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We search for excited charmed baryons in the A% system using a data sample corresponding to an
integrated luminosity of 980 fb~!. The data were collected by the Belle detector at the KEKB e*e~
asymmetric-energy collider. No significant signals are found in the A% mass spectrum, including the
known A, (2880)" and A.(2940)*. Clear A.(2880)" and A.(2940)" signals are observed in the pD® mass
spectrum. We set upper limits at 90% credibility level on ratios of branching fractions of A.(2880)" and
A,(2940)" decaying to Afn relative to X.(2455)z of < 0.13 for the A.(2880)" and < 1.11 for the
A.(2940)*. We measure ratios of branching fractions of A,(2880)* and A.(2940)* decaying to pD°
relative to X,.(2455)z of 0.75 4 0.03(stat) & 0.07(syst) for the A.(2880)% and 3.59 + 0.21(stat) +

0.56(syst) for the A.(2940)".
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I. INTRODUCTION

Charmed baryons provide a good opportunity to study
the dynamics of quark confinement [1-5]. Usually, singly-
charmed baryons are considered to be bound states of a
charm quark and a light diquark. In this model, the Jacobi
coordinate p is used to label the degree of freedom between
the light quarks and A to label the degree of freedom
between the charm quark and the center of mass of the
diquark. The excitation of the diquark is called p-mode
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excitation, while the excitation between the charm quark
and the diquark is called A-mode excitation. The excitation
energy for the p-mode is expected to be higher than the one
for J-mode by a factor of v/3 in the heavy-quark limit [6].

In the A} sector, both the A.(2880)" and the A.(2940)"
have been observed in several decay modes. The
A.(2880)" was first observed by CLEO in the Afztz~
decay mode, where some of the events resonated through
¥.(2455)x [7], and later reported by BABAR in the pD°
mass spectrum [8]. The A.(2940)* was first seen by
BABAR in the pD® decay mode [8] and confirmed by
Belle in the X.(2455)x decay [9]. The spin-parities of the
two states were also studied. Belle analyzed the
%.(2455/2520)z decay modes and measured the spin of
the A.(2880)" to be 5/2 [9]. LHCb studied the A) —
D°pr~ decay and measured the favored J¥ of A,(2940)"

Published by the American Physical Society
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to be 3/27, but they could not exclude spins from 1/2 to
7/2 [10]. The inner structure of the A.(2940)" remains a
puzzle. The A.(2940)" may be a conventional excited
charmed baryon, but has also been explained as an ND*
molecular state with potential spin-parity assignments
including 1/2%, 1/27, and 3/2~ [11-13].

Afnis a good channel to search for excited A baryons.
Any signal in A7 is likely to be an excited A rather than a
1, as for the latter decays to Al 7z are allowed by isospin
and are likely to dominate. Furthermore, studies of the Az
channel in the strange-baryon sector suggest Alx to be an
interesting channel. In addition to excited A states decaying
into A, such as the A(2000) [14], a narrow enhancement
was observed recently in the pK~ channel near the Ay
threshold, which was identified as a threshold cusp [15].

Much attention has been paid to the pD° system as an
analog to the NK system, where there exists the A(1405)
resonance as a NK quasibound state near thresh-
old [16-18]. Thus the pD° system can be studied from
the viewpoint of the description of the A, charmed baryons.
BABAR has reported A, (2880)" and A,(2940)" in the pD°
mass spectrum [8], while Belle has not previously inves-
tigated the pDP spectrum in direct e*e~ annihilation.

