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Using 567 pb™! of data collected with the BESIIl detector at a center-of-mass energy of
/s = 4.599 GeV, near the AfA; threshold, we study the singly Cabibbo-suppressed decays A} —
prta~ and AT — pKTK~. By normalizing with respect to the Cabibbo-favored decay A7 — pK~n™, we
obtain ratios of branching fractions: [B(AF — pxtz™)/B(Af — pK~xt)] = (6.70 £ 0.48 £ 0.25) %,

[B(AF = pg)/B(Af - pK~7t)]=(1.81£0.33+0.13)%, and [B(Al - pKTK,

)/B(AL = pK-nt)] =

non—¢

(9.3642.2240.71) x 1073, where the uncertainties are statistical and systematic, respectively. The absolute
branching fractions are also presented. Among these measurements, the decay Al — pz'z~ is observed
for the first time, and the precision of the branching fraction for A7 — pK *K;on_(/) and Al — pg is

significantly improved.

DOI: 10.1103/PhysRevLett.117.232002

Hadronic decays of charmed baryons provide an
ideal laboratory to understand the interplay of weak and
strong interaction in the charm region [1-9], which is
complementary to charmed mesons. They also provide
essential input for studying the decays of b-flavored
hadrons involving a A, in the final state [10,11]. In
contrast to the charmed meson decays, which are usually
dominated by factorizable amplitudes, decays of charmed
baryons receive sizable nonfactorizable contributions from
W-exchange diagrams, which are subject to color and
helicity suppression. The study of nonfactorizable contri-
butions is critical to understand the dynamics of charmed
baryon decays.

Since the first discovery of the ground state charmed
baryon A, in 1979 [12,13], progress with charmed baryons
has been relatively slow, due to a scarcity of experimental
data. Recently, based on an e ™ e~ annihilation data sample
of 567 pb™' [14] at a center-of-mass (c.m.) energy of
/s =4.599 GeV, the BESII Collaboration measured
the absolute branching fractions (BFs) of 12 Cabibbo-
favored (CF) A/ hadronic decays with a significantly
improved precision [15]. For many other CF charmed
baryon decay modes and most of the singly Cabibbo-
suppressed (SCS) decays, however, no precision measure-
ments are available; many of them even have not yet been
measured [16]. As a consequence, we are not able to
distinguish between the theoretical predictions among the
different models [3-9].

The SCS decay A7 — pa™z~ and A - pKTK~ pro-
ceed via the external W-emission, internal W-emission, and
W-exchange processes. Precisely measuring and compar-
ing their BFs may help to reveal the A, internal dynamics
[1]. A measurement of the SCS mode A} — p¢ is of
particular interest, because it receives contributions only
from the internal W-emission diagrams, which can reliably
be obtained by a factorization approach [1]. An improved
measurement of the A7 — p¢ BF is thus essential to
validate theoretical models and test the application of

large-N,. factorization in the charmed baryon sector [17],
where N, is the number of colors.

In this Letter, we describe a search for the SCS decays
A} — px'z~ and present an improved measurement of the
Al > PK+KHon-(/) and A] — p¢ BFs. The BFs are mea-
sured relative to the CF mode A} — pK~z". Our analysis
is based on the same data sample as that used in Ref. [15]
collected by the BESIII detector. Details on the features and
capabilities of the BESIII detector can be found in
Ref. [18]. Throughout this Letter, charge-conjugate modes
are implicitly included, unless otherwise stated.

The GEANT4-based [19] Monte Carlo (MC) simulations of
et e annihilations are used to understand the backgrounds
and to estimate detection efficiencies. The generator KKMC
[20] is used to simulate the beam-energy spread and initial-
state radiation (ISR) of the e*e™ collisions. The inclusive
MC sample includes Ajj_\:. events, charmed meson DE;‘)) pair
production, ISR returns to lower-mass y states, and con-
tinuum processes ete” — qg (¢ = u, d, s). Decay modes
as specified in the PDG [16] are modeled with EVTGEN
[21,22]. Signal MC samples of ete™ — AT A7 are produced
in which the A} decays to the interested final state (pK =z,
prta—, or pK*K~) together with the A7 decaying generi-
cally to all possible final states.

