-
nism simultaneously breaks baryon number (B) and lepton
number (L) conservation while keeping their difference
B — L constant. Negative results from proton decay experi-
ments [5] almost rule out the entire parameter space of the
simplest (B — L)-conserving GUTs. Therefore, it is very
important to carry out an exploration of (B — L)-violating
processes in both theory and experiment.

As reported in Ref. [6], recent discoveries of neutrino
oscillations have made nucleon-antinucleon oscillations
theoretically plausible. If small neutrino masses can be
understood as a consequence of the seesaw mechanism [7],
it hints toward the existence of A(B — L) = 2 interactions.
There have been many experimental searches for neutron-
antineutron oscillations, while few results are reported for
other baryons [8]. In 2010, the authors of Ref. [9] pointed out
that the A—A oscillation phenomena can be investigated at
BESIII. With the A baryon containing a second-generation
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strange quark, such an investigation allows us to extend the
BNV studies in proton decay and in neutron-antineutron
oscillation experiments. Until now, no experimental searches
for A—A oscillations have been reported. These will be the
topic of the present Letter.

The time evolution of A—A oscillations is described by a
Schrodinger-like equation (Here and elsewhere natural
units 72 = ¢ = 1 are used):

L) o

where M is a Hermitian matrix defined as

mp — AE OMiR
M= < A A AA >’ (2)
5mA]\ m;\—AE;\

om 3 is the mass splitting generated by AB = 2 transitions
between A and A, m, (mj) is the mass of the A (A) baryon,
and AFE is the energy splitting due to the nonzero magnetic
moment of the A baryon in an external magnetic field. This
splitting would lead to a damping of the oscillations over
time [10]. As discussed in Ref. [11], the influence of the
external field is negligible if the product of the energy
splitting |AE|, and the A propagation time 7 satisfies
|AE|t/2 < 1. After considering the magnetic field (1.0 T)
in the interaction region of the BESIII detector and the
magnetic moment of the A [8], the effect of the local
magnetic field is estimated to be less than 0.008, and,
therefore, neglected in our case.

Starting with a beam of free A hyperons, the probability
of generating a A after time #, P(A,¢t), is described by

P(A, t) = sin®(Smyxt)e™ /™, (3)

where the mass difference om,; is also known as the
oscillation parameter, ¢ is the time at which the oscillation is
observed, and 7, = (2.632 +0.020) x 1070 s [8] is the
lifetime of the A baryon.

We measure the time-integrated oscillation rate of A —
A given by

5o sin®(Smyxt)e /T dt

P(A 4
W) = 4)
Thus, the oscillation parameter can be deduced as
P(A)
(Bman)? =557 (5)
TA

This Letter reports the first search for A—A oscillations
based on the decay J/yw — pK~A (charge conjugation is
implied throughout this Letter), whereby A baryons pos-
sibly oscillate to A baryons. This work is an experimental

test of BNV with AB = 2 involving a second-generation
strange quark. Furthermore, we may extract information
about the oscillation parameter of the A and, thereby, test
the validity of related theories.

The work presented in this Letter uses 1.31 x 10° J/y
events that have been accumulated at a center-of-mass
(c.m.) energy of /s = 3.097 GeV with the BESIII detec-
tor. Details about the design and performance of the BESIII
detector are given in Ref. [12]. BESIII has a geometric
acceptance covering 93% of the 4z solid angle. The
detector consists of a helium-based multilayer drift cham-
ber (MDC) to track charged particles, a CsI(TI) electro-
magnetic calorimeter to measure the energies and to
reconstruct scattering angles of photons and electrons, a
time-of-flight (TOF) system for charged-particle identifi-
cation (PID), and a muon system for muon identification. A
superconducting solenoid in an iron yoke bends the
trajectories of charged particles, thereby enabling the
reconstruction of their momenta [13].

The analysis is performed in the framework of the
BESIII Offline Software System [14] which takes care
of the detector calibration, event reconstruction, data
storage, and Monte Carlo (MC) simulations. Simulated
data samples, generated with a GEANT4-based [15] MC
package [16] including the geometric and material descrip-
tion of the BESIII detector, the detector response, and
digitization models, are used to determine the detection
efficiency and to estimate the backgrounds. An inclusive
MC sample of J/y decays is generated with the Kkmc [17]
generator at /s = 3.097 GeV, in which the beam energy
and spread are set to the values measured experimentally at
BEPCII [18], and initial state radiation is considered. The
known J/y decays are generated with BESEvtGen [19] with
branching fractions (BFs) set to the world average values
according to the Particle Data Group [8], and the remaining
unknown decays are modeled by Lundcharm [20].