In this study, which is based on the full Belle dataset, we
study for the first time the Al#n system and search for
singly-charmed baryons, including A.(2880)%, A.(2940)"
and other yet unknown states, in a mass region from 2.83 to
3.15 GeV/ ¢?. Tn addition, we measure ratios of branching
fractions of A.(2880)" and A.(2940)" decaying to
Atn and pDP relative to the reference mode, % (2455)x,
where X.(2455)z is the combination of X.(2455)°z*
and X.(2455)" 7",

II. DATA SAMPLE AND BELLE DETECTOR

We perform our analysis using a data sample corre-
sponding to an integrated luminosity of 980 fb~!, collected
with the Belle detector at the KEKB asymmetric-
energy e'e” collider [19,20]. Most of the data were
recorded at the Y(4S) resonance, the rest was collected
at other Y'(nS) states, with n = 1, 2, 3, or 5, or at 60 MeV
below the Y'(45).

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of TOF scintillation counters, and an
electromagnetic calorimeter (ECL) comprised of CsI(TIl)
crystals. All these detector components are located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux-return located outside of the coil is
instrumented to detect K9 mesons and to identify muons.
The detector is described in detail in Refs. [21,22].

We use samples of simulated ete™ — c¢ Monte Carlo
(MC) events for the optimization of selection criteria, the

estimation of background contributions, and the determi-
nation of signal detection efficiencies. MC samples are
generated by EvtGen [23] and then propagated through a
detector simulation based on Geant3 [24]. The package
PYTHIA [25] is used to simulate ete™ — c¢¢ — A X signal
events, where A" stands for A.(2880)", A.(2940)7, or
one of possible new excited A, states, and X denotes
anything. The masses and widths of A.(2880)% and
A.(2940)* are fixed to the world-average values [26]. The
masses of the unknown A_s are set to values from 2.850 to
3.125 GeV/c? in steps of 25 MeV/c?, and for each mass
value the widths are set to 0, 10, 20, 30, and 40 MeV. We
generate the AJ"™ — Afn and A.(2880)%/A.(2940)" —
pDY/X.(2455)z samples with a phase-space model [27]
and also the secondary decays A7 — pK~n"/pKQ, n — vy,
D’ - K=zt /K 72’ /K-zn*nt 7™, and £.(2455) = Afx
are all generated with a phase-space model. The n —
%777~ decay is generated with its known substruc-
tures [26]. We take the effect of final-state radiation from
charged particles into account with the PHOTOS pack-
age [28]. We use the MC samples with zero width for
AT in order to estimate the intrinsic mass resolution.
Generic MC samples of Y(1S,2S,3S) decays, T(4S) —
B+*B~/B°B°, Y(55) — BB /B®B™) (z)/ Y (4S)y, and
ete” = qq (q=u, d, s, ¢) at /s =10.52, 10.58, and
10.867 GeV, corresponding to two times the integrated
luminosity of the data, are used to optimize selection
criteria and perform background studies.

III. EVENT SELECTION

We study the AXT in three decay modes; A7, pD® and
2.(2455)r with Al — pK=n"/pKS, n— yy/2’zt 7,
D’ K 7t /K nt2°/K-ntata~, and X.(2455)—> Al n.
Event selections are optimized by maximizing a figure-of-
merit defined as €/ /B, where ¢ denotes the detection
efficiency of the signal process and B is the number of
background events obtained from generic MC samples in a
mass region from 2.870 to 2.895 GeV/ ¢%, which is defined
as the A.(2880)" signal region.

Final-state charged particles, z*, K=, and p(p), are
identified using information from the tracking systems
(SVD, CDC) and the particle identification detectors (CDC,
ACC, TOF), which is combined into the likelihood ratio
L(A|B) = L(A)/[L(A) + L(B)], where A and B are x, K,
or p as appropriate [29]. We require protons to have
L(p|K) > 0.6 and L(p|x) > 0.6, kaons to have L(K|p) >
0.6 and L(K|z) > 0.6, and pions to have L(z|p) > 0.6
and L(z|K) > 0.6. A requirement of L(e|hadrons) =
L(e)/[L(e) + L(hadrons)] < 0.95 is applied for all
charged particles to suppress electrons, where £(e) and
L(hadrons) are obtained from the ECL in addition to
tracking and particle identification systems [30]. The
momentum-averaged identification efficiencies of protons,
kaons, and pions are 90%, 90%, and 93%, respectively.
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We also require the distance of the closest approach of all
charged-particle tracks with respect to the interaction point
to be less than 2.0 cm along the direction opposite to the e™
beam and to be less than 0.2 c¢cm in the transverse plane.
In addition, invariant masses of pion, kaon, and proton
pairs with the same sign are required to be larger than
0.28 GeV/c?, 0.989 GeV/c?, and 1.878 GeV/c?, respec-
tively, in order to reject duplicated tracks.

