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performed, and the decays AT — Ap(770)" and A} — 3(1385)w are studied for the first
time. Making use of the world-average branching fraction B(A — A7 7?), their branching
fractions are determined to be
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1 Introduction

The charmed baryon Al was discovered 40 years ago [1] and has been designated as the
ground state of the charmed baryons with spin-parity J* = %+ [2]. Recently, remarkable
progress has been achieved in the study of hadronic weak decays of the charmed baryons,
including absolute branching fraction (BF) measurements [3-5] and the re-ordering of the
lifetime hierarchy [6-9]. The BESIII collaboration is presently one of the most active
contributors to the measurements of the A} decay parameters [10]. The application of
partial wave analysis (PWA) techniques to multi-body hadronic decays of the A} at BESIII
is expected to fill the current lack of information about A} decays to an octet baryon and
a vector meson, or a decuplet baryon and a pseudo-scalar meson [11]. For instance, the
decays Af — (1385)m and Af — Ap(770)* have not yet been observed [11], and only an
upper limit has been reported by CLEO [12] assuming A} — Ap(770)" contributes 100%
in the Al — A7 70 process. Therefore, the accurate measurements of these intermediate
states will provide crucial information about the nature of charmed baryons.

In the field of theoretical calculations, much effort has been made in recent years to
evaluate the non-perturbative contributions to the charmed baryon hadronic decays [3-5].
Based on different theoretical approaches [13—-17], the BFs and decay asymmetry parameters
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Figure 1. Topological diagrams for the decays Al — Ap(770)" (a)-(d) and A} — X(1385)7 (e).
The external W-emission diagram (a) corresponds to a factorizable amplitude, while the internal
W-emission (b) and W-exchange diagrams (c)-(e) correspond to non-factorizable amplitudes. Here,
the symbols p™ and X* denote p(770)" and X(1385), respectively.

of the decays A7 — Ap(770)" and A} — 3(1385)7 are predicted. Table 1 summarizes
the theoretical predictions of the BFs of AT — Ap(770)" and Al — 3(1385)m, as well as
the current world average published by the Particle Data Group (PDG). Remarkably, no
experimental measurement is available so far.

For the decay A7 — Ap(770)", both factorizable and non-factorizable diagrams will
contribute to the amplitude [13]. The contributing topological diagrams are shown in
figure 1(a)-(d), where the external W-emission diagram in figure 1(a) contributes as a
factorizable amplitude and the internal W-emission in figure 1(b) and the W-exchange
diagrams in figure 1(c) and (d) contribute as non-factorizable amplitudes. The BFs are
related to the modulus squared of the sum of different topological amplitudes, and the
decay asymmetry parameters are relevant to the interference of the internal partial wave
amplitudes. In theoretical calculations, ref. [13] adopted an effective Hamiltonian with
a factorization approach and SU(3)r symmetry, and refs. [14, 15] implemented the pole
model, where the baryon decay amplitude is parameterized as baryon and meson pole
contributions.

For the decay A} — ¥(1385)m, only a non-factorizable contribution [16] is expected in
the quark diagram scheme. The A} baryon has spin-parity J© = %Jr and its valence quark
structure consists of a charm quark and of a flavor anti-symmetric ud diquark component.
The constituent quarks of the 3(1385) baryon, instead, have a fully symmetric flavor
structure, due to its spin-parity J¥ = %+. Hence, the external W-emission diagram similar
to figure 1(a) is forbidden in this decay. According to the Koérner-Pati-Woo theorem [18-21],

the quark pair, which is produced through the weak interaction and then confined into a



Theoretical calculation

PDG
Ref. [13] Refs. [14, 15] Ref. [16]  Ref. [17]

102 x B(A} — Ap(770)") | 4.8140.58 4.0 — — <6
10% x B(Af — %£(1385) T =) — 28404 22404 | —
10% x B(A} — %©(1385)7+) — — 28+04 22404 —

QN (770)+ —0.27 £ 0.04 —0.32 — — —
Q52(1385)+ 70 — — —0.91f8j%8 —
Q32(1385)07+ — - —-0.91%5% | —

Table 1. Various theoretical calculations of BFs and decay asymmetry parameters of the de-
cays AT — Ap(770)* and AT — X(1385)w. Reference [13] adopted the effective Hamiltonian
with factorization approach and SU(3)p symmetry, refs. [14, 15] implemented the pole model,
ref. [16] considered the quark diagram scheme and ref. [17] used the effective Hamiltonian with
SU(3)p symmetry. The current experimental measurement is from the PDG [11], and “—” means
unavailable.

