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Abstract: Using electron-positron annihilation data samples corresponding to an integrated luminosity of 4.5 fb~1,
collected by the BESIII detector in the energy region between 4599.53 MeV and 4698.82 MeV, we report the first

observations of the Cabibbo-suppressed decays Al — nat*n

0, A} - nrtr~rnt, and the Cabibbo-favored decay

A} - nK~n*nt with statistical significances of 7.90, 7.80-, and > 100, respectively. The branching fractions of
these decays are measured to be B(A} — na*a®) = (0.64+0.09+0.02)%, BA} — na*a n*) = (0.45+0.07=
0.03)%, and B(A} - nK nznt) = (1.90+0.08 £0.09)%, where the first uncertainties are statistical and the second
are systematic. We find that the branching fraction of the decay A} — nr*n0 is about one order of magnitude high-

er than that of A} — nx™*.

Keywords: A} baryon, Branching fraction, BESIII detector
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I. INTRODUCTION

Charmed baryons provide an excellent laboratory for
studying the properties of QCD in the case where a heavy
quark couples to two light quarks. Currently, we do not
have reliable phenomenological models to describe these
complex baryon decays. More than two decades ago, a
general formulation of a topological-diagram scheme for
the nonleptonic weak decays of baryons was proposed to
calculate the amplitudes of different topological dia-
grams [1]. The factorizable external W-emission amp-
litude 7 and internal W-emission amplitude C, as well as
the non-factorizable inner /-emission amplitude C’ and
W-exchange amplitude E are introduced in the representa-
tion of these diagrams. In this scheme, one amplitude can
be factorized into two parts, the decay constant of the
emitted meson and the heavy-to-light transition form
factor, which can be directly calculated. By way of ex-
ample, the topological diagrams for A} — na*n® can be
seen in Fig. 1. We know that here the non-factorizable
contribution is essential for understanding the weak de-
cays of charmed baryons, in contrast to the negligible ef-
fect they contribute in heavy-meson decays [2]. Hence,
studies of charmed baryon decays involving non-factoriz-
able components are critical for understanding the under-
lying dynamics of charmed-baryon decays in general.

In addition, an alternative and model-inpendent ap-
proach based on quark flavor SU(3) symmetry has been
proposed to describe charmed-baryon decays. Even
though it is an approximate method, it is a powerful and
reliable tool to extract useful information about these
transitions [3—10]. Improved measurements of charmed-
baryon decays will be important in further testing the
validity of this method.

Many experimental studies of various A decays have
been reported, with a focus on decays to two-body had-
ronic final states [11-21]. However, more studies of
multi-body hadronic decays are required to gain deeper
insight into the nature of non-perturbative QCD, as these
involve rich intermediate processes and the branching
fractions (BF) are in general higher. There is a signific-
ant discrepancy between the predicted BFs of A} —
NKnn decays reported in Ref. [22] and the measured val-
ues for A} — pK~n*n® and A} — pK°n*n~ [23]. Clarify-
ing this tension requires knowledge of the BFs of hadron-
ic A} decays to final states involving a neutron. Fewer
studies have been performed for these decays because of
the difficulty of direct neutron detection.

The BESIII collaboration has measured the BFs of the
Cabibbo-favored (CF) decay A} — nK{z* [14] and the
Cabibbo-suppressed (CS) decay A} — na* [18]. These
studies provide critical tests for isospin and SU(3) sym-
metries in charmed-baryon decays, the violation of which
could lead to enhanced CP-violation effects [24, 25].
Taking the BFs of A} —nKir*, Al — pKin® and
A} — pK~n* from the Particle Data Group (PDG) [23],
the amplitudes of these three decays satisfy the triangle
relation and obey isospin symmetry [3]. However, the ra-
tio of the BF of A} — nx* to that of A} — pn® is meas-
ured to be larger than 7.2 which disagrees with the SU(3)
flavor symmetry model prediction [3, 6, 26]. Precise
measurements of the BFs of additional A} decays to fi-
nal states involving a neutron, such as A} — natn,
Al - nr*n~nt, and A7 — nK~ntn*, are highly desirable
to allow for futher tests of isospin and SU(3) symmetries
in charmed-baryon decays. Throughout this paper,
charge-conjugate modes are implicitly assumed.
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Fig. 1. Topological diagrams of the decay A} — na*n® via
(a) external W-emission T, (b) internal W-emission C, (c) in-
ner W-emission C’, and (d) W-exchange diagram E.

