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Abstract: Utilizing 4.5 fb~!' of ¢*¢™ annihilation data collected at center-of-mass energies ranging from 4599.53
MeV to 4698.82 MeV by the BESIII detector at the BEPCII collider, we search for the singly Cabibbo-suppressed
hadronic decays A} — 20K *7% and A} — 20K *n* 7~ with a single-tag method. No significant signals are observed
for both decays. The upper limits on the branching fractions at the 90% confidence level are determined to be
5.0x107* for A} - 20K*70 and 6.5x 107 for A¥ — Z0K*7 7.
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I. INTRODUCTION

The experimental investigation of the decays of
charmed baryons plays a critical role in understanding the
complex dynamics of strong and weak interactions in-
volving heavy quarks. The charmed baryon, A}, was first
observed by the Mark II experiment in 1979 [1].
However, despite the decades of research, the sum of the
known A} decay branching fractions (BFs) is still lim-
ited to about 70%, with the remaining decays yet to be
measured [2, 3]. The hadronic decay amplitudes of A} in-
clude both factorizable and nonfactorizable contributions
[4], since its weak decays are not suppressed by color or
helicity [5]. These nonfactorizable effects, such as those
from W-exchange diagrams, play a crucial role in under-
standing the decay dynamics. In contrast, these effects are
negligible in heavy meson decays [6]. To better under-
stand the internal dynamics of charmed baryon decays,
improving measurements of the BFs of A’ decays is es-
sential.

Study of the three-body hadronic decays A} — B,PP’
is an important area of research, where B, and P(P’) de-
note octet baryon and pseudoscalar meson, respectively.
To date, the Cabibbo-suppressed (SCS) hadronic decay
A} — X°K*7° has not been observed. This decay can pro-
ceed via the Feynman diagrams shown in Fig. 1. Predic-
tions of the decay BF range from 0.8 x 107 to 1.2x 107
with the SU(3) flavor symmetry framework [7—9], under
the assumption that the PP’ system is in an S-wave state.
The most recent prediction, as reported in Ref. [9], con-
siders the complete effective Hamiltonian contribution.
On the other hand, Ref. [10] predicts the BF of
A - K% to be (2.1+0.6)x 10=* with the statistical
isospin model. Experimentally, the BESIII experiment
searched for this decay for the first time using a double-
tag method and set an upper limit on its BF at the 90%
confidence level (C.L.) to be 1.8 x 1073 [11].

Currently, there are no theoretical predictions of the
four-body hadronic decay A} — X°K*zx*n~. The BaBar
experiment performed the first search for this decay and

reported an upper limit on the BF ratio
+_,30 ot _
e <2.0x 107 at the 90% C.L. [12].

In this work, we search for the hadronic decays
A - 2°K*n° and A} - X°K*ntn, with subsequent de-
cay X% — yA and A — pn~, utilizing 4.5 fb~! of e*e™ an-
nihilation data collected at center-of-mass (c.m.) energies
ranging from 4599.53 MeV to 4698.82 MeV [13-15].
The results could test the theoretical models and also
provide important input to them. Throughout this paper,
the charge-conjugate state is always implied.

II. BESIII DETECTOR AND MONTE CARLO SIM-
ULATION

The BESIII detector [16] records symmetric e*e™ col-
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Fig. 1. The Feynman diagrams of A} — 2°k*z°: (a) and (b)

W-exchange diagrams, (c) Internal W-emission diagram, and
(d) External W-emission diagram.

lisions provided by the BEPCII storage ring [17] in the
c.m. energy range from 1.84 to 4.95 GeV, with a peak lu-
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minosity  of  1.1x10* cm™2s™! achieved  at

/s =3.773 GeV. BESIII has collected large data samples
in this energy region [21]. The cylindrical core of the BE-
SIII detector covers 93% of the full solid angle and con-
sists of a helium-based multilayer drift chamber (MDC),
a plastic scintillator time-of-flight system (TOF), and a
CsI(T1) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet provid-
ing a 1.0 T magnetic field. The solenoid is supported by
an octagonal flux-return yoke with resistive plate counter
muon identification modules interleaved with steel. The
charged-particle momentum resolution at 1GeV/c is
0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel
(end-cap) region. The time resolution in the TOF barrel
region is 68 ps, while that in the end-cap region was 110
ps. The end-cap TOF system was upgraded in 2015 us-
ing multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [18—20]. About 87% of the
data used in this analysis benefits from this upgrade.