baryon, is flavor anti-symmetric and is not allowed in the 3(1385) quark structure. Therefore,
the internal W-emission and one of the W-exchange diagrams, similar to figure 1(b) and
(c), are also suppressed in this decay. As a consequence, only the W-exchange diagram
in figure 1(e) contributes to the decay A} — 3(1385)7, which is a pure non-factorizable
contribution. In ref. [16] the BFs are calculated through the quark diagram scheme, while
in ref. [17] the BFs along with decay asymmetry parameters are determined on the basis of
an effective Hamiltonian with SU(3)r symmetry.

Since the non-factorizable contribution is more difficult to treat than the factorizable
one in the theoretical calculations, detailed study of the complicated A} — Ap(770)"
process and the pure non-factorizable AT — ¥(1385)71 process will provide important
inputs to improve the theoretical calculation. Thus, in this paper, the first PWA of the
charmed baryon hadronic decay A} — Ant7¥ is reported. The analysis is performed
on ete” collision data samples with a total integrated luminosity of 4.4 fb~1 [22, 23]
collected at center-of-mass (c.m.) energies /s between 4.6 and 4.7 GeV with the BESIII
detector [24] at the BEPCII [25] collider. The luminosities at each c.m. energy are listed
in table 2. From the PWA results, the fit fractions (FFs) and the partial wave amplitudes
of intermediate resonances can be derived. Combining the FFs with the average value of
B(AF — Artr%) = (7.1£0.4)% from the PDG [11], the BFs for the decays A7 — Ap(770)*
and A} — 3(1385)m are determined for the first time. In addition, using the partial wave
amplitudes obtained in the PWA, the corresponding decay asymmetry parameters are
determined for the first time. They will provide useful information for testing theoretical
calculations, especially for the descriptions of the interference effects among the internal
different partial waves [26, 27]. Charge conjugation is implied throughout this paper unless
mentioned explicitly otherwise.



V5 (GeV) | Luminosity (pb™!)
4.600 586.9+0.1£3.9
4.612 103.8 £0.1 £ 0.6
4.628 5921.5+0.1+£2.8
4.641 552.4+0.1+2.9
4.661 5296 £0.1 £ 2.8
4.682 1669.3 £ 0.2 £ 8.8
4.699 536.4 £0.1 £2.8

Table 2. The c.m. energies and integrated luminosities for the data samples [22, 23].

2 BESIII experiment and Monte Carlo simulation

The BESIII detector [24] records symmetric ete™ collisions provided by the BEPCII storage
ring [25], which operates at c.m energies ranging from 2.0 to 4.95 GeV, with a peak luminosity
of 1 x 1033 em~2s~! achieved at /s = 3.77 GeV. The BESIII detector has collected large
data samples in this energy region [28]. 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(T1) electromagnetic calorimeter
(EMC), which are all enclosed in a superconducting 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 modules interleaved with steel. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the dE/dz resolution is 6% for electrons
from Bhabha scattering. The EMC measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end cap) region. The time resolution in the TOF barrel region
is 68 ps, while that in the end cap region was initially 110 ps. The end cap TOF system
was upgraded in 2015 using multi-gap resistive plate chamber technology, providing a time
resolution of 60 ps [29-31].

Simulated samples produced with GEANT4-based [32] Monte Carlo (MC) software,
which includes the geometric description of the BESIII detector and the detector response
performance [33-35], are used to determine detection efficiencies and to estimate background
contributions. The simulation describes the beam energy spread and initial state radiation
(ISR) in the eTe™ annihilations with the generator kKkMc [36, 37]. The inclusive MC
samples, corresponding to around 40 times of the number of events of the data samples,
include the production of Aj‘]Xc_ pairs, open charm processes, the ISR production of vector
charmonium(-like) states, and the continuum processes incorporated in KKMC [36, 37]. The
known decay modes are modelled with EVTGEN [38, 39] using BFs taken from the PDG [11]
and the remaining unknown charmonium decays are modelled with LUNDCHARM [40, 41].
Final state radiation from charged final state particles is incorporated using PHOTOS [42].
The MC samples of the signal process A7 — ArT7% are produced with a uniform phase-
space distribution (PHSP). At each c.m. energy point 800k events are generated, except
at 4.682 GeV, where the sample consists of 1.6M events to reflect the larger integrated
luminosity of the data set.



