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We report branching fraction measurements of four decay modes of the Al baryon, each of which
includes an # meson and a A baryon in the final state, and all of which are measured relative to the
A} — pK~z* decay mode. The results are based on a 980 fb~! data sample collected by the Belle detector
at the KEKB asymmetric-energy e*te™ collider. Two decays, A} — nZ%z* and A(1670)z™", are observed
for the first time, while the measurements of the other decay modes, Al — nAz* and nZ(1385)", are more
precise than those made previously. We obtain relative branching fractions of B(A} —»nAz™)/
B(A} - pK=zt)=0.29340.0034+0.014, B(Af —»3nZz")/B(Af —» pK~7")=0.120+0.006 £0.010,
B(AF — A(1670)z7) x B(A(1670) — nA)/B(AF — pK~n*) = (5.54 £ 0.29 £ 0.73) x 1072, and
B(Af - nZ(1385)")/B(Af — pK~zt) = 0.192 £ 0.006 & 0.016. The mass and width of the A(1670)
are also precisely determined to be 1674.3 & 0.8 = 4.9 MeV/c? and 36.1 + 2.4 + 4.8 MeV, respectively,
where the uncertainties are statistical and systematic, respectively.

DOI: 10.1103/PhysRevD.103.052005

I. INTRODUCTION

The branching fractions of weakly decaying charmed
baryons provide a way to study both strong and weak
interactions. Although there are theoretical models that
estimate the branching fractions, for example constituent
quark models and heavy quark effective theories (HQET)
[1,2], the lack of experimental measurements of branching
fractions of charmed baryons makes it difficult to test the
models. Therefore, branching fraction measurements of
new decay modes of the A} or known decay modes with
higher precision are crucial. Model-independent measure-
ments of the branching fraction of A7 — pK~z*t by Belle
[3] and BESIII [4] now enable branching ratios measured
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relative to the A7 — pK~z" mode to be converted to
absolute branching fraction measurements with high pre-
cision [5]. The A} — nAzx™ decay mode is especially
interesting since it has been suggested [6] that it is an
ideal decay mode to study the A(1670) and ay(980)
because the isospin of any combination of two particles
in the final state is unambiguous.

Two different models have been proposed to explain the
structure of the A(1670). One is based on a quark model
and assigns it to be the SU(3) octet partner of the N(1535)
[7]. The other describes the A(1670) as a KE bound state
using a meson-baryon model that has also been used to
describe the A(1405) as a KN bound state [8]. There have
been few experimental efforts to confirm the structure of
the A(1670); the interpretation of partial-wave analyses of
KN scattering data depends on theoretical models [9,10].
Here we investigate the production and decays of the
A(1670) in the resonant substructure of the Al — nAz™
decay, in order to elucidate the nature of this particle.

We present measurements of branching fractions for
the four decay modes, A — yAxt, AL — nZlzt,
Al = A(1670)z", and A — nZ(1385)", all measured
relative to the Aj — pK~z" decay mode. The branching
fraction of the A} — A(1670)z" decay mode is given as
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the product of branching fractions of Al — A(1670)z*
and A(1670) »nA  decays, B(Af — A(1670)z)x
B(A(1670) — nA), because B(A(1670) — yA) is not
well-determined. The A} — A(1670)z" and Al —
nZ(1385)" decay modes are studied as resonant structures
in the A} — nAx* decay, while the A} — nZ°z" decay is
observed indirectly as a feed-down to the invariant mass of
nAx", M(nAzt), spectrum. While B(A; — nAz") and
B(Al — nZ(1385)") have previously been measured by
CLEO [11] and by BESIII [12], we report the first
observation of the A} — #X%z" and A — A(1670)z"
decay modes and their branching fractions. We also make
precise measurements of the masses and widths of the
A(1670) and %(1385)*.