Simulated samples, generated using the GEANT4-
based [22] Monte Carlo (MC) package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine the detection ef-
ficiency and to estimate the backgrounds. The simulation
includes the beam energy spread and initial state radi-
ation (ISR) in the e*e™ annihilation, modeled with the
generator KKMC [23]. For the ISR simulation, the Born
cross section line shape of e*e”— A'A; measured by
BESIII is used [24]. Signal MC samples are generated as
A -3k, AF X% AP XKtntne,  and
A - Xt xtn~, with the A, baryon decays inclusively.
The signal decays are produced using the phase space
(PHSP) model. To calculate the detection efficiencies,
one million signal MC events are generated for each en-
ergy point, where A7 (A.) decays into the signal mode,
and A; (A}) decays into all possible states. Additionally,
to study the peaking background, exclusive MC samples
of A} - E°K* and A} - AK** are generated. Inclusive
MC samples consist of open-charm states, ISR produc-
tion of the J/y and ¥(3686) states, and continuum pro-
cesses ete” — qg(g=u,d,s) areused to study back-
grounds. The known decay modes of charmed hadrons
and charmonium states are modeled with EVTGEN [25,
26] using BFs taken from the Particle Data Group (PDG)
[2], and the remaining unknown decays are modeled with
LUNDCHARM [27, 28]. Final state radiation from
charged final-state particles is incorporated with the
PHOTOS package [29].

0. EVENT SELECTION AND DATA ANALYSIS

Due to limited data statistics, we adopt a single-tag
approach to improve signal efficiencies, where only one

A} is reconstructed in each event, with no requirement on
the recoil side. To avoid potential bias and validate the
analysis procedure, a blind analysis is adopted to analyze
pseudodata, such as the inclusive MC sample with equi-
valent size as data. The real data is unblinded after the
analysis procedure has been fixed.

All charged tracks are required to have a polar angle
(0) range within |cosf| < 0.93, where 6 is defined with re-
spect to the z axis, which is the symmetry axis of the
MDC. For the charged tracks not originating from A de-
cays, the distance of closest approach to the interaction
point (IP) must be less than 10 cm along the z-axis, |V,
and less than 1 cm in the transverse plane, V,,. Particle
identification (PID) for charged tracks combines meas-
urements of the energy deposited in the MDC (d£/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 the proton hypothesis has the
greatest likelihood (L(p) > L(K) and L(p) > L(r)), while
charged kaons and pions are identified by comparing the
likelihoods for the kaon and pion hypotheses,
L(K) > L(7r) and L(r) > L(K), respectively.

The A particles are reconstructed from a pair of op-
positely charged proton and pion candidates satisfying
[V.] < 20 cm. The same PID requirements as mentioned
before are imposed to select the proton candidates. Other
charged tracks are assigned to be 7 candidate without any
PID requirements. These charged tracks are constrained
to originate from the common decay vertex by requiring
the y? of the vertex fit to be less than 100, and the decay
length is required to be greater than twice the vertex res-
olution away from the IP. To ensure reconstruction reli-
ability, the A candidates are required to have an invariant
mass within 1.111 < M(pr~) < 1.121 GeV/c?, which cor-
responds to three times of the mass resolution around the
known A mass [2].