3 Event selection

The ete™ collision energies of the data sets are just above the production threshold of the
Aj]&; pair, providing a clean environment without additional accompanying hadrons. Taking
advantage of the threshold pair production and of the excellent performance of the BESIII
detector, a single-tag strategy is used, where only one charmed baryon decay is reconstructed
(A}), improving the detection efficiency and, therefore, providing a larger data sample. The
signal candidates for A7 — An* 7Y are reconstructed from combinations of charged tracks
and photon candidates recorded by the detector that satisfy the following selection criteria.

Charged particle tracks detected in the MDC are required to have a polar angle
in the range of |cosf| < 0.93, where 6 is defined with respect to the z-axis, which is the
symmetry axis of the MDC. For charged tracks not originating from A decays, the distance
of the closest approach to the interaction point (IP) is required to be less than 10 cm
along the z-axis (V.), and to be less than 1 c¢cm in the perpendicular plane (V). Particle
identification (PID) for charged tracks is implemented by combining the information of
specific ionization energy loss in the MDC (dE/dz) and the time of flight measured in
the TOF into a likelihood value L£(h) for each hadron h hypothesis, where h = p, K, or .
Charged tracks are identified as protons if the proton hypothesis has the greatest likelihood
(L(p) > L(K) and L(p) > L(7)), or as pions if satisfying £(7) > L(K).

Photon candidates from 7° decays are reconstructed using electromagnetic showers in the
EMC. The deposited energy of each shower is required to be larger than 25 MeV in the barrel
region (] cosf| < 0.80) and larger than 50 MeV in the end cap region (0.86 < |cos @] < 0.92).
To reject fake photons arising from electronic noise, beam background, and showers unrelated
to the event, the difference between the EMC time and the event start time [43] is required to
be within 700 ns. For 7° candidates, the invariant mass of the photon pair is required to be
within 0.115 < M, < 0.150 GeV/ ¢?. To further improve the momentum resolution, a one-
constraint (1C) kinematic fit is performed by constraining the invariant mass of the photon
pair to the nominal 7% mass [11]. The updated momentum will be used in the further analysis.

The A candidates are reconstructed with two oppositely charged tracks identified as p
and 7w~. The tracks are required to satisfy V, < 20 cm, and no V, requirement is imposed.
For proton, the previous mentioned PID requirement is applied, while for pion, it is not.
The pr~ pairs are constrained to originate from a common vertex by requiring the x? of a
vertex fit to be less than 100. An additional fit is performed by constraining the momentum
of pm~ pair to be aligned with the direction from the IP to the A decay vertex, and the
fitted decay length is required to be larger than twice its uncertainty. Furthermore, the
invariant mass is required to be within 1.111 < M- < 1.121 GeV/c?.

If an event satisfies both the above AT — Ant 7Y selection criteria and A} — X077+
selection criteria, it will be rejected to veto M.+ peaking background arising from A} —
Y07+ decay. Here, the A7 — 07T selection criteria consist of selecting 7%, A and ~
candidates where the combination Ay is required to be within X% mass window 1.179 <
My, < 1.203 GeV/ %, as described in detail in ref. [10]. After applying these selections, no
peaking background is found in data, while only 1.6% signal detection efficiency is lost, as
evaluated in the inclusive MC samples.
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Figure 2. The AF distributions of data (dots with error bars) and signal MC samples (thick lines)
at seven energy points for A7 — AnT7% decay. The blue arrows indicate the AE selection region.
The signal MC samples are presented in arbitrary scale for illustration.

To further select the signal candidates, the beam-constrained mass Mpc and the energy
difference AFE are used, defined as

Mc = \/Foeam?/c4 — |52 /2 (3.1)

and
AFE = FE — Epeam, (3.2)

where Epeam is the beam energy, p and E are the reconstructed momentum and energy of
the signal candidate, respectively. Signal candidates are expected to have Mpc and AFE
consistent with the nominal A} mass [11] and zero, respectively. The combination with
the minimum |AFE| is considered as the A} candidate and its AF is required to satisfy
—0.03 < AE < 0.02GeV. The AFE distributions of data and signal MC samples are shown
in figure 2.