II. DATA SAMPLE AND MONTE CARLO
SIMULATION

This measurement is based on data recorded at or near the
T(1S), T(25), Y(35), Y(4S), and Y(5S) resonances by the
Belle detector at the KEKB asymmetric-energy e*e™
collider [13]. The total data sample corresponds to an
integrated luminosity of 980 fb~!. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters
(ACC), a barrel-like arrangement of time-of-flight scintil-
lation counters (TOF), and an electromagnetic calorimeter
comprising CsI(TI) crystals (ECL) located inside a super-
conducting solenoid coil that provides a 1.5 T magnetic
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 elsewhere [ 14]. Two inner
detector configurations were used. A 2.0-cm radius beam-
pipe and a three-layer silicon vertex detector were used for
the first sample of 156 fb~!, while a 1.5-cm radius beam-
pipe, a four-layer silicon detector and a small-cell inner drift
chamber were used to record the remaining 824 fb~!.

Monte Carlo (MC) simulation events are generated with
PYTHIA [15] and EvtGen [16] and propagated by GEANT3
[17]. The effect of final-state radiation is taken into account
in the simulation using the PHOTOS [18] package. A generic
MC simulation sample, having the same integrated lumi-
nosity as real data, is used to optimize selection criteria for
Al — nAx™ signal events. We also generate several signal
MC simulation samples of specific A} decays in order to
study particle reconstruction efficiencies and the detector
performance; the signal MC events follow a uniform
distribution in phase space.

III. EVENT SELECTION

We reconstruct A} candidates via A7 — nAx™ decays
with the 7 and A in # — yy and A — pz~ decays. Starting
from selection criteria typically used in other charmed-
hadron analyses at Belle [19,20], our final criteria are

determined by a figure-of-merit (FoM) study based on
the generic MC sample. We optimize the FoM, defined

as nge/ /Mg + Npke» Where ng, is the number of
reconstructed Al signal events while Npg is  the
number of background events. The yields ng, and ny,
are counted in the M(nAx*) range from 2.2755 GeV/c?
to 2.2959 GeV/c>.

The n meson candidates are reconstructed from photon
pairs with M(yy) in the range 0.50-0.58 GeV/c? with an
efficiency of 79%. A mass-constrained fit is performed
to improve the momentum resolution of # candidates,
and the fitted momentum and energy are used for the
subsequent steps of analysis. In addition, we require 7
candidates to have momenta greater than 0.4 GeV/c
and an energy asymmetry, defined as [(E(y,) — E(y2))/
(E(y1) + E(y2))|. less than 0.8. For the selection of
photons, the energy deposited in the ECL is required to
be greater than 50 MeV for the barrel region and greater
than 100 MeV for the endcap region [14]. In order to reject
neutral hadrons, the ratio between energy deposited in the
3 x 3 array of crystals centered on the crystal with the
highest energy, to that deposited in the corresponding 5 x 5
array of crystals, is required to be greater than 0.85. To
reduce the background in the # signal region due to photons
from 7° decays, the photons used to reconstruct the 7
candidates are not allowed to be a part of a reconstructed 7°
with mass between 0.12 GeV/c? and 0.15 GeV/c?.

Charged =™ candidates are selected using requirements
on a distance-of-closest-approach (DOCA) to the interac-
tion point (IP) of less than 2.0 cm in the beam direction (z)
and less than 0.2 cm in the transverse (r) direction.
Measurements from the CDC, TOF, and ACC are com-
bined to form particle identification (PID) likelihoods £ (%)
(h = p*, K*, or nF), and the R(h:h'), defined as
L(h)/[L(h)+ L(K)], is the ratio of likelihoods for &
and #'. For the selection of zt, R(z:K)> 0.2 and
R(z:p) > 0.4 are required. Furthermore, the electron
likelihood ratio R(e), defined as L(e)/[L(e) + L(X)],
where L(e) and L(X) are likelihood functions for electron
and nonelectron, respectively, derived from ACC, CDC,
and ECL measurements [21], is required to be less than 0.7.

We reconstruct A candidates via A — pz~ decays in the
mass range, 1.108 GeV/c?> < M(pr~) < 1.124 GeV/c?,
and selected using A-momentum-dependent criteria based
on four parameters: the distance between two daughter
tracks along the z direction at their closest approach; the
minimum distance between daughter tracks and the IP in
the transverse plane; the angular difference between the A
flight direction and the direction between the IP and the A
decay vertex in the transverse plane; and the flight length of
A in the transverse plane. We require R(p:z) > 0.6 for the
proton from the A decay.