Photon candidates are identified using isolated
showers in the EMC. The deposited energy of each
shower must be more than 25 MeV in the barrel region
(Jcos 6] < 0.80) and more than 50 MeV in the end cap re-
gion (0.86 < |cosd| < 0.92). To exclude showers that ori-
ginate from charged tracks, the angle subtended by the
EMC shower and the position of the closest charged track
at the EMC must be greater than 10° as measured from
the IP. To suppress electronic noise and showers unre-
lated to the event, the difference between the EMC time
and the event start time is required to be within [0, 700]
ns. The n° candidates are reconstructed from photon pairs
with an invariant mass within 0.115 < M(yy) <0.150
GeV/c?. To improve momentum resolution, a one-con-
straint kinematic fit is utilized to constrain the M(yy) to
the known n° mass [2]. Only combinations that satisfy
x? <200 are retained, and the refined momenta are then
employed for subsequent analysis. Then, the X° candid-
ates are reconstructed from the Ay final states, with an in-
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variant mass in the range 1.179 < M(Ay) < 1.203 GeV/c?.
To reduce the effect from the noise produced by p in
the EMC, the opening angle between photon and antipro-
ton is required to be greater than 20°, which is obtained
by optimizing the figure-of-merit defined as Punzi FOM

& . . .
=35+ VB [30]. Here, ¢ is the signal efficiency and B de-

notes the background yield from the inclusive MC
samples. By utilizing the generic event-type analysis tool
TopoAna [31], the study of inclusive MC samples shows
that the peaking backgrounds for A} — X°K*7° are from
the Af - E°K* and A} —» AK** decays. These back-
grounds involve one less photon in the final state than the
signal process. To suppress these backgrounds, we define
the energy difference AE,;k+y, =E,+E +Ex++E, 1+
E,» — Eveam, Where E,, E,-, Ex+, and E, ), are the ener-
gies of the proton, pion, kaon, and two photons(come
from %), respectively while Ey.., representing the beam
energy. Candidate events for A7 — X°K*n° are required
to satisfy —160 < AE,,-+,, <30 MeV; while candidate
events for A} —X°K*n*n~ are required to satisfy
AE, ;kin- <—40  MeV. The  distributions  of
AE 5 g+ (AE pp- koo~ ) are shown in Fig. 2.

After applying the above requirements, The X°, K*
and 7°(7*) candidates are combined to reconstruct the
A} . Kinematic variables, including energy difference AE,
defined as AE = Eec_p+ — Eveam, and the beam-constrained

mass Mpc, defined as Mpc = \/ Epeqn/ ¢t = \P1 /2, are util-

ized to identify A} candidates. Here, E.._o+ and p are the
energy and momentum of A} candidate, respectively. If
there are multiple combinations ‘satisfying these require-
ments in an event, the one with the minimum |AE] is re-
tained. Candidate events for “A' —X°K*2’ and
Ar - Z°K*ntn~ are required to satisfy AE €[-27, 6]
MeV and AEe€[-21,7] MeV respectively, with the
ranges optimized according to the Punzi FOM. The sig-
nal efficiency and background yield are obtained within
the Mg signal region of Mpc € [2.282, 2.291] GeV/c?. To
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Fig. 2.

obtain a pure signal, we have employed the truth-match
method [32]. This method involves comparing two
photons in the #°, one photon in the X°, and the charged
tracks K* and n* with their corresponding truth informa-
tion. The angle 6.4 is defined as the opening angle
between each reconstructed tracks (showers) and its cor-
responding simulated tracks (showers). The signal shape
is derived from events where 0,4, 1S less than 20° for all
tracks (showers).

Table 1 lists the signal efficiencies obtained at differ-
ent energy points. Figure 3 and Figure 5 show the Mpc
distributions of the simultaneous fit performed between
different energy points for each of the signal decays,
where no clear ‘A’ signals are observed. A likelihood
scan method is employed after incorporating the system-
atic uncertainties, as discussed in the next section, to es-
timate the upper limits.

The absolute BF of the signal decay is determined by

. Nsig
5" = 2-Npye s - @inter . gsig’ ()
where N,+z- is the total number of AJA; pairs, &% is the
single-tag efficiency, and 8™ is the product BFs of the
intermediate states £°, A and #°.