An extended un-binned maximum likelihood fit is performed on the Mpc distribution
of each energy point, as shown in figure 3, in order to determine the signal and background
yields. In the fit, the signal shape is derived from the kernel-estimated non-parametric
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Figure 3. Fits to the Mpc distributions at each energy point for the A7 — AxT7Y decay. The
dots with error bars are data, the (black) solid curve is the fit function, which is the sum of the
signal shape (red dashed curve) and the background shape (blue dash-dotted curve). No obvious
peaking background is observed.

shape [44] based on PHSP MC samples convolved with a Gaussian function, to account
for the difference between data and MC simulation caused by imperfect modelling of the
detector resolution and beam-energy spread. The parameters of the Gaussian function are
left free in the fit. The background shape is modelled by an ARGUS function [45] defined as

2
M- 2\ P (1-MBC
f(MBCaE()aC?p) = MBC (1 - < ;C> ) X ec ( Fo ) ) (33)

0

where FEj is the endpoint of Mpc and is fixed to the beam energy, p is the power parameter
and is equal to 0.5, and c is a free parameter in the fit. The global probability density function
consists of a linear combination of signal and background contributions. The fit results, the
Mpc signal regions, as well as the signal purities and background fractions are listed in table 3.
Events within the Mpc signal region are considered as signal candidates in the further PWA
fit, and the events underlying the Mpc sideband region 2.25 < Mpc < 2.27 GeV/ c? are
considered as background events. At each energy point, the signal purity within the Mpc
signal region is larger than 80%, which is sufficient to perform a reliable partial wave analysis.



Vs (GeV) | Mpc requirement (GeV/c?)  Signal yield Bkg yield Purity (%) Bkg fraction (%)
4.600 (2.282,2.291) 1351 +£43 2174482 86.1+0.7 13.9+£0.7
4.612 (2.282,2.291) 233 £ 17 328+£29 87.7+14 123+14
4.628 (2.282,2.291) 1040 £37 174.24+6.7 85.7£0.8 14.3+£0.8
4.641 (2.282,2.292) 1200£39 203.5+7.1 85.5+0.7 14.5+0.7
4.661 (2.282,2.292) 1047+35 199.14+6.3 84.0+0.7 16.0 £ 0.7
4.682 (2.282,2.293) 3120 £ 63 642 £ 11 829+04 17.1+04
4.699 (2.282,2.293) 906 £ 34 201.4+£59 81.84+0.8 18.24+0.8

Table 3. The results of signal and background (Bkg) yields in the Mpc signal region at seven
energy points, along with Mpc requirement boundaries, signal purities and background fractions.
The Mpc requirement is applied to improve the signal purities.

4 Partial wave analysis

After applying all the selection criteria mentioned above, around 10k signal events are
selected in data and can be used to fit the helicity amplitude of the A7 — An*70 decay. To
improve the momentum resolution, an additional 3C kinematic fit under the hypothesis of

ete™ = Af(— Anta0)A;

. is performed with the pmr~ system constrained to the nominal A

mass, the AmT 7% constrained to the A} mass and the recoil mass against A7+ constrained
to the A} mass.

In this work, the decay amplitude is constructed using the helicity amplitude formalism,
and the full procedure is implemented based on the open-source framework called TF-
PWA [46]. The amplitude is defined in the A rest frame to which all final state particles
are boosted. Parameters describing the amplitude of the Ag decay are related to those of
A} by performing a parity transformation on the ]\g candidates, under the assumption of
CP conservation.

4.1 Helicity angle definitions

The full decay amplitude of A} — Anrt70 consists of three decay chains:
o AF = Ap(TTO)H(6L,), p(TTO)* — 7 70(6,+, 6% ), A — pr~ (B, 611),
o Al = ZHa0(63,), 5 = Ant (05, o3 ), A = pr (O, 922),
o AL = ZO0rH(03,), 570 = An¥(Oxe0, 93" ), A = pr (Ony: ).

The corresponding helicity angle definitions are shown in figure 4.

4.2 Helicity amplitude

To construct the full decay amplitude of the decay A} — Ant 70, the helicity formalism is
used based on the Isobar model describing the three-body decay as a two-step sequential
quasi-two-body decay. For each two-body decay 0 — 1 + 2, the helicity amplitude can be
written as

0—14+2 0—14+2 1Jox*
Axoine = Hx g Diga—x,(9,0,0), (4.1)
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Figure 4. Definitions for the helicity angles with different decay chains in the decay A} — ArT 0.
The notation g denotes the @ helicity angle of the decay of resonance R. For the AT helicity angle,
the superscripts 1, 2, and 3 are used to differentiate three decay chains. The notation qﬁg denotes
the ¢ helicity angle between the plane of B and the plane of its mother particle A. In convention,
the right-hand frame is chosen as the normal direction for a ¢ rotation, and the anti-direction
rotation is denoted as —¢ in the figure. In addition, the subscripts 1, 2, and 3 for A are also used to
differentiate three decay chains. The exact calculations of different helicity angles are implemented
according to the conventions in ref. [47].



