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We report a branching fraction measurement of the singly Cabibbo-suppressed decay A — AK™ using
a data sample collected with the BESIII detector at the BEPCII storage ring. The data span center-of-mass

energies from 4.599 to 4.950 GeV and correspond to an integrated luminosity of 6.44 tb~!. The branching
fraction of Af — AK™ relative to that of the Cabibbo-favored decay Al — Azx™ is measured to be

R =B AR (4.78 £ 0.34 £ 0.20)%. Combining with the world-average value of B(Al — Axt),

BA, AT

we obtain B(A} — AKT) = (6.21 +0.44 4 0.26 + 0.34) x 10~*. Here the first uncertainties are stat-
istical, the second systematic, and the third comes from the uncertainty of the A}l — Az" branching

fraction. This result, which is more precise than previous measurements, does not agree with theoretical

predictions, and suggests that nonfactorizable contributions have been underestimated in current models.

DOI: 10.1103/PhysRevD.106.L111101

Since its discovery, there has been continuous interest in
understanding the nature of the A charmed baryon [1].
Composed of three different quarks, the A} system is more
complicated than the charmed-meson case and shows a
different behavior in both lifetime and decays [2]. As the
lowest-lying charmed baryon state, typical decays of the A}
involve the weak interaction. Unlike for the case of charmed-
meson decays where the factorizable contributions are dom-
inant due to the large amount of emitted energy [3], the
hadronic weak decays of the A/ are neither color nor helicity
suppressed [4], and are thus subject to sizable nonfactorizable
contributions, such as W-exchange diagrams. This phenome-
non is observed in recent experimental studies of the decays
AF = 207+ AF = =t70 [5] and Af — E°KT [6], which
indicate that nonfactorizable contributions are important.

To effectively describe the hadronic weak decay of the
A baryon, theoretical approaches such as current algebra
[7], SU(3) flavor symmetry [8,9] etc. are employed to
calculate the decay rates. However, it is challenging to
directly evaluate the nonfactorizable decay amplitudes in a
model-independent manner, and so the theoretical predic-
tions rely on phenomenological models. Experimentally,
progress in the investigations of A} decay has been
relatively slow due to the lack of experimental data in
recent decades, especially for Cabibbo-suppressed decays
whose branching fractions are usually smaller than 1073.
Therefore, further precise measurements of the branching
fractions of A" hadronic weak decays are eagerly sought in
order to confront theory. Moreover, experimental measure-
ments can also be taken as input to constrain these
phenomenological models, as they quantify the nonfactor-
izable effects, and thus will help to improve our under-
standing of the dynamics of charmed baryons.

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’.

The singly Cabibbo-suppressed decay A7 — AK' was
first studied by the Belle [10] and BABAR [11] collabo-
rations more than 15 years ago. Belle measured the
branching fraction of Af — AK™ relative to Af — Az™"

tobe R = FAZAS = (7.4 4 1.0 + 1.2)%, while BABAR

reported R = (4.4 £ 0.4 = 0.3)%. These two results differ
from each other by around 2¢. Figure 1 shows the tree-level
Feynman diagrams for Al — AK™'(z™). The contribution
from penguin diagrams are 6 orders of magnitude lower
and are thus ignored here [12]. The external-emission
diagram shown in Fig. 1(a) is factorizable and contributes
~(tanO.fx/fz)* = 7.6% to the relative branching fraction

B(Af ~AK™) lecting th Jiff b .
BT=A) (neglecting the mass difference between pion

and kaon), where 6, is the Cabibbo-mixing angle and
fx(fz) is the K(x) decay constant. A more detailed
calculation that takes into account the ¢’-dependent
A, — A form factors and K(z) mass difference gives the
relative decay branching fraction from this factorizable
diagram to be Rg. = (7.43+£0.14)% [13], where the
uncertainty comes from knowledge of the form factors.
References [8,14,15] have calculated the branching frac-
tion of Aj - AK™ including the nonfactorizable contri-
butions of Figs. 1(b)-1(d), employing different approaches
as summarized in Table I (note that the results from

u

(d)

FIG. 1. The (a) external emission, (b) internal emission,
and (c),(d) W-exchange Feynman diagrams for A — AK™
and Al - Ax™.
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TABLE 1.
Af - AKT.