Finally, n, A, and z* candidates are combined to form
a A7 with its daughter tracks fitted to a common vertex.
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The y? value from the vertex fit is required to be less than
40, with an efficiency of 87%. To reduce combinatorial
background, especially from B meson decays, the scaled
momentum x, = p*/ppay is required to be greater than
0.51; here, p* is the momentum of A/ in the center-of-mass
frame and p,,.c 1s the maximum possible momentum.

Since the branching fractions are determined relative to
B(Af — pK~zt), Al candidates from A — pK z"
decays are also reconstructed using the same selection
criteria in Ref. [19] except for the scaled momentum
requirement of the A}, which is chosen to be the same
as that used for the Al — nAz™ channel. All charged
tracks in the A7 — pK~z" decay are required to have their
DOCA less than 2.0 cm and 0.1 c¢cm in the z and r
directions, respectively, and at least one SVD hit in both
the z and r directions. The PID requirements are
R(p:K) > 0.9 and R(p:x) > 0.9 for p, R(K:p) > 04
and R(K:z)>09 for K, and R(z:p)> 04 and
R(z:K) > 0.4 for z. In addition, R(e) < 0.9 is required
for all tracks. The charged tracks from the A} decay are
fitted to a common vertex and the > value from the vertex
fit must be less than 40.

IV. BRANCHING FRACTIONS OF A} — gAz*
AND 7xz+ MODES

The branching fractions for the A7 — yAz+ and nZz*
decays are calculated relative to that for A} - pK—z*
using the efficiency-corrected event yields via the following
equation,

B(Decay Mode) y(Decay Mode)
B(A: — pK=z")  Bepg X y(A = pK~z*)’

(1)

where decay mode is either A} — yAz* or A} — 4=z ™,
and y(Decay Mode) refers to the efficiency-corrected
yield of the corresponding decay mode. Here Bppg
denotes subdecay branching fractions of the 7, A, and
2% we use B(n—yy) =(39.41£0.20)%, B(A — pn~) =
(63.9 +0.5)%, and B(X° — Ay) = 100% from Ref. [22].

Figure 1 shows the M(nAzn™) spectrum after the appli-
cation of the event selection described in the previous
section. In this spectrum, there is a peaking structure at
2.286 GeV/c? that corresponds to the A} — yAz* chan-
nel. The enhancement to the left of the peak corresponds to
the A7 — #X°z" channel with a missing photon from the
Y0 — Ay decay. We perform a binned-y* fit to the
M(nAx*) distribution to extract the Af — X%z signal
yield. The probability density functions (PDFs) of the
signals are modeled empirically based on MC samples as
the sum of a Gaussian and two bifurcated Gaussian
functions with a common mean for A7 — yAz™, and a
histogram PDF for the feed-down of the Al — X0z
decay. The latter PDF is derived from A} — nXz*; 0 —
Ay decays where the photon decaying from the X° is not

x
1A
1,

Counts / 3 MeV/c?
o]
|||I||||||I|||I|||I|||I|||I|

6
4
2 ]
0L..JJ,...ll..JJ.--.""...;"w-. e
21 2.15 2.2 2.2 2.3 2.35
M(nAT') [GeV/c?]
FIG. 1. Fittothe M(nAxn™") distribution. The curves indicate the

fit result: the total PDF (solid red), signal from A} — =0z~
channel with a missing photon from the X° decay (dotted dark
green), signal from A} — nAz"t decay (dashed blue) and
combinatorial backgrounds (long-dashed green).

reconstructed. The PDF of the combinatorial backgrounds
used for the fit is a third-order polynomial function. The
signal yield for the feed-down from the A} — nX0z+
channel shown in Fig. 1 is 17058 £ 871. This yield is
then corrected for the reconstruction efficiency obtained
from MC to give an efficiency-corrected yield of
(3.05 +0.16) x 10°, where the uncertainty is statisti-
cal only.