A cluster detected in the ECL not matching any tracks is
identified as a photon candidate. Candidates for z° — yy
are selected from photon pairs, where each photon has an
energy greater than 0.05 GeV, and are discarded once the
invariant mass of the two photons lies outside the range
from 0.12 GeV/c? to 0.15 GeV/c?. We reconstruct the 5
candidates using two modes; yy and z°z"z~. Candidates
for n — yy are reconstructed from photon pairs whose
invariant  mass  satisfies  0.52 GeV/c? < M(yy) <
0.57 GeV/c?. The energies of both photons are required
to be greater than 0.3 GeV. We select 7 — z°z* 7~ candi-
dates with 7° = yy by requiring 0.540 GeV/c? <
M(z°z"n™) < 0.555 GeV/c?, where M(z°z*z~) is the
invariant mass of 7%z z~. To suppress background events
we require in addition that the photons from the n —
ata 2% 7 — yy decay have an energy greater than
0.1 GeV. We adjust the four-momenta of the daughter
particles within their uncertainties by constraining the
invariant masses of the systems of final-state particles to
the nominal 7z° and 5 masses [26], respectively.

Candidates for Kg — gtn~ are reconstructed from
pairs of oppositely charged particles taken as pions, using
an artificial neural network [31,32]. We require
|M(z"7~) —m(K%)| < 10 MeV/c?, where m(K$) is the
nominal K‘; mass [26]. The two pions are refitted to have a
common vertex and the 7z~ invariant mass is constrained
to m(K$). The A/ candidates are reconstructed from
pK~n" and pK% modes. The invariant masses of pK~z"
and pKY are required to be within 10 MeV/c? of the
nominal A} mass m(A;) [26]. For the selected events, we
constrain M(pK~z") and M(pK%) to m(AJ) to improve
momentum resolution. We reconstruct X.(2455)0++
candidates by combining a Al candidate and a charged
pion. The requirements of |M(Afz~) — m(Z.(2455)°)| <
5 MeV/c? and IM(Afz™) —m(Z.(2455)7)| <
5 MeV/c?, defined as X.(2455) signal region (SR),
are adopted to select X.(2455)>** candidates, where
m(Z,(2455)%++) is the nominal X.(2455)%** mass [26].
The X.(2455) sideband regions (SB) are defined as
IM(Afn~) — m(2.(2455)%)] € (15,20) MeV/c*  and
IM(Af7t)—m(Z.(2455)**)|€(15,20) MeV/c?. Figure 1
shows the M(Afz~) and M(Afxn") spectra.

The D° candidates are reconstructed from K~ 7™,
K-7tntn~, and K~72"7° modes, using almost the same
selection criteria as those used in the study of =, states
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FIG. 1. Invariant-mass distributions of (a) Az~ and (b) Al 7.

Regions between the two red dotted lines are the £.(2455) signal
regions, and regions between the two blue long-dashed lines are
the X,(2455) sideband regions.

in the AD final state [33]. Candidates satisfying
IM(K=z*) —m(D%)| < 14 MeV/c?, |M(K ntatn) -
m(D%)| <11 MeV/c?, and |M(K-z"z")—m(D°)| <
27 MeV/c?, where m(D") is the nominal D° mass [26],
are selected as D° candidates. For the K~z z° mode, the
energy of the z° candidate is required to be greater than
0.5 GeV to further suppress combinatorial background
events. We also require the daughter particles of D to
originate from a common vertex and we constrain the
invariant mass of the system of final-state particles to
the nominal D° mass [26]. The sideband regions of D°
are selected as |M(K-z") —m(D°)| € (23,30) MeV/c?,
IM(K=nntz~) — m(D°)| € (24, 30) MeV/c?,  and
|M(K=7"7°) — m(D)| € (38,50) MeV/c>.