In this paper, two CS decays A} — nata®,

Al - nntn~n*, and the CF decay A} — nK n*n* are
studied by employing the double-tag (DT) method [27],
where the neutron is reconstructed via the missing-mass
technique. Our analysis is based on electron-positron an-
nihilation data samples collected at seven center-of-mass
(c.m.) energies from +/s =4599.53 MeV to 4698.82 MeV
by the BESIII detector. These data samples correspond to
an integrated luminosity of 4.5 fb~! [28-31], as listed in
Table 1. Within this energy range, the electron-positron
collisions provide a clean environment for the production
A}A; pairs, which offers a unique opportunity to carry
out model-independent measurements of the BFs of vari-
ous A} decays involving neutrons. The DT method al-

Table 2.

Table 1.
the data samples.

The c.m. energies and integrated luminosities for

Vs MeV Int. luminosity/pb~!
4599.53 586.90+0.10+3.90
4611.86 103.65+0.05+0.55
4628.00 521.53+0.11+2.76
4640.91 551.65+0.12+2.92
4661.24 529.43+0.12+2.81
4681.92 1667.39+0.21 +8.84
4698.82 535.54+0.12+2.84

lows us to measure the BFs without any theoretical input
or external information on the cross section of A} pro-
duction.

The A, baryons are reconstructed with twelve exclus-
ive hadronic decay modes, as listed in Table 2. This data
set is referred to as the single-tag (ST) sample. The 79,
K2, A, £°, and £~ particles are reconstructed via indi-
vidual dominant decay modes. Those events in which any
of the signal decays A} — nr*n®, A} — nntn n*, and
Al - nK~n*n* are reconstructed in the system recoiling
against the ST A candidates are denoted as DT candid-
ates.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [32] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [33], which
operates in the center-of-mass energy range from 2.0
GeV to 4.95 GeV. BESIII has collected large data

Requirements on AE, ST yields, ST and DT efficiencies for the signal decays of A} — nr*20 (&), A} — nr*a~n* (D) and

A} > nK ntnt (F) at +/s=4681.92 MeV. The uncertainties are statistical only. The quoted efficiencies do not include any subdecay

BFs. Entries of "--- " are for the cases where knowledge of the DT efficiencies is not required in the analysis.
Tag mode AE /MeV NST &T(%) ePT(E)(%) ePT(D)(%) ePT(F)(%)
pKY (-21,18) 337661 48.6 12.58 11.55 18.50
pK*n~ (-29,26) 17508+147 47.1 10.77 10.59 16.61
pKIn® (~49,34) 1785+63 19.7 474 4.65 7.15
PRI n* (-34,31) 1511+57 20.7 422 4.13 5.99
pK*n a0 (=60,41) 5111128 17.8 4.13 6.60
An~ (=23,21) 2074+48 413 9.95 9.12 15.08
Arx~n® (=50,41) 4380+88 18.2 4.05 3.85 6.00
Anntne (-40,36) 2059+61 13.9 2.80 2.67 3.93
07~ (=33,3D) 1398+42 25.9 6.31 5.89 8.46
a0 (-67,32) 879+43 225 5.78 521 8.22
Sant (—40,32) 3027+88 22.1 5.40 5.21 7.77
prnnt (~26,20) 159680 53.6 17.35
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samples in this energy region [34]. The cylindrical core
of the BESIII detector covers 93% of the full solid angle
and consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
and a CsI(TI) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The solenoid is suppor-
ted by an octagonal flux-return yoke with resistive plate
counter muon identification modules interleaved with
steel. The charged-particle momentum resolution at
1 GeV/c is 0.5%, and the specific ionization energy loss
(dE/dx) resolution is 6% for electrons from Bhabha scat-
tering. The EMC measures photon energies with a resolu-
tion of 2.5% (5%) at 1 GeV in the barrel (end-cap) re-
gion. The time resolution in the TOF barrel region is 68
ps, while that in the end-cap region is 60 ps [35-37].
High-statistics Monte Carlo (MC) simulation samples for
the process e*e™ — inclusive are produced with the
KKMC generator [38] by incorporating the initial-state
radiation (ISR) effects and the beam-energy spread. The
inclusive MC simulation sample, which consists of ATA;
events, Dﬁfi production, ISR return to lower-mass y
states, and continuum processes e*e” — ¢g (¢ = u,d, s), is
generated to determine the ST detection efficiencies and
estimate the potential background. For this MC simula-
tion sample, all the known decay modes of charmed had-
rons and charmonia are modeled with evtgen [39, 40] us-
ing BFs taken from the PDG [23], and the remaining un-
known decays are modeled with LUNDCHARM [41].
Furthermore, exclusive DT signal MC simulation events,
where the A_ decays into any of the tag modes and the
A} decays into any of the signal modes of na*n®,
nrta nt or nK ntxt, are used to determine the DT dec-
tection efficiencies. The Born cross sections are taken in-
to account when producing the MC simulation sample of
AFA; pairs. The A} - nnta’ and A} - nata~n* signal
MC samples are simulated evenly distributed in phase
space since the angular distributions, momentum distribu-
tions and the two-body invariant mass distributions of the
final state particles of the signal MC simulation samples
are in good agreement with data with the current size of
data set. For the signal MC simulation sample of
A} - nK ntn*, the key kinematic distributions men-
tioned above have been reweighted to agree with those of
data. All final tracks and photons are fed into a GEANT4-
based [42, 43] detector simulation package, which in-
cludes the geometric description of the BESIII detector.