The A — nAx™ and pK~z" channels have sufficiently
large statistics to allow for yield extractions in individual
bins of the Dalitz plot, in order to take into account the bin-
to-bin variations of the efficiencies. Figure 2 shows the
Dalitz plot bins and their efficiencies for A — nAz™ and
pK~rt, respectively. For the fit to each bin of the A} —
nAn" Dalitz plot, we use PDFs of the same form described
above. In the pK~zn" channel, two Gaussian functions
sharing a common mean value and a third-order polynomial
function are used to represent the pK~z™ signals and
combinatorial backgrounds, respectively. For the signal
PDFs in both the A} — yAz" and pK—z" fits, all
parameters except for normalizations are fixed for each
bin. The fixed parameters are first obtained for each bin
according to an MC simulation and later corrected by
taking into account the difference of the fit results between
data and MC samples over the entire region of the Dalitz
plot. For the fit to Af — yAx™, all the parameters for the
PDF attributed to the feed-down from the A} — nXz"
decay with one photon missing are fixed, including the
normalization based on the measured yield in this analysis.
The polynomial functions for the combinatorial back-
grounds are floated for both A} — yAzxt and pK—z*t
decays. Figures 3 and 4 show examples of fits for three of
the Dalitz plot bins. For the A} — yAz" and pK~z*
channels, the extracted yields are efficiency-corrected for
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FIG. 2. Distribution of the reconstruction efficiencies over the
Dalitz plots divided into the 10 x 5 bins of M?(Az™") vs M*(yA)
for the Af — nyAzx* channel (top) and of M?*(K~z*) vs
M?(pK~) for the AT — pK~x* channel (bottom). The red lines
indicate the Dalitz plot boundaries. The fits in the three sample
bins of (a), (b) and (c) are shown in Fig. 3. for the A} — nAx™
channel and in Fig. 4 for the A7 — pK~x" channel.

each bin and summed up over the Dalitz plots. The results
for the total efficiency-corrected signal yields are summa-
rized in Table L.

We determine the branching fractions using the effi-
ciency-corrected signal yields and Eq. (1). The branching
fractions are summarized in Table II.

V. ANALYSIS FOR INTERMEDIATE
A¢ — A(1670)z* AND 7=(1385)* MODES

Bands corresponding to A7 — A(1670)z+ andn=(1385)™
resonant subchannels are evident in the Dalitz plot of
M?*(Ax*) versus M?(nA) shown in Fig. 5. We determine
the branching fractions for Af — A(1670)z" and A} —
nZ(1385)" decays using Eq. (1). In this case, “Decay
Mode” refers to Al — A(1670)z" —» yAz" or A} —
nZ(1385)". Forthe A} — nX(1385)" decay, Bppg includes
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FIG. 3. Fits in three sample Dalitz plot bins (see Fig. 2) of the
A} — nArx* channel. The curves indicate the fit results: the total
PDF (solid red), signal from the A} — nZ°z" channel with a
missing photon from the X decay (dotted dark green), signal
from the A — nAn" decay (dashed blue) and combinatorial
backgrounds (long-dashed green).

the subdecay branching fraction of X(1385)" — Axn™,
B(£(1385)" — Az*) = 87.0 = 1.5% [22]. However, in
the case of the A] — A(1670)z ", the subdecay branching
fraction of A(1670) — nA is notincluded because of its large
uncertainty [22].

In order to extract yields for the A7 — A(1670)z" and
A} - nZ(1385)" contributions to inclusive A — nAz™
decays, we fit the M (nAz") mass distributions, and extract
A7 signal yields for each 2 MeV/c? bin of the M(yA) and
M(Axt) distributions. The same form of PDF described in
Sec. IV is used to fit the M (yAzx") mass spectrum, and the
PDF parameters for each mass bin are obtained in the same
way for the fit of each Dalitz plot bin in Sec. IV. The A}
yields as a function of M(nA) and M(Ax*) are shown in
Fig. 6. The A(1670) and X(1385)" resonances are clearly
evident in Fig. 6(top) and (bottom), respectively. This is the
first observation of the A(1670) in A} — nAz*t decays.

To extract the signal yields for the two resonant decay
modes, binned least-y? fits are performed to the M (yA) and
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FIG. 4. Fits in three sample Dalitz plot bins (see Fig. 2) of
the A7 — pK~n" channel. The curves indicate the fit results:
the total PDF (solid red), signal from the A} — pK~z*
decays (dashed blue) and combinatorial backgrounds (long-
dashed green).