Charged tracks are reconstructed from hits in the main drift
chamber (MDC) and are required to have polar angles within
| cos ] < 0.93. The points of closest approach of the charged
tracks to the interaction point (IP) are required to be within
1 cmin the plane perpendicular to the beam (V) and 10 cm
along the beam (V). Information from the time-of-flight
(TOF) system and dE/dx in the MDC are combined to
form particle identification (PID) confidence levels (C.L.)
for the z, K, and p hypotheses. Each track is assigned to
the particle type with the highest PID C.L. To avoid back-
grounds from beam interactions with residual gas or detector
materials (beam pipe and MDC inner wall), a further
requirement of V, < 0.2 cm is imposed for the proton.
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A} candidates are reconstructed by considering all
combinations of charged tracks in the final states of interest
pK~zn", prta~, and pKTK~. Two variables, the energy
difference AE = E — Ey.,, and the beam-constrained
mass Mgc = \/Efe,n/c* — p?/c?, are used to identify
the Al candidates. Here, Ei.,, is the beam energy, and
E(p) is the reconstructed energy (momentum) of the A
candidate in the ete™ c.m. system. A A} candidate is
accepted with Mpe > 2.25 GeV/c? and |AE| < 20 MeV
(corresponding to 3 times the resolution). For a given signal
mode, we accept only one candidate per A. charge per
event. If multiple candidates are found, the one with the
smallest |AE| is selected. The AFE sideband region,
40 < |AE| < 60 MeV, is defined to investigate potential
backgrounds.

For the Al — prtn~ decay, we reject K% and A
candidates by requiring |M .+, — M?(?G| > 15 MeV/c?

and |M ,,- — M P > 6 MeV/c?, corresponding to 3 times
the resolution, where M?gG (MFPS) is the K (A) mass

quoted from the PDG [16] and M+ ,- (M ,,-) is the 7"z~
(p7™) invariant mass. These requirements suppress the
peaking backgrounds of the CF decays Al — Az™ and
A} — pK?, which have the same final state as the signal.

With the above selection criteria, the My distributions
are depicted in Fig. 1 for the decays A7 - pK~z™ and
A} — pn'z~ and in Fig. 2(a) for the decay A} — pKTK™.
Prominent A} signals are observed. The inclusive MC
samples are used to study potential backgrounds. For the
decays AY — pK~zt and Al - pKTK~, no peaking
background is evidenced in the My distributions, while
for the decay A — paTz~, the peaking backgrounds of

—~ K o
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FIG. 1. Distributions of My for the decays (a) A - pK~z™"
and (b) A7 — paTz~. Points with an error bar are data, the blue
solid lines show the total fits, the blue long dashed lines are
the combinatorial background shapes, and the red long dashed
histograms are data from the AE sideband region for comparison.
In (b), the green shaded histogram is the peaking background
from the CF decays A — pK$and A7 — Az". The inset plot in
(b) shows the #* 7z~ invariant mass distribution with the additional
requirement |AE|<8MeV and 2.2836 <Mpc <2.2894GeV/c?,
where the dots with an error bar are for the data, the blue solid
histogram shows the fit curve from PWA, and the green shaded
histogram shows background estimated from the My sideband
region.

28.2 4+ 1.6 events from the decays A7 — Az™ and A —
pKY are expected, where the uncertainty comes from the
measured BFs in Ref. [15]. The cross feed between the
decay modes is negligible by the MC studies.