III. ANALYSIS

Charged tracks detected in the MDC must satisfy
|cosf] < 0.93 (where 6 is defined with respect to the z-ax-
is, which is the symmetry axis of the MDC) and have a
distance of closest approach to the interaction point (IP)
of less than 10 cm along the beam axis and less than 1 cm

in the perpendicular plane, except for those used for re-
constructing KJ and A decays. Particle identification
(PID) for charged tracks combines measurements of the
energy deposited in the MDC (dE/dx) and the flight time
in the TOF to form likelihoods L(h)(h = p,K,n) for each
hadron % hypothesis. Tracks are identified as protons
when their likelihoods satisfy L(p)> £(K) and
L(p) > L(r), while charged kaons and pions are identi-
fied by comparing the likelihoods for the kaon and pion
hypotheses, L(K) > L(r) or L(rm) > L(K), respectively.

Neutral showers are reconstructed in the EMC.
Showers not associated with any charged track are identi-
fied as photon candidates. The deposited energy of each
shower in the EMC must be greater than 25 MeV in the
barrel region, corresponding to the polar angle
|cosd] < 0.80, and greater than 50 MeV in the end-cap re-
gion, corresponding to 0.86 <|cosf| <0.92. The EMC
time difference from the event start time is required to be
less than 700 ns, to suppress electronic noise and showers
unrelated to the event. The 7° candidates are reconstruc-
ted from photon pairs with invariant masses within
115 MeV/c* < M(yy) < 150 MeV/c?. To improve  mo-
mentum resolution, a kinematic fit constraining the
photon pairs to the 7° known mass is performed and the
resulting four-momentum of the 7° candidate is used for
further analysis.

Candidates for K? and A decays are formed by n*n~
and prn*t combinations, respectively. For these tracks,
their distances of closest approaches to the IP must be
within +£20 cm along the beam direction. No distance
constraint in the transverse plane is required. The charged
pion is not subjected to the PID requirement described
above, while the proton PID is imposed. The two final-
state tracks are constrained to originate from a common
decay vertex by requiring the y? of the vertex fit to be
less than 100. Furthermore, the decay vertex is required
to be separated from the IP by a distance of at least twice
the fitted vertex resolution. The fitted momenta of the
n*n~ and pr* combinations are used in the subsequent
analysis. We require 487 MeV/c> < M(n*tn™) <511
MeV/c? and 1111 MeV/c? < M(pnt) <1121 MeV/c? to
select Ky and A candidates, respectively, which corres-
ponds to a window of about three times the standard devi-
ations either side of the known masses. The £° and £~
candidates are reconstructed with the yA and pn° com-
binations with invariant masses being in the intervals of
1179 MeV/c? < M(yA) < 1203 MeV/c? and 1176 MeV/c?
< M(pr°) < 1200 MeV/c?, respectively.

For the tag modes A; — pKIn®, A7 - pKon n*,
A >3 7 at, and A. —» pnnt, possible backgrounds
with A — pn* are rejected by requiring M(pn*) to be out-
side the range (1110,1120) MeV/c?. In the selection of
A; — pKJn" decays, candidate events within the range
1170 MeV/c? < M(pn°) < 1200 MeV/c? are excluded to
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suppress background from £~ decays. To remove K¢ de-
cays in the selection of A — Axrn*n~, A7 — X n°,
A, > X nnt, and A; —» pnnt candidates, the invari-
ant masses of any 7"z~ and 7°7° pairs are required to lie
outside of the range (480,520) MeV/c?. MC simulation
studies indicate that peaking backgrounds and cross feeds
among the twelve ST modes are negligible after applying
the above veto procedures.