Since there are different distributions of background
and signal events at each energy point, a simultaneous fit
is performed on individual Mgc distributions. The BF of
each signal decay is constrained to be the same value
through a maximum likelihood simultaneous fit to indi-
vidual Mg distributions across seven energy points. In
the fit, the signal shapes are derived from MC simula-
tions convolved with Gaussian functions to account for
the potential difference between data the MC simulations,
due to imperfect modeling in MC simulation and the
beam-energy spread. The control samples of
A > 27 7% and A} - %zt rta” are used to evaluate the

S
%) o 5
~ 100 — SignalMC
a | |
*g Inclusive MC ]|
® -

>
w u
815 01 005 0 0.05
AE onn (GEV)

(color online) The distributions of AE ;- k+yy(AEpr-g+nr-) for AY — Z0k*n%(AF - 2°Kk*n*a~). The histograms of the signal

MC are normalized to make the distribution more intuitive when compared to the inclusive MC.
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Table 1.  Single-tag efficiencies (%) for A} — 2°k*2° and
A} - X0K*n*n~ at different energy points, where the uncer-
tainties are statistical only.

Vs(MeV) ENF 30K+ 70 EAF SIOK*
4599.53 5.17+0.04 3.44+0.03
4611.86 4.89+0.03 3.10+0.03
4628.00 4.76+0.03 3.14+0.03
4640.91 4.76+0.03 3.21+0.03
4661.24 4.71+0.03 3.32+0.03
4681.92 4.68+0.03 3.43+0.03
4698.82 4.65+0.03 3.44+0.03

resolution, which have similar topologies as our signal
decays. The combinatorial backgrounds are well de-
scribed by the ARGUS function [33] with c.m. energy de-
pendent endpoint fixed at Ey.,,. The remaining peaking
backgrounds, Af—>Z°K* and A} - AK*  for
A} - 2°K*n°, are described using exclusive MC simula-
tions with yields determined by the known BFs and the
simulated misidentification rates as listed in Table 2. For
Af - X°K*ntn, there is no significant peaking back-
ground. Unmatched events, studied through the signal
MC samples, exhibit a non-flat distribution. In the simul-
taneous fit, the yields associated with the unmatched
events are determined by evaluating the ratio between the
matched signal yields and the unmatched background
yields, with the ratio obtained from MC simulation.

IV. SYSTEMATIC UNCERTAINTY

The systematic uncertainties in the determinations of
the upper limits on the BFs are classified into two cat-

Ni" 200 ;Aznk‘ﬂ 217 enerdy Poluts + D;ltal o .Corlnbilnatlori;\l t:lpkgl .
% - — Total fit ---Unmatched bkg -
> [ -- Signal -+ A} »E°K* bkg ]
S [ — Signal MC - A% >AK' bkg ]
150 —
> - ]
2 [ ]
e bt _
w100 -
50| .
0- R TR .JfI{_LI:‘—w._ll. ......... 1 3
2.26 2.28 2.3 2.32 2.34
Mg (GeV/c?)

Fig. 3.

egories: additive terms and multiplicative terms.

The additive terms include the uncertainties intro-
duced by the chosen signal and background shapes. The
uncertainty associated with the signal shape is estimated
by changing the parameters of the convolved Gaussian
functions within their uncertainties. The largest deviation
of the individual changes is taken as the uncertainty. The
background shape of the non-peaking components is
changed from the ARGUS function to be the shape ex-
tracted from the inclusive MC samples. The uncertainty
due to the fixed contribution of the peaking background
yields in the fit is investigated by varying the fixed yields
within +10 of the PDG BFs of individual background
sources. Among all the above terms, the case yielding the
largest upper limit is chosen for further analysis. The ad-
ditive uncertainty for A} —» X°K*n*n~ is dominated by
the signal shape uncertainty, while the A} — Z°K*n° is
mainly influenced by the background shape uncertainty.

The sources of multiplicative systematic uncertain-
ties include tracking and PID of charged particles, n° re-
construction, A reconstruction, photon reconstruction, AE
requirement, 8™ (Quoted BF), MC model, truth match-
ing, MC statistics, Nasi-, AEA(AE,rg+, and
AE ;- k+nio-) and 6;, requirement. The total multiplicat-
ive systematic uncertainties are summarized in Table 3
and discussed in details below.

(a) Tracking and PID: The uncertainties of either PID
or tracking of the charged tracks are quoted as 1.0% per
track based on studies of the control sample of
ete” - K*K ntn [34].