Theoretical predictions on the branching fraction of

Theoretical predictions B(A} — AKY) (x1073)

SU(3) flavor symmetry [8] 1.4
Constituent quark model [14] 1.2
Current algebra [15] 1.06
Diquark picture [16] 0.18-0.39
SU(3) flavor symmetry [17] 0.46 £0.09

Refs. [16,17] are not pure predictions and depend on fits
to data).

In this paper, we report an improved measurement of the
branching fraction of the singly Cabibbo-suppressed decay
Al — AK™ (referred to as the signal mode) relative to the
Cabibbo-favored decay A} — Azx™ (referred to as the
reference mode) using a single tag (ST) reconstruction
method in ete™ — A}A; production. The A is recon-
structed through the pz~ decay. Throughout this paper,
charge conjugation is always implied unless stated explic-
itly. The analysis is based on (6.44 & 0.04) fb~! of ete™
annihilation data [18,19] collected at center-of-mass (c.m.)
energies from 4.599 to 4.950 GeV [19,20] with the BESIII
detector at the BEPCII storage ring.

The BESIII detector [21] records symmetric et e~ colli-
sion events provided by the BEPCII storage ring [22], which
operates in the c.m. energy range from 2.0 to 4.95 GeV.
BESIII has collected large data samples in this energy region
[23]. 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 super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
yoke with resistive plate counter muon identification mod-
ules interleaved with steel. The charged-particle momentum
resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is
6% for electrons from Bhabha scattering. The EMC mea-
sures 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 is 110 ps. The end-cap TOF system was upgraded in
2015 using multigap resistive plate chamber technology,
providing a time resolution of 60 ps [24].

A GEANT4 [25] based Monte Carlo (MC) simulation
package, which includes the geometric description of the
BESIII detector and its response, is used to determine the
detection efficiency of signal events, optimize event-
selection criteria, and estimate the backgrounds. The simu-
lation models the beam-energy spread and initial-state
radiation (ISR) in e'e~ annihilations with the KKMC
generator [26]. For “signal MC” samples, we generate
ete” - AfA; MC events with Af — AK'T and
A} — Az, while the A7 baryon decays inclusively. The

number of signal MC events which are generated at each
c.m. energy corresponds to that of data. For the ISR
simulation, the production cross section of ete™ —
AFA; measured by BESII is incorporated into the
KKMC program, and the helicity angular distribution
cos @)+ in the pair-production process ete™ = AFA7 are
also taken into account. For the signal (reference) mode
AY - AK" (AT - Axnt), the decay angular distributions
are described with consideration of the decay asymmetry
parameters (x = —0.84) of the A} and A baryons
(a_ =0.732, a, = —0.758) [2,27]. To estimate the propor-
tion of background events, MC samples including the
production of AfA; pairs, non-A A7 events, DD pairs,
ISR production of the J/y and y(3686) states, and the
continuum processes are also generated with KKMC [26,28].
The known decay modes of charmed hadrons are simulated
with EVTGEN [29] with branching fractions taken from the
Particle Data Group [30], and the remaining unknown decay
modes are simulated with LUNDCHARM [31].

Charged tracks detected in the MDC are required to be
within |cos 6| < 0.93, where 6 is defined with respect to the
z axis, which is the symmetry axis of the MDC. The A
candidate is reconstructed from a pair of oppositely charged
tracks, which are identified as proton and pion, respectively.
Particle identification (PID) [32] for charged tracks com-
bines measurements of the energy loss in the MDC (dE/dx)
and the flight time in the TOF to evaluate the likelihoods
L(h)(h = p, K, z) for each hadron & hypothesis. Tracks are
identified as protons when the proton hypothesis satisfies
the requirements L£(p) > L(x) and L(p) > L(K), while
the charged pion is required to satisfy £(z) > L(K). Due
to the relative long lifetime of A, the proton and pion
candidates are further constrained to a common secondary
decay vertex. To effectively separate the secondary vertex
from the e e~ interaction point (IP), we require the decay
length of the A to be twice larger than its uncertainty. The
mass window for a A candidate is defined as 1.111 <
M(pr~) < 1.121 GeV/c>.