The ST A baryons are identified using the beam-

constrained mass Mpc = /Egeam Jc* = p?/c?, where Epean

is the average value of the ¢ and ¢~ beam energies and p
is the measured A, momentum in the c.m. system of the
e*e” collision. To improve the signal purity, the energy
difference AE = E — Epean for the A. candidate is re-
quired to fulfil a mode-dependent AE requirement shown
in Table 2, corresponding to approximately three times
the resolutions. Here, E is the total reconstructed energy
of the A; candidate. For each ST mode, if more than one
candidate satisfies the above requirements, we select the
one with the minimal |AE|. Figure 2 shows the Mpc dis-
tributions of various ST modes for the data sample at
Vs =4681.92 MeV, where a clear A signal peak can be
seen in each mode.

To obtain the ST yields, unbinned maximum-likeli-
hood fits are performed to the Mpc distributions, where
the signal shapes are modeled with the MC-simulated
shape convolved with a Gaussian function representing
the resolution difference between data and MC simula-
tion, and the background shapes are described by an AR-
GUS function [44]. The fit results for the data sample at
/s =4681.92 MeV are shown in Fig. 2. The fits to the
Mg distributions for the other six data samples at differ-
ent c.m. energies are shown in Appendix B. Candidates
with Mpc € (2275,2300) MeV/c? for the data sample at
V5 =4599.53 MeV, Mgc € (2275,2306) MeV/c2 for the
data samples at +/s= 4611.86 MeV, 4628.00 MeV,
4640.91 MeV, and Mpc € (2275,2310) MeV/c? for the
data samples at +/s= 4661.24 MeV, 4681.92 MeV,
4698.82 MeV are retained for further analysis. The differ-
ences in selection requirements between data sets are ne-
cessary as the resolution and effects of ISR vary with col-
lision energy. The fitted ST yields, ST and DT efficien-
cies for each ST mode at /s = 4681.92 MeV are summar-
ized in Table 2; those for the other c.m. energy points can
be found in Appendix B.

Searches are performed for the decays A} — na*n?,
Al - nrnta~nt and A} — nK n*nt among the remaining
tracks and showers recoiling against the ST A_ candid-
ates. In the case of A7 — nr*n, the event is allowed to
contain only one pion with opposite charge to the tagged
A; satisfying the same selection criteria as described
above. The 7° candidate giving rise to the smallest y? for
the mass-constrained kinematic fit is retained. When
searching for A} — na*n 7" and A} —» nK 77" decays,
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Fig. 2. (color online) The Mpc distributions of various ST
modes for the data sample at +/s=4681.92 MeV. The points
with error bars represent data. The (red) solid curves indicate
the fit results and the (blue) dashed curves describe the fitted
background shapes. The ranges between green dashed lines
are the signal regions.

events are selected with only three remaining charged
tracks, satisfying the desired charge and PID criteria. In
each of the decays, the kinematic variable

M iss = Er%niss
ence of the undetected neutron. Here, Enjss and P are
calculated by Emiss = Ebeam — Etec and ﬁmiss = ﬁA; - ﬁrec:
where Erec(prec) 18 the energy (momentum) of the recon-
structed final-state particles in the e*e™ c.m. system. The
momentum of the A} baryon pj. is calculated by

2. =_% 2 2 2
PA; = ~Drag Ebeam/ — Iy,

mentum direction of the ST A; and my: is the known
mass of the A} baryon [23]. In the case of A} — natn?,
Al s nntrmat, and A} - nK n*nt  decays, the
Mg+ 71°), Mpis(m*n7%) and My(K- 7t 1) spectra
are expected to peak around the known mass of the neut-
ron ie. at 939.6 MeV/c? [23]. A study of the inclusive
MC simulation sample reveals that the dominant back-
ground events for the signal mode A} — na*n° are from
the processes A} — An* with A — n, Af — Z*2° with
It - nrt and A — 207t with 20 — yA(— na%). In or-
der to reject these background events for A} — nn*n°, the
following selection criteria are applied: Mps(*) > 1300
MeV/c? and My;(n°) >1370 MeV/c?. For the signal
mode A} — nrtn~n", the peaking backgrounds from the
decays A} — an(—> ata)nt, Af - (- nn)ntn, and
Al 5 X (= nn7)n*n* are suppressed by requiring
Mpr ¢ (487,511) MeV/c2,  Muiss(r*77) ¢ (1150, 1250)
MeV/c? and Mpyi(rtnt) ¢ (1150,1250) MeV/c2. Note
that, based on the study of the inclusive MC simulation

/c* = |Pmiss|?/c? is used to infer the pres-

c ¢, where pye isthe mo-
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sample, ten ST modes (after excluding A, — pK*n~n°

and A, — pnn*) are used in the analysis of the decay
A - nnta’, and eleven ST modes (after excluding
A - pnnt) are used in the analysis of the decay
A} = nr*n~n* to improve the background level in the
Miss Spectra.