where the amplitude Hf\)l_))\l'” is given by the LS coupling formula [48] along with barrier

factor terms

20+ 1 g\!
Hy ) = Zgls,/z To 71008010, ) (12 Ax = als, 8) (qo) Bi(a,q0,d),  (4.2)

where g, is the partial wave amplitude, Jo 12 are the spins of the particles 0, 1, and 2, A1 2
are the helicities for the particles 1 and 2, and 6 = A\; — Ao is the helicity difference. Here,
q is the three-momentum modulus of particle 1 in the rest frame of particle 0, which is
calculated as

VIm? = (my +mg)?[[m? — (m1 — my)?]

2m

qg= , (4.3)

where m, mq and my are the masses of the particles 0, 1, and 2, respectively. The
normalization factor qq is calculated at the nominal resonance mass. The factor Bj(q, qo, d)
is the reduced Blatt-Weisskopf barrier factor [49], which is explicitly expressed as

Bé(‘]u QO,d) = ]-a

1 + (god
Bi(¢,q0,d) = (Od))
9 + 3(god)* + (0d)*
Bh(
2 Q7 QO7 \/ 9+3 qd (qd)4 ) (44)
B 225 + 45(god)? + 6(god)* + (qod)"
3 qa q07 225 + 45 qd + G(Qd)4 + (qd)6 ’
B 11025 + 1575(god)? + 135(qod)* + 10(god)® + (god)®
1(¢, 00, d 11025 + 1575(qd)? + 135(qd)* + 10(qd)® + (qd)®

In the Wigner D-function, ngi\l_ 2, (#,0,0), ¢ and 0 are helicity angles, and are shown in
figure 4. The definitions can be found in ref. [47]. In eq. (4.4), the radius d is chosen as
d = 0.73 fm, which is the same as in ref. [50].

The amplitude for a complete decay chain is constructed as the product of each two
body decay amplitude and the resonant propagator R. For example, in the sequential decay
AF — Ap(770)F, p(770)" — 7779 A — pr~, the amplitude is written as

A = D0 AN TR B (Moep) 4550 AN (4.5)

+
A
N ApsAA

ANR

For the non-resonant (NR) decay, the amplitude , is replaced by setting RNR(M +40)

as unity, expressed as
NR _ AT —SNR+A NR—rt70 (A—pr—
A,\Aj,)\p = Z ,\A+,,\NR,>\AA/\NR,0,0 Andp,0 (4.6)
ANRAA
For the decay via the ¥* intermediate states, the amplitude reads

2 — AY HE m S*Ar g A—prT
A)‘A+ 7AP - Z A>\ AT E ORE* (MAW)A)\E* 7)‘A70A>\A7)‘P70 ’ (4'7)
¢ As# AN fe

~10 -



The propagator R includes different models. For ¥* resonances, the relativistic Breit-
Wigner formula is taken as

Ree(m) = —y———+ , (4.8)

mg —m? —imol'(m)

where the mass dependent width is

2[+1 m
Dm) =To (L) 0 BR (g,q0,0). (19)

For the p(770)" resonance, the Gounaris-Sakurai (GS) model [51] is used:

1 —i—Dro/mo
(m§ —m?) + f(m) — imeI'(m)’

R,(m) = (4.10)

where the mass dependent width I'(m) is defined with the same parametrization as eq. (4.9),
and f(m) and D are defined as

mé dh
Fm) =To ™50 ¢ 0h(m) — (mo)] + (mf = m®)a 3y (41
4o
h(m) = %%1 (W;;fq> (4.12)
g = o) [(863) ™ — (2m3) ] + (2mmd) (4.13)

_ £(0) _§m772r n<m0—l—2qo) n mo mZmg
- Tomo 7

-7 . 4.14
2mg 2mqo 7rq8’ ( )

The full amplitude is the coherent sum of all possible resonances and NR amplitudes, given as

NR
AAAivAP = (AA +5 )\ +AA +7)‘p>

ot 1/2

+ )\Z/ < A)\Aer\g,) D)\;/w)\p (apvﬁpfyp) (415)
E*O 1/2

+z (437 ) D2, (o B)

where the extra alignment D-functions are added to align the helicities of the final state
protons. The details of the alignment angle calculations can be found in appendix A and
in ref. [47].