To obtain the signal yields of the decays Af — pK~z™
and AY — prn~, a maximum likelihood fit is performed
to the corresponding My distributions. The signal shape is
modeled with the MC simulated shape convoluted with a
Gaussian function representing the resolution difference
and potential mass shift between the data and MC simu-
lation. The combinatorial background is modeled by an
ARGUS function [23]. In the decay A — patz~, the
peaking background is included in the fit and is modeled
with the MC simulated shape convoluted with the same
Gaussian function for the signal, while the magnitude is
fixed to the MC prediction. The fit curves are shown in
Fig. 1. The Mpc distribution for events in the AE sideband
region is also shown in Fig. 1(b), and a good agreement
with the fitted background shape is indicated. The signal
yields are summarized in Table I.

For the decay A — pK*K~, a prominent ¢ signal is
observed in the M g+ - distribution, as shown in Fig. 2(b).

To determine the signal yields via ¢ (N;/’ig) and non-¢
(N gi(;n'(/' ) processes and to better model the background, we
perform a two-dimensional unbinned extended maximum
likelihood fit to the Mpc versus Mg+g- distributions
for events in the AFE signal region and sideband region

simultaneously. In the My distribution, the shapes of A,

MeV/c?)
S
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FIG. 2. Distributions of Mpc (left) and M g+ - (right) for data
in the AFE signal region (upper) and sideband region (bottom) for
the decay A — pK*K~. The blue solid curves are for the total
fit results, the red dash-dotted curves show the A — p¢ —
pKTK~ signal, the green dotted curves show the Al —
pK*K;m_(/) signal, the blue long-dashed curves are the back-
ground with ¢ production, and the magenta dashed curves are the
non-¢ background.
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signal (via ¢ or non-¢ process) and background, denoted as
Swy. and By, , respectively, are modeled similarly to those
in the decay Al — pa*zn~. Inthe Mg+ g- distribution, the ¢
shape for the A, process (AJ — p¢p —» pKTK™), SK}KK, is
modeled with a relativistic Breit-Wigner function convoluted
with a Gaussian function representing the detector resolu-

tion, while that for the A, decay without ¢ (Af — pKTK™),
SLOII(‘;/’ , is represented by the MC shape with a uniform
distribution in K™ K~ phase space. The shape for the non-A,

background including a ¢ state, Bf,,KK, has the same
parameters as Si]KK, while that for the background without
o, B“MOZ:/’, is described by a third-order polynomial function.
Detailed MC studies indicate the non-A, background (both

with and without ¢ included) have the same shapes and
yields in both the AE signal and sideband regions, where

the yields are denoted as N; ffkg and N Eﬁg"ﬁ, respectively. The

likelihoods for the events in the AE signal and sideband
regions are given in Eqgs. (1) and (2), respectively:

¢ non-¢» P non-¢»
—(N +Nsig +N +kag )

e sig bkg
‘Csig = Nsig 1

Nsig

X [N?igSMBc(Mi?.C) X S%[,(K(MIKU(—)
i=1

+ Ny Sty (Mise) x Syt (Mg )

+ NﬁkgBMBC (MfSC) X B?l&dKK (M;(Jf[(—)

+ Nipa ? Bugye (M) x B (Ml )], (1)

e_(N{fkg+N;¥;-{/))
‘Cside = Noge!
Nside

X H[NgkgBMBC (MiSC) X Bﬁm (M;(Jfl(—)

i=1

+ N Butge (M) x Bie? (M )] (2)
where the parameter Ng, (Ngge) is the total number of
selected candidates in the AE signal (sideband) region and
Mj. and M. . are the values of Mpc and Mg k-,
respectively, for the ith event. We use the product of
probability density functions, since the Mgc and M g x-
are verified to be uncorrelated for each component by MC
simulations.

The signal yields are extracted by minimizing the
negative log-likelihood —InL=(—InLg,)+ (=InLgqc).
The fit curves are shown in Fig. 2, and the yields are
listed in Table I. The significance is estimated by compar-
ing the likelihood values with and without the signal
components included, incorporating with the change of
the number of free parameters, listed in Table I.