For the signal mode (reference mode), a bachelor kaon
(pion) candidate which does not originate from A decay is
also required. Since the bachelor kaon (pion) track comes
directly from the IP, stricter requirements on the track
parameters are applied. The distance of the closest approach
to the IP is required to be within 10 cm along the beam
direction, and 1 cm in the plane perpendicular to the beam
direction. PID is used to separate the signal mode (AK™)
from the reference mode (Axt), ie. the bachelor
kaon (pion) candidate is required to satisfy L(K) >
L(m) [L(x) > L(K)].

The A and bachelor kaon (pion) candidates are combined
to reconstruct the A candidates. Two kinematic variables,
the energy difference AE = Ej+ — Epeyy, and the beam-

: _ /2 4_ |5 2/ 2
constrained mass Mygc = \/ Epeam/€* = |Pa+|?/ c” are used
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to identify A} candidates. Here Ej .,y is the beam energy
and E,+ and p,+ are the measured energy and momentum
of the A} candidate in the e™ e~ c.m. frame. When multiple
A candidates are found in one event, only the one with the
minimum |AE| is retained for further analysis. A A}
candidate is finally accepted if —0.009 < AE < 0.012 GeV.

By investigating the MC background events with a
generic event-type analysis tool, TOPOANA [33], we find
that the main background in the A} — AK™ selection
comes from A} — Aetr, and A} — X%zt decays. The
background process Al — Aety, is rejected by requiring
the deposited energy in the EMC divided by the momentum
in the MDC (E/p) to be less than 0.9 for the kaon
candidate. This requirement removes about 80% of back-
ground events, with a signal efficiency loss of about 2.7%,
as indicated by MC simulation. To avoid losing too much
signal efficiency, there is no requirement applied to sup-
press X%zt contamination. We find that the A] — X0z
decay, as well as other irreducible A} decay backgrounds,
contribute a smooth component in the Mp- distribution,
which can be well simulated by MC events.

Figure 2 shows the My distribution of the accepted
candidates for A7 — Az" and A} - AK™ from the full
dataset, where clear A signals can be observed. To reduce
the uncertainty of the Al — AK™ branching-fraction
measurement, we measure the branching fraction of A —
AK™ relative to that of A7 — Az™. A simultaneous fit is
performed to the M distributions for the datasets at each
of the 13 c.m. energies, and the signal yield N*X" for A} —
AK™ events at the ith c.m. energy is further constrained by

N
ek

the relation N “ R, where e (¢/") is the detection

-
e

efficiency for the signal (reference) mode, N{\”+ is the
signal yield for the reference mode at the ith c.m. energy,

and R = B(A; >AKT) is the relative branching fraction. The
— B(A[—AxT) g .

detection efficiencies for the signal and reference modes are
estimated by analyzing signal MC events with the same

S0k S50k E
% 4 Data % 180E -+-Data 3
E 10°F — Fit result 2160k —;m res‘ull 3

= N - Signal
g " Signal ©q40F == Background g
o 10 == Background 5 120F o A8t E
g g 100F E
s 10 > 80F E
L w 60F 3
1 40F E
. i 208 e E

107 ) Il Il [ 0 o
2.25 23 2.35 24 2.25 2.3 2.35 24

Mg (GeV/c?) Mg (GeV/c?)
FIG. 2. A simultaneous fit to the Mpc distributions of the
candidates for (left) A7 — Az" and (right) A7 — AK™T. The
points with error bars are the full data, the blue solid curves are
the sum of fit results at each c.m. energy, the green dot-dashed
curves are the signal components, the red dashed curves are the
background components, and the magenta dotted curve in the
right panel is the normalized X°z*+ background.

procedure as for the data analysis, and are listed in Table II.
Due to the effects of ISR, the detection efficiencies for
events at /s > 4.7 GeV are slightly lower (between 23%
and 29%), but the relative efficiency between the signal
mode and the reference mode at the same c.m. energy is
quite stable. Thus, these samples, each of which has a low
signal yield, are combined into a merged dataset.