(b) n° reconstruction: The n° reconstruction effi-

ciency is studied with the control samples of
N\: 50 A2k at 7 energy points TR .-l-lDa;a o .
2 — Total fit ]
g 40 - - Signal ]
< Combinatorial bkg ]
@ 30 + + ---Unmatched bkg ]
= ]
S ]
> ]
1w ]
20 -
ies } o
10 .
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(color online) The fit to the Mpc distributions of AY — 2°k*x%(left) and A} — Z0K*7* 7~ (right) of the combined data. For

Al — 2%k*70, the violet histograms are the signal MC samples normalized with a product BF of 1.2 x1073 [7]. The ARGUS function
includes seven sub-ARGUS functions, the black point with the error bar is data, the blue solid line represents the total fit function, the
gray dashed line shows the combinatorial background, the violet dash line is the signal function, the navy blue dashed line is the un-
matched component, cyan dashed line is the background shape extract from A} — AK** MC samples, and red dashed line is the back-

ground shape extract from A} — Z°k* MC samples.
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Table 2.
BFs of the secondary decays at each energy point, where the

The contamination rates (%) after including the

uncertainties are statistical only.

Vs(MeV) ENPSE0KF ENF AR
4599.53 2.34+0.03 2.63+0.02
4611.86 1.97+0.03 2.59+0.02
4628.00 2.10+0.03 2.58+0.02
4640.91 2.06+0.03 2.58+0.02
4661.24 2.10+0.03 2.57+0.02
4681.92 2.14+0.03 2.56+0.02
4698.82 2.25+0.03 2.46+0.02
Table 3. Multiplicative systematic uncertainties in unit of %

for the BF measurement.

Source A — 20K+ 70 ISR F oF o

Tracking 1.0 3.0
PID 1.0 3.0

7 reconstruction 3.1 -
A reconstruction 2.5 2.5
Photon detection 0.5 0.5
AE requirement 2.0 3.7
MC model 5.5 18.5
g@inter 0.8 0.8
Truth matching 5.5 4.9
Nari; 0.9 0.9

MC statistics 0.5 0.3
AE, requirement 0.4 0.3

05, requirement 0.1 -
Total 9.2 20.1

W(3686) — J/yn’n® and e*e” — wn®. The associated sys-
tematic uncertainty is assigned to be 3.1% for each n°.

(¢) A reconstruction: The systematic uncertainty of A
reconstruction is assigned to be 2.5% by referring to the
study of A} — An* in Ref. [35], which includes the sys-
tematics associated with reconstructing the daughter
particles proton and pion.

(d) Photon reconstruction: The systematic uncer-
tainty due to the photon reconstruction is estimated to be
0.5% for photon by analyzing the ISR process

ete” s> yutu.

(e) AE requirements: Potential differences in the AE
distributions between data and MC simulation are stud-
ied with the control samples of A} — Xz*za° and
A} - Xn*r*a-. The differences between the nominal

and alternative acceptance efficiencies, 2.0% and 3.7%,
are taken as the systematic uncertainties for A} — X°K*x°
and A} — X°K*ntn~, respectively.

(f) MC model: The systematic uncertainties associ-
ated with the MC model are evaluated with alternative
signal  MC  samples for A ->X°K*2° and
A - X°K*n*tn~. These samples are generated as
A — A(1405)K*, with A(1405) - 2°2° via the PHSP
model, and A} - X7*K*, with K* —» K*n~ also simu-
lated in the PHSP model. The differences between the ef-
ficiencies of these alternative models and the nominal
model are taken as the systematic uncertainties, which are
5.5% for At > X°K'n” and 18.5% for A} - XK*n*n,
respectively.

(g) B"": The BFs of £° —» Ay, A — pn~ and n° — yy,
are quoted from the PDG [2]. The uncertainties of these
known BFs add up to a total uncertainty of 0.8%.

(h) Truth matching: To estimate the uncertainty
caused by the angle cut in deriving the signal MC shape,
we loosen the cut by 5° for each angle. The differences
between the nominal and new efficiencies are taken as the
systematic  uncertainties, which are 5.5% for
A} - 2°K*n° and 4.9% for A} - XK n*n.

(i) Nasa-: The uncertainty of Na:i- is quoted from
Refs. [13, 15]. Its effect on the BF measurement, 0.9%, is
assigned as the systematic uncertainty for both decays.