TABLE . Summary of signal yields in data (N, ), detection
efficiencies (¢), and the significances. The errors are statistical
only.

Decay modes Niignal e(%) Significance
Al - pKnt 5940 £85 48.0£0.1 e

AF = prtae 495+35 597401 1620
A = pKtK- (viag)  44+8  402+01 960

AF = pKYK~ (non-¢)  38+9 327401  Sdo

In the decays Al — pK=zt and A — patzn~, the
detection efficiencies are estimated with data-driven MC
samples generated according to the results of a simple
partial wave analysis (PWA) by the covariant helicity
coupling amplitude [24,25] for quasi-two-body decays.
In the decay A} — pz*zn~, prominent structures arising
from p°(770) and f,(980) resonances are observed in the
M .+, distribution as shown in the inset plot in Fig. 1(b)
and are included in the PWA. Because of the limited
statistics and relatively high background, the PWA does not
allow for a reliable extraction of BFs for intermediate
states; it however does describe the kinematics well, and it
is reasonable for the estimation of the detection efficiency.
The corresponding uncertainty is taken into account as a
systematic error. For the decays A — pK™K~ via ¢ or
non-¢, the detection efficiencies are estimated with phase
space MC samples, where the angular distribution of the
decay ¢ —» KTK~ is considered.

We measure the relative BFs of the SCS decays
with respect to that of the CF decay A7 — pK~z" and
the absolute BFs by incorporating B(Af — pK~nt) =
(5.84 £0.27 £ 0.23)% from the most recent BESIII meas-
urement [15]. Several sources of systematic uncertainty,
including tracking and PID efficiencies and the total
number of A A pairs in the data, cancel when calculating
the ratio of BFs, due to the similar kinematics between the
SCS and CF decays. When calculating these uncertainties,
cancellation has been taken into account whenever
possible.

The uncertainties associated with tracking and PID
efficiencies for z, K, and the proton are studied as a
function of (transverse) momentum with samples of
ete” - atnatn, K"K n"x~, and pprTx~ from data
taken at /s > 4.0 GeV. To extract the tracking efficiency
for particle i (i = =, K, or proton), we select the corre-
sponding samples by missing particle i with high purity,
and the ratio to find the track i around the missing direction
is the tracking efficiency. Similarly, we select the control
sample without a PID requirement for particle i, and then
the PID requirement is further implemented. The PID
efficiency is the ratio between the number of candidates
with and without the PID requirement. The differences
on the efficiency between the data and MC simulation
weighted by the (transverse) momentum according to the
data are assigned as uncertainties.
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TABLE II. The systematic uncertainties (in percent) in the
relative BF measurements. The uncertainty of the reference BF
B¢ applies only to the absolute BF measurements.

Sources AF—>prntn A —pp AT - pKTK:

non-¢
Tracking 1.1 2.6 1.6
PID 1.3 1.5 1.9
V, requirement 0.6 2.5 2.5
KY/A vetoes 0.7 e e
AE requirement 0.5 0.7 0.9
Fit 2.7 5.8 6.6
Cited branching ratio = 1.0 e
MC model 14 1.0 1.1
MC statistics 0.3 0.4 0.4
Total 3.7 7.2 7.6
Biet 6.1 6.1 6.1

The uncertainties due to the V, requirements and K9/A
vetoes (in A7 — pztz~ only) are investigated by repeating
the analysis with alternative requirements (V, < 0.25 cm,
7 M§€G| >20 MeV/c?, and |M,,- — MEPS| >

8 MeV/c?, respectively). The resulting differences in the
BFs are taken as the uncertainties. Uncertainties related to
the AE resolution are estimated by widening the AE
windows from 3¢ to 40 of the resolution.