All the above required mass ranges around the signal
peaks approximately correspond to +2.5¢ intervals, where
o is the standard deviation of the peak distributions. Finally,
we reconstruct AT candidates from Afy, pDP, or
X.(2455)x. We define the scaled momentum x, of A;*

asx, = p*/+/s/4 — M? [34] with p* being the momentum
of At in the e™ e~ center-of-mass frame, s the square of the
center-of-mass energy, and M the mass of AX™. We require
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x, > 0.7 to suppress the combinatorial background, espe-
cially from B-meson decays. There are 5.8% of the AT —
Afn events that have multiple candidates and only the
candidate with the smallest y?(A}) + x?(n) is preserved,
where y? stands for the quality of the mass-constrained fit.

IV. SEARCH FOR CHARMED BARYONS
IN THE A;#n SYSTEM

Figure 2 shows the invariant-mass distributions of A7
with 7 — yy and y — 7%z z~, obtained after applying the
selection criteria discussed in Sec. III.

A series of simultaneous binned maximum-likelihood
fits to the measured mass spectra of Al with n — yy and
n — 7%z 7~ are performed. The probability density func-
tion (PDF) for the signal component is represented by a
constant-width relativistic Breit-Wigner (BW) function
convolved with a Gaussian distribution to take the intrinsic
mass resolution into account, where the intrinsic mass
resolution is determined from signal MC samples. The
background component is parametrized by a threshold
function of the form
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FIG. 2. An example of the simultaneous fit to the M(Af7n)
spectra with (a) # = yy and (b) # = z2°zT 7~ (points with
statistical uncertainties). The blue solid curves represent the
result of the fit. The red dashed curves represent a hypothetical
excited A, state with M = 2.95 GeV/c? and " = 20 MeV, while
the magenta dash-dotted curves represent the background.
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FIG. 3. Statistical significances for the various excited A7

hypotheses considered.
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Here, M represents the Aln mass, My, stands for the
threshold mass, which is fixed to the sum of the nominal
Al and 5 masses [26], and a, b, ¢, and u are free
parameters. The fit is performed with a 0.5 MeV/c? bin
width, while the histograms in Fig. 2 are shown with
merged bins of 5 MeV/c?.

We constrain the signal mass and width to be identical
for the two 1 decay modes, and fix the signal mass to be a
value from 2.850 GeV/c? to 3.125 GeV/c? in steps of
25 MeV/c?. The signal width is fixed to 0, 10, 20, 30, and
40 MeV for each fixed mass. The ratio of signal yields for
the # — yy mode relative to those for the n — 7°ztz~
mode is calculated by the product of detection efficiencies
and the known 5 branching fractions [26], and is fixed in
the fit. This ratio decreases from 5.4 to 2.7 as the signal
mass increases from 2.850 GeV/c? to 3.125 GeV/c>.
Figure 2 shows an example of the fit with the signal mass
and width fixed to 2.95 GeV/c? and 20 MeV, respectively.

The statistical significance of the signal is calculated
using the log-likelihood difference —2 In(Ly/ L.y ), Where
Lnax and Ly are the likelihood values of the simultaneous
fit to the A% mass spectra with and without including the
signal PDF, respectively. The significance is negative when
the number of fitted signal events is itself negative. The set
of statistical significances obtained from the fits is shown in
Fig. 3. Significances are below 3¢ for all assumed excited
A} hypotheses. We hence find no significant A’ signals in
the A% invariant-mass spectra.