For simplicity in the PWA fit, an overall resonance amplitude for each component term
in eq. (4.15), as those listed in table 4, can be derived to represent the overall magnitude
and phase of the specific component, while in each cascade process, one of partial wave
amplitudes g;s can be taken as reference amplitude with fixed amplitude of constant 1 (as
the fixed amplitudes listed in table 5). Hence, the relative magnitudes and phases of the
other partial wave amplitudes in each cascade process (as the free amplitudes listed in
table 5) are left free in the fit.

- 11 -



4.3 Likelihood function construction and fit fraction

The probability density function for a given event is constructed using the full amplitude as

1
AP =2 Y ‘AAAJ,Ava (4.16)

2, Ap

[A[”

P=Tlazas

+
Al

where the factor 1/2 arises from the average of the initial A spin under the assumption of non
polarization. Possible polarization effects are considered with the systematic uncertainties.
The integration is calculated with a MC method via sufficiently large PHSP samples passing
the simulated detector reconstruction stage, and we have

> A (4.17)

/ |A]2d® o
PHSP ;cpysp

The negative log likelihood (NLL) is constructed by summing all signal candidates and
subtracting the Mpc sideband backgrounds

—InL=—-a«a [ Z In P(z;) — whyg Z In P(x;) |, (4.18)

i€data i€sideband

where w{)kg = Wpkg - Ni; d;f:nd, Whpke is the background fraction listed in table 3, Ngata and
Ngideband are the events in the Mpc signal region and sideband region, respectively. To
achieve an unbiased uncertainty estimation, the normalization factor derived from ref. [52]

is taken into account, expressed as

Naata — Nsidebandw,
bk
a= p (4.19)
Ngata + N, sideband Whkg

An individual NLL is first constructed separately for a given energy point, and the joint
NLL is obtained by summing over the NLL values of the different energy points. After
minimizing the joint NLL, the parameter error matrix is calculated by the inverse of the
Hessian matrix

9%In L
vil_— "= 4.20
Y 0X,0X;’ (420)

where X; is the ¢-th floating parameter in the fit.
The fit fraction (FF) for each resonant component can be calculated as

[ Ai2d®’
FF) = —————, 4.21
TS A 2y

where A; is the amplitude of the i-th component and the integration is calculated by the
sum of truth level PHSP MC samples before requiring detector acceptance. Hence, the FFs
of the interference part can be calculated as

~[A+ A 2de

FF; ; =
T SIS Akl

— FF; — FF;. (4.22)
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Process Magnitude Phase ¢ (rad)  FF (%)  Significance
Ap(770)F 1.0 (fixed) 0.0 (fixed)  57.2+42 3690
E(l385)+7T0 0.43+£0.06 —0.23+0.18 7.18£0.60 14.8¢0
$(1385)07F 0.37+0.07 2.84+£0.23 7.92+0.72 1600
2(1670)+7T0 0.314+£0.08 —-0.77+£0.23 2.90+0.63 5.1c
2(1670)07r+ 0.41 £ 0.07 2.77+0.20 2.65 + 0.58 5.20
2(1750)+7T0 1.7%5+£0.21 —-1.73£0.11 16.6 2.2 10.10
2(1750)07r+ 1.83 £ 0.21 1.34 £0.11 175+ 2.3 1020
A+ NR;-  4.05+0.47 2.16 £ 0.13 29.7+4.5 10.5¢0

Table 4. Numerical results of the total amplitudes for different components in the nominal fit,
along with the FFs and the corresponding significance. The total FF is 141.8%. Only statistical
uncertainties are listed.

The statistical uncertainties for FFs are obtained with the standard form of error propa-
gation. Let Y be the variable whose error needs to be calculated, X the variables with
a corresponding error matrix V;; in eq. (4.20) and p the nominal results of the floating
variables X, the squared uncertainty of Y is estimated as

oY )4
V=2 0X;) x—p 7 \0X; X

ij

(4.23)

4.4 Nominal fit results

The starting point in the construction of the nominal fit hypothesis of the PWA is the
inclusion of the main resonances involved in the decay, i.e. £(1385)", £(1385)° and p(770).
The p(770)" component is chosen as the reference channel due to its dominant contribution,
and the magnitude and phase of its total amplitude are fixed to one and zero, respectively.