M(Axt) spectra shown in Fig. 6. For the signal modeling,
we use an S-wave relativistic partial width Breit-Wigner
(BW) for the A(1670) and a corresponding P-wave BW for
the X(1385)*:

TABLEIL Summary of the efficiency-corrected signal yields for
the various A decay modes. The uncertainties are statistical.
Note that for the A} — nAzt and A} — pK~x" decays, the
signal yields are corrected in each Dalitz plot bin and summed,
unlike the other decays.

Efficiency-corrected

Decay modes Extracted yields yields [x103]

Af = nArt 51276 + 454 741 £7
Af = pK-z* 1544580 £ 1552 10047 + 10
A = g0zt 17058 + 871 305+ 16
A = A(1670)x+ 9760 + 519 140 + 7
AS - 5x(1385)* 29372 + 875 423+ 13

TABLE II. Summary of the branching fractions for the various
A} decay modes relative to the A} — pK~z" mode. The quoted
uncertainties are statistical and systematic, respectively.

Decay modes

Af — pArt

A} — g0zt

Af - A(1670)7™";
A(1670) - nA
Al - 3nZ(1385)"

B(Decay mode)/B(Af — pK~z")

0.293 £0.003 £0.014
0.120 £ 0.006 £ 0.010

(5.544+0.29 £0.73) x 1072
0.192 £ 0.006 £ 0.016

dN mI'(m)
dm ™ (o7 = Y+ ma(T () + T )
with
B @ i 2L+1
rin) =102 (£)" Fa), o)

where m, m, and L are the invariant mass, the nominal
mass and the decay angular momentum, respectively, and ¢
and ¢, are the center-of-mass momenta corresponding to m
and my, respectively. Here T'(m) is the partial width for
A(1670) — nA or (1385)" — Az" and Iy = ['(my) is a
floating parameter in the fit. The contribution I' e, Which
indicates the sum of the partial widths for the other decay
modes, is fixed to 25 MeV for the A(1670) and 5 MeV for
the X(1385)" [22]. Unlike the X£(1385)", the branching

T T S
r 18 35
4.5+ -
= -8 30
- B i
2
NQ 4 ] ° c
> i il S
3 [ 1520
= r M. 5
= 35 515 >
g L i L
= L ! i
i T 1410
3 St i S5
L \ \ - .1 ]
1.5 2 2.5 3 0
MA(A") [GeV?/cH]
FIG. 5. Dalitz plot, invariant mass squared of Azt versus 7A,

for the A} — nAx* channel within 2.278 GeV/c? < M(nAn*) <
2.294 GeV/c? in data sample. Both bin widths of the x and y
axes are 0.01GeV?/c*. Over the Dalitz plot, 48% of events are
non-A} events. Horizontal and vertical bands at M?(yA) =
2.79 GeV?/c* and M?(Ax*) = 1.92 GeV?/c* correspond to
A(1670)z" and #nX(1385)% subchannels, respectively. In
addition, the diagonal band corresponds to the ay(980)*A
subchannel.
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FIG. 6. Fits to the A} yield in the M(nA) (top) and M(Axt)
(bottom) spectra. The curves indicate the fit results: the total
PDFs (solid red), the signal PDFs modeled with a relativistic
Breit-Wigner function (dashed blue), and the background PDFs
(long-dashed green).

fractions for A(1670) decays are not well determined [22],
we select 25 MeV as the nominal value for I'jje A
systematic uncertainty associated with this assignment for
[ohers 18 calculated by changing this value over a wide
range from 15 to 32 MeV. In Eq. (3), the Blatt-Weisskopf
centrifugal barrier factor F(q) is 1 for S wave and (1 +
R%*q3)/(1 4+ R?¢?) for P wave, with R = 3.1 GeV~! [23].
The detector resolution for A(1670) is not included in
the signal PDF because the detector response function is
not a simple Gaussian near threshold. The effect of this is
small and is treated as a systematic uncertainty in the
measurement. On the other hand, for the X(1385)" the
relativistic Breit-Wigner function is convolved with a
Gaussian with ¢ = 1.39 MeV/c?> to form the signal
PDF. This ¢ value is determined from a MC simulation
of detector responses. To represent the background to the
A(1670) signal, we use a function including a threshold
factor: | /m =Ty, [po + pi(m —my,)], where py and p,
are free parameters and m,, is the sum of the masses of

TABLE III. Results for mass and width of the A(1670) and
%(1385)™. The first and second uncertainties are statistical and
systematic, respectively.