V. RELATIVE BRANCHING FRACTION
Figure 4 shows the invariant-mass distributions of Afn
with # = yy, Afn with n - 2% 2=, pD°, =.(2455)x
in the X.(2455) signal region, and X.(2455)z in the
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FIG. 4. Measured invariant-mass distributions of (a) Ay with n — yy, (b) Afn with n —» 2tz 2%, (¢) pD°, (d) =.(2455)x in the
%, (2455) signal region, and (e) X.(2455)x in the normalized X.(2455) sideband regions (points with statistical uncertainties). The blue
solid curve represents the result of a simultaneous fit. The red and dark green dashed curves represent the contributions of A, (2880)"
and A.(2940)7", respectively, while the magenta dash-dotted curves represent the background.

normalized X.(2455) sideband regions obtained after
applying the selection criteria discussed in Sec. IIl. The
number of normalized X.(2455) sideband events equals to
the number of background events in the X.(2455) signal
region. No clear A,(2880)" or A.(2940)" signals are seen
in the Aty invariant-mass spectra [see Figs. 4(a) and 4(b)].

By contrast, we observe significant A.(2880)" and
A.(2940)* signals in the M(pDP) distribution [see
Fig. 4(c)]. We do not observe any such peaks in the
pD° mass spectra from generic MC events [35], nor in the
data from the D° mass sideband regions. Clear A.(2880)*
and A.(2940)" signals are also seen in the M (X.(2455)x)

032021-5



S.X. LI et al.

PHYS. REV. D 110, 032021 (2024)

[SR] distribution [see Fig. 4(d)]. A A.(2880)" signal is
seen in X.(2455) sideband events [see Fig. 4(e)]. This is
expected and is due to the A.(2880)" — Afz"z~ non-
resonant decay, which in this analysis we consider to be a
peaking background to our X.(2455)z mode. The contri-
bution of this background is estimated from X.(2455)
sideband events.

The yields of A.(2880)" and A.(2940)" are obtained
from a simultaneous binned maximum-likelihood fit to the
measured mass spectra of Afn with  — yy, Afn with
n— %zta~, pD°, X.(2455)x in the X.(2455) signal
region, and X.(2455)z in the normalized X.(2455) side-
band regions. In this fit, the masses of A.(2880)" and
A.(2940)" are free parameters, constrained to be identical
for all decay modes, and the widths are fixed to world-
average values [26]. The fit is performed with a
0.5 MeV/c? bin width, while histograms in Fig. 4 are
shown with merged bins of 5 MeV/c?. The fitted mass
range starts at 2.83 GeV/c? because of the A7 threshold.
Lower X.(2455)z and Afz*z~ masses are populated by
the tail of the A.(2765)™ [7] and have been studied already
in Ref. [9].

The PDF for the A.(2880)" or A.(2940)" signal
component is represented by a relativistic BW function
with mass-dependent width that is convolved with a
Gaussian distribution to take the intrinsic mass resolution
into account. We determine the intrinsic mass resolution
based on signal MC samples. As the most plausible J”
assignment for A.(2880)" is 5/2" and that for A.(2940)*
is 3/27, the two signals are parametrized by an F-wave BW
function and a D-wave BW function, respectively, using
Blatt-Weisskopf form factors [36]. The background com-
ponent in the M (A} n) spectra for 3 — yy and n — 2%2F 7z~
is parametrized by the function in Eq. (1). A sixth-order
Chebychev polynomial is used to model the combinatorial
background component in the M(pD°) spectrum. The
background components in the M(Z.(2455)x) [SR] and
M(Z,.(2455)x) [SB] spectra are parametrized by second-
order Chebychev polynomials.