The resulting My distributions of the DT candidate
events summed over all data samples at seven c.m. ener-
gies are shown in Fig. 3. A peak around the neutron mass
is observed in Fig. 3(a) representing the A} — nr*n sig-
nal. Moreover, there are two prominent structures peak-
ing around the A and X° mass regions, which correspond
to the CF decays AY — An*n® and A} — Z%7*7°, respect-
ively. Significant signal peaks around the neutron mass
are also observed for A} — natn~nt and A} —» nK 7t
in Fig. 3(b) and Fig. 3(c), respectively.

The total DT signal yield is obtained by performing
an unbinned maximum-likelihood fit on the M, distri-
bution. The neutron, A and X° signals are modeled by in-
dividual MC-derived shapes convolved with Gaussian
functions that account for the shift and resolution differ-

ence between data and MC simulation. The Gaussian-
function parameters are left free and are shared by the
three signal processes in the fit to the My (7 7°) spectra.
The potential background events in the My distribu-
tions are classified into two categories. Those directly ori-
ginating from continuum hadron production in the e*e”
annihilation are denoted as gg background. Those from
ete” — AFA; events excluding the contributions from the
corresponding signal process are referred to as AYA;
background. In the fit to the My,;(7r*7°) distribution, the
qq background is described by a second-order Cheby-
shev polynomial with free parameters and the A}A;
backgroud shape is taken from the inclusive MC simula-
tion sample. For the fit to the My(n*n~x*) spectrum,
only one first-order Chebyshev polynomial with free
parameters is used to model all the background. Simil-
arly, for the My (K n*n*) distribution, one second-or-
der Chebyshev function with fixed parameters is taken as
the background shape where the parameters are derived
from the fit to the inclusive MC simulation sample. The
DT signal and background yields are left free in the fit to
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Fig. 3.

(color online) The My, distributions of the surviving DT candidate events for (a) A} — na*n®, (b) A} — natn 2t and (c)

A} - nK n*nt decays with fit results overlaid. The points with error bars are data combined from seven c.m. energy points. The solid
black curves are the fit results. The red, cyan, and pink dashed curves indicate the neutron, A, and X signal shapes, respectively. The
brown dashed curve is the AYA; background shape for A} — nx*z°. The blue dashed curves represent the fitted combinatorial back-
ground shape. The green histograms are the simulated combinatorial background shapes from the inclusive MC sample. The plots in
the bottom of each graphs show the pull value of each bin, in which the values are expected to fluctuate around 0.
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the Mpis(m*71°), Mpiss(m*n~n*) and Mg (K-t 7*) spec-
tra. Figure 3 shows the results of the fits to the My dis-
tributions. From these fits, we determine the DT signal

yields of A - nr*zn®, Af ->nntaznt, and Al >
nK-m*a* to be NPT =1509+21.4, NDT . =120.6+

17.9 and NI . =805.8+33.1, respectively, where the
uncertainties are statistical only. The statistical signific-
ances of the A —nr*n’, Af »nrtnnt and A} —
nK-n*n* signals are 7.90-, 7.80, and > 100, respectively,
which are evaluated by the changes in the likelihoods
between the nominal fit and the fit with the signal yield
set to zero, and accounting for the change in the number
of degrees of freedom.

The BFs of the decays A} — natn®, AY — nrtnnt,
and A} —» nK n*n* are determined as

DT
B= N (1

2ij NiSjT : (EgT/f,»SjT) * Bint

where i and j represent the ST modes and the data
samples at different c.m. energies, respectively. The
factor B, is (98.823 +0.034) %, which is the BF of
7% — yy [23], is only present for A} — natn®. NiSjT, el.SjT,
and EST are the ST yields, ST efficiencies, and DT effi-
ciencies, respectively. The detection efficiencies Eisz and

egT are estimated from the inclusive MC simulation

sample and exclusive DT signal MC simulation samples,
respectively. The ST and DT efficiencies for the data
sample at +/s = 4681.92 MeV are summarized in Table 2.
The detection efficiencies for the other data samples are
summarized in Appendix B. The obtained BFs are sum-
maried in Table 3.