(j) MC statistics: The uncertainties due to limited MC
statistics are 0.5% for A} —»X°K*7° and 0.3% for
Ar > Kt

(k) AE, requirement: The uncertainty due to the AE,
requirement is estimated with the control samples of
A > 372 and A 5> X2'ntn~. The maximum
changes of the acceptance efficiencies between data and
MC simulation by varying the AE, requirement by +0.05
GeV are taken as the systematic uncertainties, which are
0.4% and 0.3% for A] —» X°K*z° and A} — XK*n*n,
respectively.

(1) 65, requirement: The systematic uncertainty from
the 6, requirement for A} — 3°K*z° is estimated with
the control sample of A} — X’z*z°. The maximum
change of the acceptance efficiencies between data and
MC simulation after varying the 6;, requirement by +5°,

0.1%, is assigned as the systematic uncertainty.

V. RESULTS

The fit result is consistent with a background-only hy-
pothesis of AY - X°K*n® and A} - X°K*n*n~, and the
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upper limits on their BFs are determined. The distribu-
tions of raw likelihoods versus individual BFs are shown
as the blue dashed curves in Fig. 4. Each curve is then
convolved with a Gaussian function with zero mean and

LAy I B

P B S

0 5 10 15 20
B(Ai—2K 1) (x10%)

width set as the corresponding multiplicative systematic
uncertainty, according to Refs. [36, 37]. The updated
likelihood distributions are shown as the red solid lines in
Fig. 4. By integrating the red solid curves from zero to
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Fig. 4. (color online) The distributions of the likelihoods versus the BFs of A} — 20k *2%(top) and A} — Z°K*x*n~ (bottom). The res-
ults obtained with and without incorporating the systematic uncertainties are shown in the red solid and blue dashed curves, respect-
ively. The black arrows shows the results corresponding to the 90% C.L..
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90% of the physical region, the upper limits on the BFs at
the 90% C.L. are set to be

BAF - XK <5.0x 107,
BAF - YK rtn) <6.5x 107

V1. SUMMARY

Based on 4.5 fb~! of e*e™ annihilation data collected
at c.m. energies between 4599.53 MeV and 4698.82 MeV
with the BESIII detector at the BEPCII collider, we
present the studies of the singly Cabibbo-suppressed had-
ronic decays A — X°K*7° and A} - Z°K*7x*n using a
single-tag method. The upper limits on their BFs at the
90% C.L. are set to be 5.0x10™* for A} - X°K*n° and
6.5x107* for A} - Z°K*n*x~. The upper limit of the BF
of A} - X°K*n° is more stringent than the previous BE-
SII measurement using a double-tag method [11]. The
predictions based on S U(3) flavor symmetry exceed our
upper limit by 2.4¢ [7], 1.70 [8], and 2.00 [9], respect-
ively. These discrepancies can be further investigated
through fits to increasingly precise experimental meas-
urements. And predictions from the statistical isospin
model [10] differs from our result by 2.9¢, which indic-
ates that the assumption of B(A} —-Z'K'n )=
B(AF — 2°K*n%) is very rough, as shown in Table 4. For

Table 4. Comparison of the experimental measurements of
A —»20k*70 and A} — XK*#tx~ obtained in this work, and
those of BaBar and BESIII (single-tag) as well as theoretical
predictions.

Decay mode Af - 30K+ 70 Af - 20K nta

M.Gronau et al. [10]
C.Q.Geng et al. [7]
J.Y.Cenetal. [8]
C.Q.Geng et al. [9]

(2.1+0.6)x1073 -
(12+0.3)x1073 -
(7.8+£2.3)x107* -
82+1.4)x1074 -

BESIII (double-tag) [11] <1.8x1073 -
BaBar experiment [12] - <2.5%x107*
BESIII (single-tag) <5.0x%x107* <6.5%x107*

A} - XK+, the upper limit is less stringent than the
BaBarresult [12]. These results provide valuable inform-
ation for understanding the dynamics of charmed baryon
decays and important input to theoretical models. The
sensitivities to these two decays could be further im-
proved with a larger data sample at BESIII [38] in the
near future.
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