Since no A.(2880)" and A.(2940)" signals are
observed in the Atx mass spectra, we constrain the ratios
of yields of A.(2880)" and A.(2940)" in the Al# decay
channel with 7 — yy relative to those with n — 7%z 7~ by
the products of the detection efficiencies and the known #
branching fractions [26], resulting in ratio values of 5.1 for
A.(2880)" and 4.4 for A.(2940)". The result of the
simultaneous fit is shown in Fig. 4, and the signal yields
are summarized in Table I. The reduced y* values of the fit
are y?/d.o.f =1.2 (746.6/635) for Afn(n—yy), 1.5
(937.3/633) for Afn(n — 7z x7), 1.1 (695.4/629) for
pD®, 1.6 (1049.2/634) for £.(2455)z in the X.(2455)
signal region, and 0.5 (297.0/633) for X.(2455)z in the
normalized X.(2455) sideband regions, where d.o.f. is the
number of degrees of freedom.

TABLE 1.  Signal yields from the simultaneous fit to the mass
spectra in Fig. 4. The uncertainties shown are statistical only.

A, (2880)F

(=02 + 0.7) x 102
(—0.04 £ 0.13) x 10?

A (2940)*

(0.7 + 1.4) x 10
(0.16 £ 0.31) x 102

Nt yn—pr

Arnp—=nnta

Ny, (2455 (4.25£0.15) x 103 (1.19 £0.19) x 103
Nronres (1.6 +0.4) x 10? (=0.01 4 0.03) x 10?
N, (1.17 £ 0.04) x 10* (1.64 £ 0.09) x 10*

The possible structures around 2.93 GeV/c?,
2.97 GeV/c?, and 3.09 GeV/c? in Fig. 4(b), which make
large contributions to the y%, are regarded as statistical
fluctuations, since no corresponding structures are found in
Fig. 4(a). The fit to the M(X.(2455)x) spectrum in SR, as
shown in Fig. 4(d), shows deviations from the data, and
implies that there might be contributions from other states
not included in the fit, such as the A.(2910)" [37]. The
impact from the A.(2910)7 is considered in the systematic
uncertainty, as discussed in Sec. VL.

We measure ratios of branching fractions,

B(A.(2880/2940)* — X)
B(A.(2880/2940)" — =.(2455)x)

(2)

where X denotes the Ay or pD° mode and
B(A.(2880/2940)" — X.(2455)x) is the sum of branch-
ing fractions for X,(2455)%z* and X.(2455)** z~. The two
branching fractions are taken as being the same as predicted
by isospin symmetry. These ratios are obtained from the
measured signal yields using

Ry (2880/2940) =

Nx NZC(2455)75 — Nhonres

Ry = =
XS ek By

. . , (3)
2 94;0(2455)HBJEC(2455)7[

where the index i represents subdecay channels for the pD°
or A5 modes, the index j represents subdecay channels for
the X.(2455)z mode, the € are the detection efficiencies for
the decay defined by X and i, the B are the products of
branching fractions of intermediate states for the respective
decay channels, and the N stand for the signal yields
given in Table I. The N, o, are the fitted A.(2880)" and
A.(2940)" signal yields in the M(Z.(2455)x) [SB] spec-
trum. We estimate the detection efficiencies from the MC
samples (see Sec. II), as summarized in Table II, and we
calculate the products of known branching fractions using
the world-average values from Ref. [26].

We obtain branching-fraction ratios for the pD° mode
of R,p0(2880) = 0.75+0.03 £ 0.07 and R ,;,(2940) =
3.59 £+ 0.21 = 0.56, where the uncertainties are statistical
and systematic (see Sec. VI below for details on the
latter ones).
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TABLE II. Detection efficiencies from the MC samples for
each decay mode.