In addition, the statistical significance of the contribution from excited X states is
evaluated, including »(1660), 3(1670), 3(1750), X(1775), 3(1910), 3(1915), and ¥(2030)
(considered as established by the PDG [11] with a score of at least four stars), as well as
from the S-wave (NRy+), P-wave (NR;-), and D-wave (NRy+) non-resonant components
in the M+ 0 spectrum, based on the change of the NLL value when including singly each
of these components. The statistical significance is calculated from the change of the NLL
values with and without including the component, by taking into account the change of the
number of degrees of freedom. The results show that the resonances ¥(1670) and (1750),
along with the non-resonant components NR;-, have statistical significance larger than 50,
while none of the other tested contributions exceeds this threshold.

Therefore, the nominal components are determined to be the p(770)%, ¥(1385)%,
¥(1385)Y, $(1670)*, ¥(1670)°, ¥(1750)F, and $(1750)° states, as well as the NR;- compo-
nent, whose statistical significances are listed in table 4. The mass and width parameters
of the p(770)%, £(1385)F, and £(1385)° states are fixed to the corresponding world av-
erage values [11], while the resonance parameters of the other ¥* resonances are taken

~13 -



IHAF) = 3%(2(1385)F) + 07 (x)

I A) = 37(2(1385)0) + 0 (n 1)

Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
glz(§1385)+ 1.0 (fixed) 0.0 (fixed) 91221385)0 1.0 (fixed) 0.0 (fixed)
1) ’2
g 1.29 +0.25 2824018 | ¢ 170+038 2704022
1) ’2
+ - _ + - _

3 (AD) = 37 (2(1670)7) + 0~ (n) 3 (Af) — 37(2(1670)%) + 0~ ()
Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
g e 1.0 (fixed) 0.0 (fixed) | g0 1.0 (fixed) 0.0 (fixed)

5 2
g oo 1.39 + 0.42 0.85 + 0.26 SUSTOP 074018 0.20£0.24
2 2

1 (AS) = 17 (2(1750)T) + 0~ (#9)

YA = 17 (2(1750)%) + 0~ (x )

Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
g T 1.0 (fixed) 0.0 (fixed) | g™ 1.0 (fixed) 0.0 (fixed)
) 2
g o 045+£0.10 2284022 | ¢ ™" 038+£0.10 203020
2 2
+ + _ + + _
3 (AD) = 57 (A) + 17 (p(770)") 3 (M) = 37 (A) + 17 (NRy-)
Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
9h 1 1.0 (fixed) 0.0 (fixed) g0 1.0 (fixed) 0.0 (fixed)
12 2
9y 0.48 +0.12 —1.69 £0.12 gy 0.94+0.12 —0.494+0.16
12 2
9y s 0.90 £ 0.10 0.48 +0.13 g8 0.21 £0.09 —2.8440.53
12 72
9 s 0.55 4 0.08 —0.044+0.18 938 0.334+0.14 —1.9240.30
12 72
+ + L
3 (M) =5 (p+0(r)
Amplitude Magnitude Phase ¢ (rad)
9o 1.0 (fixed) 0.0 (fixed)
12
gty 0.435376 (fixed) 0.0 (fixed)
12

Table 5. Numerical results of the partial wave amplitudes g; for different resonances in the nominal
fit. Only statistical uncertainties are listed.

from the most recent measurements [53]. Moreover, the A decay asymmetry parameter
ap = 0.732 £0.014 [11, 54-56] is used, as discussed in section 4.5.

The constructed NLL of the nominal fit contains 38 floating parameters in total,
consisting of magnitudes and phases of the total amplitudes (14) and partial wave amplitudes
(24), whose fit results are listed in table 4 and table 5. The fractions of the interference

~ 14 -



LF. A+ NR-  2(1385)%F  2(1385)Ta0  2(1670)°xt  £(1670)tx°0  T(1750)%7F  £(1750)F 70

1750)%7% | —8143.1 —0.03+0.00 0.43+0.07 —0.0140.00 0.08+0.05
1750)*7% | —7.243.1 0.35+£0.08 —0.024+£0.00 0.234+£0.05 —0.00%£0.00 —6.23£0.92
Ap(770)F —27+44 -5944+056 —-6.01+£046 0.72+0.29 1.29 +0.26 —-21+1.3 -31+13

$(1385)°7F | —0.50 & 0.38

»(1385)T70 | —0.76 +£0.36  —0.05 & 0.04

»(1670)%7F | —0.36 £ 0.17 —0.00£0.00 —0.66 £ 0.09

»(1670)T7% | —0.34+£0.15 —0.58+0.12 0.00+0.00  0.04 4 0.02
(1750)
(1750)

Table 6. Interference fractions (I.F.) between AT amplitudes in units of percentage. The uncertain-
ties are statistical only.