Resonances Mass [MeV/c?] Width [MeV]
A(1670) 16743 £ 0.8 £4.9 36.1+24+428
(1385)* 13848 £03£14 38115421

A and 5. In the case of the X(1385)" fit, a third-order
Chebyshev polynomial function is used to represent the
background. The y?/ndf of the A(1670) and £(1385)* fits
are 90.3/90 and 194/167, respectively. We calculate
the corresponding reconstruction efficiencies of Al —
A(1670)z" and A} — nZ(1385)" decays from a MC
simulation. The extracted yields from the fits in Fig. 6
are divided by the reconstruction efficiencies and the results
are summarized in Table I. The branching fractions relative
to A —» pK~n" decay are summarized in Table II.

From the fit results, we also determine masses and
widths (Foq =T+ Cohers) Of the A(1670) and Z(1385)*
as summarized in Table III. Changes in efficiency over the
M(yA) and M(Az") distributions are not considered
because their effect is negligible as described in Sec. VL.
The results obtained for the X(1385)" are consistent with
previous measurements [22]. For the A(1670), the mass
and width have not been previously measured directly from
a peaking structure in the mass distribution. The values that
we obtain fall within the range of the partial wave analyses
of the KN reaction [9,10].

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties for the A} — yAzn™,
nZ%z*, and pK-z* efficiency-corrected yields are listed
in Table IV. A study is performed based on a D*T —
Dzt (D° — K~zt) control sample for 7K identification
and on the A — pz~ decay for the proton identification to
give corrections for the reconstruction efficiencies and
to evaluate the systematic uncertainties due to the PID

TABLE IV. Summary of the systematic uncertainties (in %) in
the efficiency-corrected yields for the A7 — nAzt, A — nZz*
and Al — pK~ " channels.

Source nAxt N0t pK—nt
PID 1.1 1.1 1.4
A reconstruction 2.8 2.8 -
1 reconstruction 3.0 3.0 -
Dalitz plot binning 1.3 - 0.7
Intermediate states - 6.7 -
Background PDF 0.6 0.8 0.4
MC statistics 0.2 0.2 0.1
Brpg 0.9 0.9 -
Total 4.6 8.0 1.6
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selection. Conservatively, all PID systematic uncertainties
are considered to be independent when calculating the
relative branching fractions to the A; — pK~z" channel.
The systematic uncertainty due to A reconstruction is
determined from a comparison of yield ratios of B —
AAK* with and without the A selection cut in data and MC
samples. The weighted average of the difference between
data and MC samples over the momentum range is assigned
as the systematic uncertainty. A 3.0% systematic uncer-
tainty attributed to 5 reconstruction is assigned by compar-
ing the MC and data ratios of z° reconstruction efficiency
for n = 32° and  — 7t2~2° decays [24]. The binning
over the Dalitz plots is varied from 10 x 5 to 6 x 4 and the
differences in the results are taken as a systematic uncer-
tainty. Unlike the A} — nAzt and A} — pK~z" channels
that are analyzed in a model-independent way, the effi-
ciency of the A} — Xz decay mode depends on its
substructure. To estimate the effect of possible sub-
structures in the A — #Z%z* decay, the efficiencies of
AF —-nZ(1385)T - 20z, A — ay(980)TE0 — 4oz,
AF = nZ(1670) - nZ0zt, Af - nZ(1750)* — =0z,
Af = 2(1750)°72" — 4=2F, and A} — £(2030)°z" —
nZ’z* modes are compared to that of the nonresonant
decay mode of A} — Xz which is used to detect the
yield, and the largest difference of the individual efficien-
cies to the nonresonant efficiency is used as the associated
systematic uncertainty. The systematic uncertainty due to
the background PDF modeling is determined by changing
the polynomial function from third order to fourth order.