Decays A (2880)* A.(2940)"
Afn(pK==",yy) 0.0518 0.0567
An(pKS,ry) 0.0578 0.0662
An(pK—nt, 2’z 7) 0.0176 0.0224
Afn(pK§, 2%z n™) 0.0198 0.0241
pD°(K~xt) 0.273 0.289
pDY (K ntntn) 0.091 0.096
pD°(K=ztn0) 0.176 0.185

3. (2455)z(pK~n ") 0.137 0.144
2.(2455)7(pKY) 0.162 0.170

Since no significant signals of A.(2880)" and
A.(2940)" decaying to Af#n are seen, we set upper limits
RYL on the branching-fraction ratios at 90% credibility
level (CL) by solving the equation

RUL
%(R)‘m =0.9. (4)

0 (R)dR
Here, R is the assumed branching-fraction ratio and £(R)
is the corresponding likelihood value obtained from fitting
the data. Before integrating, we include the systematic
uncertainty o, described in Sec. VI by convolving the
likelihood function with a Gaussian function whose width
is equal to oy We obtain upper limits on the branching-
fraction ratios for the Afn mode at 90% CL of
R)+,(2880) < 0.13 and R,+,(2940) < 1.11.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of the branching-fraction
ratios are listed in Table III. We include uncertainties from
the particle identification (PID) efficiency, the tracking
efficiency, the K9, z°, , and £.(2455) selection efficiency,

the branching fractions of intermediate states, the finite
MC sample size, the mass resolution, the signal yield
extraction, the fit bias, and the impact of A.(2910)" in the
M(X.(2455)x) spectra.

The uncertainty from the charged kaon and pion iden-
tification efficiency is estimated using D** — D%z" with
D° — K=z, and that of the proton identification efficiency
is estimated using A° — pz~. The signal selection effi-
ciency is corrected by a factor derived from the ratio of
identification efficiencies of data and MC. We treat the
statistical uncertainty of these correction factor as the
systematic uncertainty. As the number of kaons, pions,
and protons depends on the analyzed subdecay channels,
the uncertainty is calculated by weighting with the product
of known branching fractions and detection efficiencies.
The uncertainty associated with the PID efficiencies for the
A daughters cancels for R+,

The uncertainty of the tracking efficiency is assigned to
be 0.35% per track, which is estimated using partially
reconstructed  D*" — D%z with D -zt 2 K.
Considering that the number of tracks differs in each
subdecay channel, a weighted uncertainty is calculated.

We evaluate the uncertainty coming from the Kg selec-
tion efficiency using D* — zD° with D° — K$z°. The
ratio of efficiencies for data and MC is (98.57 4 0.40)%,
from which we quote the systematic uncertainty of 1.8%.
Since the Kg only appears in A} — pK?, a weighted
uncertainty is calculated.

Systematic uncertainties due to z° and 75 selection
efficiencies are both estimated to be 3% [38]. For Ry,

0

a weighted uncertainty is calculated since the z° only
appears in D° = K=zt z°.

The ratio of efficiencies of the M (A z*) requirement for
data and MC simulation is 0.968 + 0.016 for A.(2880)7,
and 0.965 £+ 0.022 for A.(2940)". We correct detection
efficiencies for the X.(2455)z mode with these ratios
and take relative uncertainties of ratios as systematic

TABLE III. Relative systematic uncertainties (in %) for the branching-fraction ratios.

Sources R,p0(2880) R,p0(2940) R+,(2880) R,+,(2940)
PID efficiency 4.5 4.5 3.5 3.5
Tracking efficiency 0.5 0.5 0.6 0.6
KY selection 0.5 0.5 . .
79 selection 0.9 0.9 e e
n selection e e 3.0 3.0
X, (2455) selection 1.6 23 1.6 23
Branching fraction 5.1 5.1 0.6 0.6
MC sample size 1.3 1.2 2.2 2.2
Signal yield extraction 6.2 12.5 11.2 13.5
Fit bias 1.0 23 4.1 9.6
A,(2910)* 1.5 5.7 39 8.2
Total 9.7 15.7 13.7 19.3
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uncertainties, which are 1.6% for A.(2880)" and 2.3%
for A.(2940)".

The systematic uncertainty from the branching fractions
of intermediate states are taken from world-average values
in Ref. [26]. The uncertainty related to the branching
fractions of the A and Kg decays cancels for Ry,

The relative uncertainty due to the finite MC sample size
is estimated as /(1 — €)/(eN,), where € is the detection
efficiency and N, is the number of generated signal MC
events.