The probability-density functions are constructed with
the sum of signal and background components at each c.m.
energy. The signal components are modeled with the
corresponding MC simulated shapes convolved with
Gaussian functions, which account for the resolution
difference between data and MC simulation. Here, the
standard deviations of the smearing Gaussian resolution
function for A} — AK™ events are constrained to the ones
obtained from the fits to A7 — Azt events to improve
precision, and the mean values are left as free parameters.
The background components are described by ARGUS
functions [34] with the truncation parameters fixed to Ey.,,
at each c.m. energy. The simultaneous fit gives

B(A} — AKY)

R = BAr = Ar)

= (478 +£034)%, (1)

where the uncertainty is statistical only. The fit results for
the sum of all datasets are shown in Fig. 2, where the
background curve is the sum of a series of ARGUS
functions with a floating end point (Epe,,) and showing
a complicated distribution. The corresponding results at
each individual c.m. energy are listed in the Appendix.

The main sources of systematic uncertainty on the R
measurement are related to tracking, PID, E/p require-
ment, signal shape, and background shape. It should be
noted that many systematic sources, such as those asso-
ciated with the total number of AA; events, A
reconstruction, etc., are common to the signal and reference
modes and thus cancel in the R measurement. In the
following, we only discuss the uncorrelated sources for the
signal and the reference modes.

TABLE II. The integrated luminosity (£) of dataset, signal
yield (N) for Az" mode from the fit, and the detection
efficiencies (e in percentage) for A} — AK' and A - Ax™
modes, respectively at each c.m. energy. Here the uncertainties
are statistical only.

Vs (GeV) L (pb7h) N (Axt) e(Azt) e (AKT)

4.5999 586.9+39 53984225 379+0.2 36.6 £0.3
4.6118 103.8 £ 0.6 92.1+94 344402 33.14+0.2
4.6277 521.5+28 5024 +21.4 334+02 32.6+0.2
4.6409 5524 +£3.0 507.8£21.6 33.7+£0.2 31.6+£0.2
4.6613 529.6 +£29 491.4+21.1 325+0.2 309+0.2
4.6812 1669.3 9.0 1470.8 £36.3 31.4+£0.2 29.3 £0.2
4.6984 536.5+29 3747 +£18.1 30.2+0.2 28.6+0.2
> 4700 1940.1 £11.6 896.3 £27.8 24.9-29.5 23.6-28.5
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The tracking efficiency of the bachelor K and z in the
signal and reference modes is not exactly the same due to
different momentum distributions, and this leads to an
uncertainty in the measurement. A control sample of
eTe” - K"K "z~ is used to study the tracking efficiency
of both kaons and pions [35], and the tracking uncertainties
blue §(py) for various transverse momentum intervals are
obtained by comparing the efficiency difference between
data and MC simulation. By assigning each event from the
signal MC samples with a corresponding weight
[1 -+ 8(pr)] for both the signal and reference modes, we
reevaluate the detection efficiencies and find the relative
branching-fraction measurement changes by 1.1%, which is
the systematic uncertainty due to tracking efficiency.

The PID efficiencies for charged kaons and pions are
studied with control samples of D] - KTK~ z*,
D’ —» K=z%, D° = K-ntata~ decays [35], and the effi-
ciency difference 5(p) between data and MC simulation for
different kaon and pion momentum intervals is obtained. A
method similar to the one adopted for tracking is applied to
assign a systematic uncertainty of 1.2% associated with the
PID efficiencies for both the signal and reference modes.

The E/p requirement introduces a minor efficiency loss
for kaons. The associated systematic uncertainty is
assigned to be 0.4% from measuring the efficiency differ-
ence between data and MC simulation in a control sample
of Af - pK~—zt decays.

The systematic uncertainty due to the choice of signal
shape is studied by fitting the data with an alternative shape,
with free parameters for the smearing Gaussian function of
Af — AK™ mode in the fit. The change in the signal yield,
0.9%, is taken as the systematic uncertainty.