Most systematic uncertainties from the ST side can-
cel in the determination of the BFs, as is clear from Eq.
(1). However, effects from the signal side can lead to sys-
tematic bias, for example, the requirement of no extra
charged track, tracking efficiency, PID efficiency, n° re-
construction, peaking background veto, My;ss fit, ST A_
yield, MC modeling, and MC sample size. The systemat-
ic uncertainty due to the requirement of no extra charged
track is assigned as 1.1% from the study of a control
sample of ete™ — AYA; with A7 —» nK-n*n* and A, de-
cays to tag modes. The systematic uncertainties associ-
ated with the efficiencies of the tracking and PID of
charged particles are estimated to be 1% by using control
samples of e*e” -»ata*n n~ and ete” - K*K ntn
events collected at c.m. energies above +/s=4.0GeV.
The systematic uncertainty due to the 7° reconstruction
efficiency is assigned to be 1.0% [12]. The systematic un-
certainty associated with the BF of 7°— yy is 0.03%
[23], which is negligible. In order to estimate the system-
atic uncertainties arising from the veto of peaking back-
grounds involving A, =¥, £, K7, and %, the corres-

Table 3.
statistical and the second are systematic.

The obtained BFs, where the first uncertainties are

Signal decay B (%)

A — nata® 0.64 +0.09 +0.02
A} - nntnat

0.45+0.07+0.03

A} - nK ntnt 1.90+0.08 +0.09

ponding resolutions in the MC simulation samples are
corrected to agree with those in data, and the BFs are then
re-evaluated with the updated MC simulation samples.
The deviations from the baseline BF measurements are
taken as the associated systematic uncertainties for
Af > nnta® and A} — nataat, which are 1.6% and
1.0%, respectively. The systematic uncertainties from the
fitted DT vyields are 1.3%, 2.2%, and 0.9% for
Al — nrta®, natnat, and nK-ntnt, respectively, which
are estimated from varying the alternative polynomial de-
scriptions for the ¢ and AJA. backgrounds, respect-
ively. The systematic uncertainty in the total ST A yield
is 0.1% for A} - nn*2%, and 0.2% for A} — natnn*,
and nK~n*n*. These uncertainties arise from the fluctu-
ation of background together with a component coming
from the fit to the Mpc distribution. The systematic un-
certainties arising from the MC modeling are investig-
ated by reweighting the MC distribution to data, and they
are assigned as the efficiency differences between the ori-
ginal and reweighted samples. The systematic uncertain-
ties due to limited sample sizes of the MC samples are es-
timated to be 0.2%. Assuming that all the sources are un-
correlated, the total uncertainties are then taken to be the
quadratic sums of the individual values, which are 3.1%,
5.6%, and 4.5% for A — nr*n®, At — nrtnat, and
Al - nK-n*n*, respectively. All the above systematic
uncertainties are summarized in Table 4.

Table 4.
ments. "..-

Relative systematic uncertainties in BF measure-

n_on

" means the uncertainty is negligible. indicates

cases where there is no uncertainty.

Source nntn® (%) nntnat (%) nK ottt (%)
No extra charged track 1.1 1.1 1.1
Tracking 1.0 3.0 3.0
PID 1.0 3.0 3.0
70 reconstruction 1.0 _ _
Background veto 1.6 1.0 -
Muiss fit 1.3 22 0.9
ST A; yield 0.1 02 0.2
MC model 1.1 2.6

MC sample size 0.2 0.2 0.2
Total 3.1 5.6 4.5
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IV. SUMMARY

In summary, by analyzing 4.5 fb~! of data collected at
c.m. energies between 4599.53 and 4698.82 MeV, we re-
port for the first time the observation of A} — na*n®,
A} - nrtn~at and A} — nK~ntn*. The BFs of these de-
cays are determined to be B(A' — nata®) = (0.64+
0.09+0.02)%, B(A; - nr*n 7)) =(0.45+0.07+0.03)%,
and B(A} - nK n*nt) =(1.90+0.08 £ 0.09)%, where the
first uncertainties are statistical and the second systemat-
ic. These observations are important additions to our
knowledge of A} decays. Comparison of these results to
those of decays involving protons provides crucial inputs
for understanding the mechanisms in the charmed baryon
decays under the SU(3) flavor symmetry. Taking
B(A — prrt) = (0.461+0.028)% from the PDG [23],
we can calculate B(A} — pr~7n)/B(A} — na'nt) = 0.72+
0.11. This result provides useful input to test of isospin
symmetry in the charm baryon sector. Taking B(A} —
nrt)=(6.6+1.3)x 107 [18], the ratio B(A} — nx*n®)/
B(A} — nr*) is calculated to be 9.7+2.4, indicating an
order-of-magnitude difference in the rates of the two de-
cays. This ratio is greater than B(A} — pKyn®)/B(A} —
ng) =(1.24+0.10). To further understand this behavior,
amplitude analysis will be needed to decouple the inter-
mediate resonances contributions for A} — nr*2® and
Al - ngﬂo. The ratio of B(A! - natn n%)/BA} —
nK ntnt) =(0.24 +0.04) which is consistent with the ra-
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Fig. A1. Topological diagrams of A} — nrtn~
and (d) W-exchange diagram E.