The systematic uncertainty due to the fixed mass
resolution is estimated by fitting the M(pD°) spectrum
with the mass resolution floated. The relative difference on
the ratio of the branching fractions between the one from
the floated mass resolution and the nominal value is taken
as the uncertainty, which is found to be negligible.

The systematic uncertainty from the signal yield extrac-
tion consists of uncertainties from the widths of A.(2880)*
and A.(2940)*, the background PDF, the fit interval, and
the bin width. To estimate the uncertainty introduced by
fixing the widths of A.(2880)" and A.(2940)*, we vary
the signal width by 416 [26] and take the maximum
difference from the nominal result as the systematic
uncertainty. The uncertainty arising from the background
PDF is determined by varying the order of the Chebychev
polynomial. The uncertainty from the fit range is estimated
by enlarging the fitted interval from (2.83,3.15) GeV/c?
to (2.81,3.17) GeV/c?. We evaluate the uncertainty due
to the bin width by varying it from 0.5 MeV/c?> to
0.6 MeV/c? or 0.4 MeV/c?, and taking the maximum
difference as the systematic uncertainty. Of the above
uncertainties, the ones due to the signal width and fit
interval are dominant and those from the background PDF
and the bin width are small. The various contributions to the
yield uncertainty are added in quadrature.

The systematic uncertainty introduced by the fit bias is
assessed by constructing an ensemble of MC pseudoexperi-
ments. For each pseudoexperiment, we generate simulated
MC samples, by randomly drawing signal and background
MC events from the signal and background PDFs, respec-
tively, based on the extracted numbers of corresponding
events in data. The sizes of these MC samples are hence
identical to the extracted yields for each decay mode.
We repeat the above procedure 1000 times and then
perform simultaneous binned maximum-likelihood fits
on these 1000 independent pseudoexperiments. This yields
Gaussian-shaped distributions of the Ry values. The rela-
tive differences between the mean values of these distri-
butions and the nominal Ry values are assigned as the
systematic uncertainties.

The systematic uncertainty from the possible A.(2910)*
signal in the M(Z.(2455)z) spectrum around
2.90-2.95 GeV/c? is estimated by adding an additional
state, the A.(2910)", in the fit to the M(X.(2455)x)

spectra. The relative difference of the branching-fraction
ratio is taken as the systematic uncertainty.

Summing all the uncertainty terms discussed above in
quadrature gives the total systematic uncertainty quoted in
Table III.

VII. SUMMARY

In this paper, we report on a search for excited singly-
charmed baryons performed for the first time in the Afn
mass spectra in a range from 2.83 GeV/c? to 3.15 GeV/¢?
based on the full Belle dataset corresponding to an
integrated luminosity of 980 fb~!. No significant excess
is found in the M(A/n) spectrum. This is in contrast to
excited hyperons, where resonances decaying into An have
been observed.

Clear A.(2880)" and A.(2940)" signals are observed
in the pD° mass spectrum. The first measurements of
branching-fraction ratios of A.(2880)" and A,(2940)"
decaying to Ay and pDP relative to X.(2455)z are
performed. We measure

R ,0(2880) = 0.75 £ 0.03 + 0.07,
R ,p0(2940) = 3.59 £ 0.21 % 0.56,

where the first uncertainty is statistical and the second one
systematic. We also determine upper limits for R+, at
90% CL of

R+, (2880) < 0.13,
R+, (2940) < 111,

It is predicted in Ref. [6] that the p-mode states decay
primarily into a light meson and a heavy baryon, whereas
the A-mode states decay predominantly into a light baryon
and a heavy meson. Therefore, when interpreted using this
model, our branching-ratio measurements suggest that the
A,.(2880)" is a p-mode excited state while the A.(2940)"
is a A-mode excited state.
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