For the decays Al — pK~zt and A} — pxtz~, the
signal yields are determined from fits to the My distri-
butions. Alternative fits are carried out by varying the fit
range, signal shape, background shape, and the expected
number of peaking backgrounds. The resultant changes
in the BFs are taken as uncertainties. In the decay
Al — pKTK~, the uncertainties associated with the fit
are studied by varying the fit ranges, signal and background
shapes for both the Mg and M+ - distributions, and the
AFE sideband region.

The following four aspects are considered for the MC
simulation model uncertainty. (a) The uncertainties related
to the beam energy spread are investigated by changing its
value in the simulation by £0.4 MeV, where the nominal
values is 1.5 MeV determined by the data. The larger
change in the measurement is taken as a systematic
uncertainty. (b) The uncertainties associated with the input

TABLE III.

line shape of the eTe™ — A A cross section is estimated
by replacing the line shape directly from BESIII data with
that from Ref. [26]. (c) The A} polar angle distribution in
the eTe™ rest frame is parameterized with 1+ acos”6,
where the a value is extracted from the data. The uncer-
tainties due to the A} polar angle distribution are estimated
by changing the a value by one standard deviation. (d) The
decays A7 — pK~z" and A] — paTx~ are modeled by a
data-driven method according to PWA results. The corre-
sponding uncertainties are estimated by changing the
intermediate states included, changing the parameters of
the intermediate states by one standard deviation quoted in
the PDG [16], and varying the background treatment in the
PWA and the output parameters for the coupling. Assuming
all of the above PWA uncertainties are independent, the
uncertainty related to MC modeling is the quadratic sum of
all individual values. For the non-¢ decay A} — pK+TK~,
phase space MC samples with an § wave for the K+ K~ pair
are used to estimate the detection efficiency. An alternative
MC sample with a P wave between the K™K~ pair is also
used, and the resultant difference in efficiency is taken as
the uncertainty. The uncertainties due to limited MC
statistics in both the measured and reference modes are
taken into account.

Assuming all uncertainties, summarized in Table II, are
independent, the total uncertainties in the relative BF
measurements are obtained by adding the individual
uncertainties in quadrature. For the absolute BF measure-
ments, the uncertainty due to the reference BF
Bt (Af — pK~zt), listed in Table II, too, is included.

In summary, based on 567 pb~! of e*e~ annihilation
data collected at /s = 4.599 GeV with the BESIII detec-
tor, we present the first observation of the SCS decays
A} — pntz~ and improved (or comparable) measure-
ments of the AT — p¢ and AL - pK*K,,, , BFs com-
paring to PDG values [16]. The relative BFs with respect
to the CF decay A — pK~z" are measured. Taking
B(Af - pK z")=(5.84+£0.27+£0.23)% from Ref. [15],
we also obtain absolute BFs for the SCS decays. All the
results are summarized in Table III. The results provide
important data to understand the dynamics of A} decays.
They especially help to distinguish predictions from

Summary of relative and absolute BFs and comparing with the results from PDG [16]. Uncertainties are statistical,

experimental systematic, and the reference mode uncertainty, respectively.

Decay modes

Biode/ Bret (This work)

Binode/ Bret (PDG average)

Al - prta
A = po
AT —» pKTK~ (non-¢)

Al - prnta
AL = po
AT - pKTK~ (non-¢)

(6.70 £ 0.48 £ 0.25) x 1072
(1.81 £0.33 £0.13) x 1072
(9.36 £2.22 £0.71) x 1073
Binode (This work)
(3.91 £0.28 £0.15+£0.24) x 1073
(1.06 £ 0.19 £ 0.08 & 0.06) x 1073
(547 £1.30£0.41 £0.33) x 10~

(6.9 £3.6) x 1072
(1.64 £0.32) x 1072
(74+2+2)x 1073
Biode (PDG average)
(3.5+2.0) x 1073
(82+27)x107*
(3.5+£1.7) x 107
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different theoretical models and understand contributions
from factorizable effects [1].
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