tio of Cabibbo-Kobayashi-Maskawa matrix elements
[Veal/|Vesl = (0.224 +0.005) offers a new constraint on the
CS and CF decay dynamics. The results from this analys-
is provide an essential input for the phenomenological
studies on the underlying dynamics of charmed bayond
decays.
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APPENDIX A

Figures A1 and A2 show the topological diagrams of
Al - nrta~at and Af — nK-ntn*, respectively.

APPENDIX B

Figures B1-B6 show the fits for the Mpc distribu-
tions of the ST A, candidates for various tag modes from
the data samples at +/s= 4599.53, 4611.86, 4628.00,
4640.91, 4661.24, and 4698.82 MeV, respectively.

Tables B1-B6 show the ST yields, ST and DT effi-
ciencies for various tag modes from the data samples at
Vs = 4599.53, 4611.86, 4628.00, 4640.91, 4661.24, and
4698.82 MeV, respectively.
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Fig. B1. (color online) The Mpc distributions of the ST A candidates of various tag modes for the data sample at /s = 4599.53 MeV.
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Table B1.

ficiencies are not required in the analysis.

ST yields, ST and DT efficiencies of various tag modes for the data sample at /s = 4599.53MeV. The uncertainties are stat-

istical only. The quoted efficiencies do not include any subdecay BFs. Entries of "---" are for the cases where knowledge of the DT ef-

Tag mode NST &5T(%) &PT(nr* 7°)(%) ePT(na*an*) (%) ePT(nK~n 7 )(%)
pK? 1277 +36 56.1 14.27 13.49 20.87
pK*n™ 6806 +91 51.5 11.25 11.53 17.64
KO0 606+ 34 23.0 5.17 5.25 7.34
pKIn~m* 613+34 23.5 4.51 4.76 6.89
pK* a0 2197 +78 20.6 457 6.83
An~ 757 +28 48.4 11.62 10.9 17.08
Ar ¥ 1742+ 56 21.6 4.52 443 6.42
IV ar 769 +36 15.6 2.86 2.90 4.17
07~ 520+26 29.4 7.30 6.96 11.20
570 320425 23.7 6.47 6.05 8.38
St 1186+49 25.4 5.84 5.82 8.81
prat 598 +47 64.3 22.04
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Table B2.

ST yields, ST and DT efficiencies of various tag modes for the data sample at /s =4611.86MeV. The uncertainties are stat-

istical only. The quoted efficiencies do not include any subdecay BFs. Entries of "--" are for the cases where knowledge of the DT ef-

ficiencies are not required in the analysis.

Tag mode Nl.ST sl.ST(%) sPT(nn+7r0)(%) sPT(nnJrﬂ’ﬂ'*)(%) s?T(nK’ﬂ+7r’)(%)
ﬁKg 239+ 16 53.7 13.89 12.71 20.09
pK*r~ 1166 + 39 51.0 11.34 11.27 16.98
pKInO 12717 22.2 5.04 4.91 7.20
ﬁKgﬂ_ﬂ+ 106 +16 21.9 4.35 433 6.04
pK* nn° 364 +34 19.9 4.40 6.25
An~ 123+ 11 46.9 11.29 10.22 15.27
Arnn® 302+23 19.8 4.34 4.17 6.08
Arrtn” 139+15 13.6 2.68 2.75 3.69
07 102+13 26.6 6.89 6.53 8.65
a0 73+10 22.6 6.47 59 8.46
S aat 218+22 255 5.74 5.63 8.47
prnt 155+22 71.4 21.82

Table B3. ST yields, ST and DT efficiencies of various tag modes for the data sample at /s = 4628.00MeV. The uncertainties are stat-

istical only. The quoted efficiencies do not include any subdecay BFs.Entries of "--." are for the cases where knowledge of the DT effi-

ciencies are not required in the analysis.