In addition, the systematic uncertainties from the sub-
decay mode analysis that are not in common with the
A} = nAn™ decay channel are summarized in Table V and
described below. In order to estimate the systematic

TABLE V. Summary of the systematic uncertainties (in %) in
the efficiency-corrected yields for the Al — A(1670)z" and
AF — nZ(1385)" channels that are not shared with A7 — nAz™
channel. The last row gives the total systematic uncertainty (and
including the common sources, which are A reconstruction and 7
reconstruction listed in Table IV).

Source A(1670) %(1385)"
PID 1.0 1.1

T others 2.1 1.4
Detector resolution 1.6 1.8
Background modeling 11.6 2.8
Efﬁmenc.y. variation 18 55
over helicity angle

Centrifugal barrier - 0.7
Bppg 0.9 2.0
MC statistics 0.2 0.2
Bin width 1.7 1.2
Interference with a,(980)" 1.5 0.6
Total 12.4 (13.0) 7.1 (8.2)

uncertainty due to Tyyen, its value in the A(1670)
(2(1385)") fit is varied from 15 to 32 (2 to 8) MeV
and the maximum difference is taken as the systematic
uncertainty. The ranges of ',y conservatively cover the
branching fractions of A(1670) and X(1385)" decays in
Ref. [22] and the ¢ dependence of 'y 1S negligible
compared to this systematic uncertainty. In the M(nA)
spectrum, the mass resolution varies from 0 to 2 MeV/c?
depending on mass; thus, two fits are performed by setting
the mass resolution to 1 MeV/c? and 2 MeV/c?, and the
maximum difference is assigned as a systematic uncer-
tainty. For the M(Ax") spectrum, we increase the detector
resolution by 20% and the resultant change is taken as a
systematic uncertainty. The systematic uncertainties from
the background PDF modeling are estimated by fits with
fixed shapes of background PDFs, which are determined by
MC simulations including known background sources such
as Al — ay(980)* A, nonresonant, and A — nX(1385)"
(Al - A(1670)x") decays in the M (nA) [M(Ax™)] spec-
trum. In order to consider systematic uncertainties related
to angular distributions of A(1670) and X(1385)", the
efficiencies in 10 bins of helicity angle are calculated and
the largest efficiency differences between any efficiency in
the helicity angle bin and the efficiency used to correct the
yields are taken as systematic uncertainties. It is possible
that the results for the A(1670) and X(1385)" can be
affected by another resonant channel, A7 — a((980)"A.
To account for the interference effect with a(980)", we
apply an additional a,(980)" veto selection, removing
events from 0.95 to 1.02 GeV/c? of M(na™), to the M(nA)
and M (Ax") distributions and subsequently repeat the fits.
By comparing the fit results with and without the a,(980)"
requirement, we determine the systematic uncertainties in
the masses and widths. For the efficiency-corrected yields,
the expected yields calculated on the assumption that there
is no interference effect are compared to the nominal
values. Since the centrifugal barrier factor [23] is a
model-dependent parameter, it has a sizeable uncertainty.
Varying the parameter R by +0.3 GeV~!, fits are per-
formed to estimate the systematic uncertainty. We also
assign a systematic uncertainty from binning of M(yA) and
M(Az*) distributions that is determined by changing
the bin widths to 1 MeV/c?. In the A(1670) study, we
assume that the effects of other neighboring A* hyperons
such as A(1600), A(1690), and A(1710) are negligible.
These A* hyperons are not observed in the Ay mode, and
recent measurements on the other modes imply A(1600/
1690/1710) — An decays are not significant [9,10,25].
The systematic uncertainties for the mass and width
measurements are listed in Table VI. In the same way as
described above, the systematic uncertainties from the
PDFs and the binning of the A(1670) and X(1385)" fits
are estimated. The absolute mass scaling is determined by
comparing the measured mass of A} with that in Ref. [22],
and it is considered as a systematic uncertainty. To estimate
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TABLE VI. Summary of the systematic uncertainties in the
masses and widths for the A(1670) and Z(1385)".
A(1670) >(1385)*
Mass Width Mass Width
Source [MeV/c?] [MeV] [MeV/c?] [MeV]
Tothers 3.6 2.0 0.3 0.8
Detector resolution 0.4 0.5 0.0 0.8
Background 0.9 3.9 0.4 1.5
modeling
Centrifugal barrier - - 0.1 0.6
Bin width 0.0 0.8 0.1 0.7
Mass scaling 0.2 - 0.2 -
Efficiency 0.1 0.0 0.1 0.2
correction
Interference with 3.1 1.5 1.3 0.2
a(980)"
Total 4.9 4.8 1.4 2.1