To estimate the systematic uncertainty associated with the
background shape, we parametrize the background compo-
nent with an ARGUS function plus the A} A7 inclusive MC
shape (accounting for possible unknown A/ decays), or a
shape derived from wrong-sign data events. The largest
deviation with respect to the nominal fitresult, 2.4%, is taken
as the systematic uncertainty from this source.

The possible systematic bias due to the value of the
Al — AK" decay-asymmetry parameters is studied by
considering a range of theoretical predictions for these
parameters [8,14] as well as a result from the Belle
collaboration [36]. The Al — AKT™ MC samples are
resimulated based on these different values and the
detection efficiencies are recalculated. The largest
deviation with respect to the baseline fit result, 3%, is
assigned as the systematic uncertainty.

Assuming all these sources are independent, the total
systematic uncertainty is calculated to be 4.3% by adding
each contribution in quadrature.

In summary, based on an eTe~ annihilation data
sample of (6.44 4-0.04) fb~! collected at c.m. energies
from /s = 4.599 to 4.950 GeV with the BESIII detector
at the BEPCII storage ring, a study of the singly

Cabibbo-suppressed decay Af — AK™ and the Cabibbo-
favored decay A — Ax™ is performed by using a ST
method. The relative decay branching fraction is measured
to be R = (4.78 + 0.34 4+ 0.20)%, where the first uncer-
tainty is statistical and the second systematic. Our result is
consistent with the measurements performed by the
Belle [10] and BABAR [11] collaborations within uncer-
tainties, but closer to that of BABAR. It improves the
precision of the PDG average value (0.047 £ 0.009) [2]
by a factor of more than 2 and disfavors theoretical
predictions [8,14,15]. By taking the branching fraction of
B(Af = Ax")=(1.30+0.07)% as input [2], we determine
B(Af = AK') = (6.21 4 0.44 +0.26 + 0.34) x 1074,
The measured branching fraction of A} — AK™ is
significantly lower (~40%) than the predictions based on
the SU(3) flavor symmetry, constituent quark model, or
current algebra [15] listed in Table 1. As the pure factor-
izable contribution is reliably calculated for the relative
branching fraction [Rgp. = (7.43+0.14)% [13]], we
determine the contribution from the nonfactorizable effect
to be Ropontac = R — Ripae = —(2.65 +0.42)%, which is
negative and has a size comparable to the factorizable
contribution. This indicates that the nonfactorizable con-
tributions in A} decay are important and have been
significantly underestimated in current theoretical models.
Itis illustrative to compare our result with analogous ratios
measured in different systems. The ratio of singly Cabibbo-
suppressed to Cabibbo-favored decays of A, baryons has

been measured to be % = (7.31+0.16 £ 0.16)%
by the LHCb collaboration [37], which is consistent with the
naive expectation (tan 0.fx/f,)*, and so significantly

different for the case with A, baryons. A comparison with

% = (0.82 + 0.12) tan*6, measured by Belle [38]

shows that the nonfactorizable contribution in A singly
Cabibbo-suppressed decay seems to have a more prominent

effect. Compared with 5oy=%-") = (1.24 4 0.05) tan*0,

measured by LHCb [39] or \/ gggi:?ﬁ]’;; ggg% :I,SII?Z; ; =

(1.25 £ 0.08)tan*@, measured by Belle [40], our measure-
ment indicates that the SU(3) flavor-symmetry breaking in
the charmed baryon system is more significant than that in the
charmed meson case.
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APPENDIX: SIMULTANEOUS FIT PLOTS FOR
THIRTEEN C.M. ENERGY

Figure 3 shows the fit to the My distribution at each
c.m. energy.
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FIG. 3.

Simultaneous fit result to the My distributions of the A} — Azx" (left) and A7 — AK™ (right) candidates at various c.m.

energy points. The points with error bars are data, the orange solid curves represent the fit results, the blue dot-dashed curves represent
the Al signal, and the brown dashed curves represent the background components.
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