The decay channels of interest are J/yw — pK~A and
J/w — pK~A, where the A (A) is reconstructed by its
decay to pn~ (prT). We therefore select events with
ppK n" or ppK~n~ final states, respectively. We desig-
nate the events from the decay J/y — pK~A as right sign
(RS) events, and the ones from J/yr = pK~A — pK~A as
wrong sign (WS) events.

All charged tracks are required to be within a polar angle
(0) range of | cos 8| < 0.93, where 0 is defined with respect
to the symmetry axis of the MDC, referred to as the z axis.
For charged tracks not originating from A decays, the
distance of closest approach to the interaction point must be
less than 10 cm along the z axis (|V, ), and less than 1 cm in
the transverse plane (V,,). Events with exactly four
selected charged tracks with zero net charge are retained
for further analysis. PID for charged tracks combines
measurements of the specific energy loss dE/dx in the
MDC and from TOF to form likelihoods L(h) (h = K, =,
p) for each hadron & hypothesis. Tracks are identified as
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charged kaons or protons by requiring the likelihoods for
the kaon or proton hypothesis to be larger than the
likelihoods of the other hypotheses. To suppress back-
grounds, at least two protons and one kaon are required in
each event. To optimize the detection efficiency, the pion is
not explicitly identified in the analysis. Since the A baryon
has a relatively long lifetime, it will travel a certain distance
before it decays. The place where the A is produced is
referred to as the production vertex, determined by recon-
structing the electron-positron interaction point using
events from Bhabha scattering. The location at which
the A decays into its daughter particles is referred to as
the decay vertex. The flight distance between the two
vertices is defined as the decay length L whose average
value is about 4.4 cm in this analysis. A successfully
reconstructed A candidate is required to pass a vertex fit in
the decay of A — pz~ and to satisfy the requirement of
L/o; > 2, where o is the resolution of L whose average
value is about 0.2 cm. If there is more than one prz~
combination that meets the above criteria in one event, we
keep all of them for further analysis. To further improve the
mass resolution and reduce backgrounds, we require all the
candidate events to satisfy a four-constraint kinematic fit
enforcing energy-momentum conservation for the pK~A
final state, i.e., ;(ﬁc < 200, where the track parameters of A
are obtained from the A vertex fit. If more than one
combination is found in an event, the one with the minimum
value of yj. is accepted for further analysis. To further
suppress misidentification from J/y decays with four
charged tracks and large production rates, such as those
with the final states ppK*™K~, pprTz~, K"K KtK~,
atnatn, and K"K n"z~, we require that the retained
candidates have the smallest Zﬁc for the pK~A mass
assignment among the six hypotheses.

The invariant mass of the proton and pion tracks, M .-,
is obtained by using the corrected energy and momentum
after the kinematic fit. Figure 1(b) shows the fitted M, -
distribution. The background and signal responses are
modeled by a nonparametric kernel estimation probability
density function [21] based on the histogram from the
inclusive MC sample and the histogram from the signal MC
sample convolved with a Gaussian function to account for
the difference between the data and MC, respectively. The
fit gives signal and background yields for RS of N"R%‘ =

272122+ 528 and Np& = 873 + 93, respectively. The
signal region in M- is defined as (1.09, 1.14) GeV,
which is same as the fitting range of RS events as
demonstrated in Fig. 1(a). No events in the WS selection
survive within the signal region. Hence, we obtain
Ns = 0. The detection efficiencies are obtained to be
ers = 28.6% and ewg =27.8% for the RS and WS
processes, respectively, based on five million simulated
events which are generated by the phase-space generator
for J/y decay into WS and RS final states.
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—_
2 o
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FIG. 1. Distribution of M- for (a) WS events in the signal
region and (inset) over the full span, where the filled circle with
the error bar is from data, the pink filled histogram, normalized
arbitrarily, stems from simulated WS signal events, and the
arrows in the inset figure show the edges of the signal region;
(b) RS events from data, where the filled circles with error bars
are from data, the blue solid line represents the result of the fit,
and the dashed line shows the background contribution.