Tag mode NST &5T(%) &PT(nr* 7°)(%) &PT (nn* =7 )(%) ePT(nK =t 7™ )(%)
['JK(S) 1054 +35 51.8 13.27 12.17 18.98
pK*n~ 5886 +39 49.2 10.98 10.97 16.77
KA 616+36 20.7 4.94 4.79 6.73
ﬁKgﬂ_n+ 510+32 20.6 4.21 4.17 6.01
PK* a0 1589 + 69 18.7 432 6.95
An~ 675+28 432 10.69 9.84 14.72
Arn~n® 1454 +54 19.1 4.18 3.98 5.90
Arrtn” 587+33 13.6 2.70 2.65 3.67
S0 413+23 272 6.62 6.24 8.41
A0 263+23 234 6.20 5.65 9.10
St 994 +20 23.6 5.54 5.47 8.24
prrt 517+45 61.6 19.75
Table B4. ST yields, ST and DT efficiencies of various tag modes for the data sample at +/s = 4640.91 MeV. The uncertainties are stat-

istical only. The quoted efficiencies do not include any subdecay BFs. Entries of "---" are for the cases where knowledge of the DT ef-

ficiencies are not required in the analysis.

Tag mode NI.ST s[ST(%) SPT(I’!H+7TO)(%) SPT(I’LH+7T_7T+)(%) SPT(}’IK_R' ) (%)
pK? 1107 +36 50.7 13.14 12.08 19.12
pKta 6250+ 89 485 10.91 10.86 16.83
pKIn® 599 +36 20.7 4.82 4.77 7.02
pKIn n* 522433 20.8 421 4.15 6.50
pK+ a0 163270 18.1 423 6.62
An~ 705 +29 427 10.51 9.55 14.24
Arn® 1613 £54 19.1 4.14 3.95 5.46
Arntn 745+36 14.2 2.70 2.67 4.20
50, 445 £25 26.2 6.43 6.09 8.97
S0 298 +24 24.6 6.01 5.52 7.70
S aat 1077 +49 23.4 5.43 5.38 8.01
prat 552447 59.7 22,97
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Table BS. ST yields, ST and DT efficiencies of various tag modes for the data sample at +/s = 4661.24MeV. The uncertainties are stat-
istical only. The quoted efficiencies do not include any subdecay BFs. Entries of "---" are for the cases where knowledge of the DT ef-
ficiencies are not required in the analysis.

Tag mode NST &1 (%) &PT(nr* 7°)(%) ePT(nr* = n*)(%) ePT(nK =t 7™ )(%)
PKY 1119+35 49.6 12.82 11.78 18.58
pK*n~ 593886 482 10.93 10.85 16.47
KA 594 +36 20.1 4.86 4.75 7.12
pKInm* 537+33 20.2 4.29 4.17 6.27
pK*n a0 1700 +73 18.1 4.15 6.36
An~ 668 +27 417 10.15 9.41 14.98
Ann® 1491 £51 18.9 4.15 3.91 5.91
Arnmta” 780+36 14.1 271 2.63 4.04
07 454£25 263 6.56 5.94 9.20
£ a0 298 +25 232 5.96 5.35 8.22
It 1066 £ 49 232 5.48 5.34 8.04
prnn* 590 +48 60.2 20.06

Table B6. ST yields, ST and DT efficiencies of various tag modes for the data sample at +/s = 4698.82MeV. The uncertainties are stat-
istical only. The quoted efficiencies do not include any subdecay BFs. Entries of "---" are for the cases where knowledge of the DT ef-

ficiencies are not required in the analysis.

Tag mode NST &T(%) &PT(nr* 70)(%) &PT(nrt = )(%) ePT(nK =t 7™ )(%)
PKY 95833 47.5 12.29 11.25 17.86
pK*n” 516780 46.3 10.62 10.49 16.16
KO0 471+34 18.9 4.66 452 6.62
pKImn* 462 +31 19.5 421 4.11 6.33
pK*nn® 1389+74 17.5 4.02 6.63
An~ 538+25 394 9.80 8.81 13.64
Ann® 1301 +49 179 3.93 373 5.82
Anmtn” 639+34 14.6 2.73 2.63 3.82
07~ 371+22 243 6.12 5.75 8.4
S0 25124 222 5.62 5.18 7.90
St 956+ 48 222 5.25 5.07 8.16
prmt 45947 55.9 19.66
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