the systematic uncertainty due to the M (nA)- and M (Ax™)-
dependent reconstruction efficiencies, we apply re-
construction efficiency corrections to the M(yA) and
M(Axn") spectra. For the corrections, we calculate the
mass dependencies of these efficiencies by MC simulation.
They are found to vary between 0.068 and 0.070 for M(nA)
and between 0.069 and 0.071 for M(Ax"), and in both
cases the behavior is nearly flat. The mass spectra are
divided by these efficiencies. Differences in fit results with
and without the efficiency corrections are negligible com-
pared to these other systematic sources as listed in Table VI.

VII. SUMMARY

We analyze the nAn™ final state to study Al decays
using the full data set of 980 fb~! at or near the Y (nS)
resonances collected by the Belle detector. Two new
decay modes of the A} baryon, Al — 4%zt and
AF — A(1670)z ", are observed for the first time, and
their branching fractions are measured relative to that of the
Al = pK~z" decay mode. In addition, the branching
fractions for Aj — yAz" and Al — nZ(1385)", which
were reported previously by CLEO [11] and by BESIII
[12], are measured with much improved precision. The
results are

B(AY = nAxt)
B(Af - pK=zn™")
B(Af = nZzh)
B(Af —» pK=zn")
B(AF — A(1670)z1) x B(A(1670) — nA)
B(Af — pK—z")
= (5.544£0.29 +0.73) x 1072,

=0.293 £0.003 £ 0.014,

= 0.120 £ 0.006 £ 0.010,

and

B(A+ — 42(1385)F)
B(Af = pK~zn")

=0.192 £ 0.006 £ 0.016,

where the uncertainties, here and below, are statistical
and systematic, respectively. Using the world average value
B(Af = pK~nt) = (628 £0.32)% [22], the absolute
branching fractions are determined to be

B(AF — nAxt) = (1.84 4 0.02 + 0.09 + 0.09)%,
B(A; = nZ07t) = (7.56 £0.39 + 0.62 4 0.39) x 1073,
B(Af - A(1670)z%) x B(A(1670) — nA)

= (3.4840.194+0.46 £0.18) x 1073,

and
B(Af — nX(1385)") = (1.21 £ 0.04 £ 0.10 £ 0.06) %,

where the third uncertainty is from B(A} — pK~z"). The
branching fractions relative to A} — yAzx", excluding
AY - pK~rt, are

B(AY = nztrt)
B(A — nAxt)
B(Af — A(1670)z1) x B(A(1670) — nA)
B(Af = nAx™)
=0.189 + 0.010 + 0.023,

=0.411+£0.021 £ 0.028,

and

B(A} — n=(1385)")

= 0.656 £ 0.020 £ 0.04
BIAT = nAr®) 0.656 £ 0.020 & 0.046,

where the systematic uncertainties from PID, A re-
construction, 7 reconstruction, B(A — pz~), and B(— yy)
sources in Tables IV and V cancel. The measurements of
B(Af = nAz") and B(Af — nZ(1385)%) are the most
precise results to date and agree with earlier results reported
by CLEO [11] and by BESIII [12]. In our study, the mass
and width of the A(1670) and X(1385)" are also deter-
mined to be

mo(A(1670)) = 1674.3 +0.8 +4.9 MeV/c?,
T (A(1670)) = 36.1 £ 2.4 + 4.8 MeV,
mo(Z(1385)") = 1384.8 0.3 & 1.4 MeV/c?,

and

T (2(1385)") = 38.1 £ 1.5 + 2.1 MeV.
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These are the first measurements of the A(1670) mass and
width that are determined directly from a peaking structure
in the mass distribution.
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