The possible remaining backgrounds are studied with
simulated samples and continuum data taken at an energy
away from the J/y or y(3686) mass region. To check the
contamination from J/y decays, we make use of an
inclusive MC sample which is of the same size as the
experimentally collected J/y dataset. Only one back-
ground event is found in the WS signal region. To check
the backgrounds from QED processes at 3.097 GeV, we
analyze MC samples of the reactions ete™ — (y)eTe™,
ete” = (y)utu~, and e*e” = q;q; (¢; = u.d.s) corre-
sponding to integrated luminosities of about 0.5, 30, and 40
times of the data, respectively. No events survive the
selection criteria. Moreover, to cross-check the MC results
for QED processes and to check for other potential back-
ground reactions, we investigate the data samples collected
outside the vicinity of the J/y and w(3686) resonances.
These data samples include (1) 29.9 pb~! [22] data
taken at /s = 3.08 GeV; (2) 44.5 pb~! [23] data taken
at /s = 3.650 GeV; (3) 2931.8 pb~! [23] data taken at
V/s =3.773 GeV; and (4) 1003.6 pb~! [22] R scan data
taken in the /s range from 2.232 to 4.590 GeV excluding
the energy points in the vicinity of the J/w mass. One
background event from data taken at 3.773 GeV is found
and, after normalization, leads to an expectation of 0.2
events in the J/w sample. For the normalization, we
consider the differences in the integrated luminosities,
cross sections, momenta of the particles, and the center-
of-mass energies [24]. Thus, a total of 1.2 expected
background events are retained due to mis-PID in the
analysis of the WS process.
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Since no signal event for the WS decay is observed while
1.2 background events were estimated, we set an upper
limit by utilizing a frequentist method [25] with unbounded
profile likelihood treatment of systematic uncertainties.
To determine the corresponding upper limit at the 90%
confidence level (C.L.) on the signal events of the WS
decay sy, we consider the number of signal and back-
ground events, the efficiency (ews), and the systematic
uncertainty which will be introduced later in the text. In the
estimation, the number of signal and background events is
assumed to follow a Poisson distribution, the efficiency is
assumed to follow a Gaussian distribution, and the sys-
tematic uncertainty is incorporated as the standard
deviation of the efficiency. The upper limit is calculated
to be 4.2 events at the 90% C.L.

With the assumption of no CP violation in A decay in the
process J/y — pK~A, the A-A oscillation ratio which is
defined in Eq. (4) can be determined by

_ B(J/y - pK~A) Ny /ews

P(A) = > _ ,
() B(J/w = pK~A)  Ng¥/egs

(6)

where B(J/y — pK~A) is shorthand for B(J/y —

— oscillating

pK~A — "~ pK~A), representing the BF for the WS
channel, and B(J/y — pK~A) is for the RS channel. The
upper limit on the A—A oscillation rate is set to be

SWS' 6

P(A) < ——>—=44x107"°. (7)

NRE /ers

As a result, the oscillation parameter om,; in Eq. (5) is
calculated to be

Smax < 3.8 x 10718 GeV. (8)

In the measurement of the ratio P(A), the systematic
uncertainties associated with tracking, PID, A reconstruction
efficiencies, simulation of J /y decays, and the total number
of J/y events cancel out. The remaining systematic uncer-
tainty originates mainly from the uncertainties in the
description of the signal shape, in the efficiency determi-
nation related to the chosen fitting range and kinematical fit
parameters, and in statistical uncertainties in MC samples. To
estimate the uncertainty in the signal response, we make use
of an alternative signal shape, such as a double Gaussian
function or a triple Gaussian function. The difference of the
signal yields (0.7%) between the two choices, and the one
used in the analysis is taken as the systematic uncertainty. To
obtain the uncertainty related to the choice of the fitrange, we
enlarge and shrink the range by 0.005 or 0.010 GeV,
respectively, and take the relative difference of resulting
BFs between the different ranges (0.6%) as the systematic
uncertainty. The uncertainty induced by the kinematic fit has
been studied using a control sample of the J/yw — 7z 7~ pp

channel. The difference of the selection efficiencies between
data and MC, with and without the fit quality requirement, is
determined to be 0.2% [26]. The statistical uncertainty of the
MC samples is only 0.02% for both RS and WS processes
and has been minimized by using a large number (five
million) of simulated events. The total systematic uncertainty
on P(A) is calculated to be 1.0% by adding all sources in
quadrature.

In summary, with 1.31 x 10° J/y events collected with
the BESIII detector at the BEPCII collider, the A-A
oscillation process is investigated for the first time. No
evidence for hyperon oscillations is observed. The upper
limit on the oscillation rate is set to be P(A) < 4.4 x 107°
at the 90% C.L. Based on this constraint, the oscillation
parameter is calculated to be dm,z < 3.8 x 10718 GeV at
the 90% C.L. corresponding to an oscillation time
(Tose = 1/8mpz) limit of 7, > 1.7x 1077 s at 90%
C.L. Our result is comparable with the prospective con-
straint given in Ref. [9]. We note that we exploited only
about one tenth of the total data sample that is currently
available at BESIII. An experimental search of BNV plays
a key role to understanding the evolution of the Universe. In
the future, at a next-generation super z-charm factory, the
expected number of J/y events can reach several trillions
or larger [27], which can greatly improve the sensitivity on
dmx to a level of at least 107! GeV. Although the upper
limit on the oscillation time is much larger than the lifetime
of the A baryon, under special conditions, such as inside a
potential well in particular hypernuclei [28], the A might
exist for a much longer time to present an opportunity to
obtain a better constraint. The results presented in this
Letter offer future prospects and stimulate further theoreti-
cal and experimental work.
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