- 4 - 4
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Figure 5. The Dalitz plot distributions of data (left) and fit results (right).

parts can be found in table 6. The Dalitz plot distributions of data and fit results are
shown in figure 5, and other one-dimensional projections are shown in figures 6 and 7.
Using the FFs listed in table 4 multiplied by the total three-body BF B(A} — Artn0) =
(7.1£0.4)% [10, 11] and considering the intermediate BF B(X(1385) — Aw), the absolute BFs
of the involved resonances are obtained as listed in table 7. For the resonances p(770)* and
Y(1385), further studies on the decay asymmetries and the relevant systematic uncertainties
are performed, in order to better confront them with the theoretical calculations.

4.5 Decay asymmetry parameters

The decay asymmetry parameters « are related to the interference effects among the different
partial waves, and the corresponding expressions are considered in the formula of the partial
wave amplitudes. When the intermediate state is at its nominal mass, the helicity amplitude
of a two-body decay can be written under LS coupling expansion [48] as

204+ 1
H)\1,)\2 = Zgls m(loa 85|J0a5><‘]1<]23)\1 - )‘2’5a6>a (424)
ls

where g;s is the partial wave amplitude.
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Figure 6. Projections of the fit results in the invariant mass spectra M +,0, Mp + and My o.
Points with error bars denote data. Different styles of the curves denote different components.

Result
BAF = Ap(770)*
W (57.2 £ 4.2+ 4.9)%
B(AT —3(1385) T 70)-B(2(1385) T —Ax+
(A =2 B()AgJAﬂ(+§o> ) ) (7.18 4 0.60 & 0.64)%
B(AF—3(1385)%7+)-B(£(1385)0 — An®
(A =3 B(/)X;"—>)/\WELW(0) ) oAr) (7.92 4+ 0.72 £+ 0.80)%

B(AF — Ap(770)™) (4.06 + 0.30 £ 0.35 £ 0.23) x 1072
B(AF — ¥(1385)F7Y) (5.86 +0.49 £ 0.52 + 0.35) x 1073
B(A} — ¥(1385)7T) (6.47 +0.59 £ 0.66 & 0.38) x 1073

QU p(770)+ —0.763 £ 0.053 4 0.045
Qrs3(1385)+ 70 —0.917 £ 0.069 & 0.056
r3(1385)07+ —0.789 £ 0.098 & 0.056

Table 7. Numerical results of the BFs and decay asymmetry parameters, where the first uncertainties
are statistical and the second systematic. For the absolute BFs, the third uncertainties are due to
the quoted external BFs B(A} — ArTn%) and B(X(1385) — Ax). The relative BFs are equivalent
to the FFs listed in table 4.
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Figure 7. Projections of the fit results in the distributions of helicity angles.
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When considering the decay A — pm—, the two helicity amplitudes are obtained as

(983 =91y)

A
Ho,i% =7 (4.25)
and the A decay asymmetry parameter ap is expressed as
2R (gl )
ap = — 2 = (4.26)

|H$%\2+|Hé\7_%]2 ‘93%‘2+‘9ﬁ%‘2’

which represents the interference between the S and P partial wave amplitudes. In eq. (4.16),

the helicity of the proton A\, = —1/2 and A\, = 1/2 is summed directly outside the module

square. This reduces the relative partial wave amplitude gi\ v/ gé\ 1 by one degree, by fixing
2 12

the phase of gi\ ; to zero and the magnitude to the value listed in table 5 according to
2
eq. (4.26) with the input value ay = 0.732 £+ 0.014.
The decay Af — Ap(770)* is described by four helicity amplitudes and the differential

decay width depends on the decay asymmetry ay,770)+ [57]

dr’

m XX 1 -+ OéAp(770)+ QA - COS @A, (427)

where O, is the A helicity angle, denoted as 6, in figure 4. Using eq. (4.24), the four
helicity amplitudes are denoted as

go1 1 g Ghs
le — __02 + 2 > 2 + P
Tl VB VB Ve VB
p p p p
He, = ISR BERCE BRCY
—3.0 V6 V6 V3 V3T 198
p P p p (4.28)
9or 911 Y13 Yy
HY = 03 “1L3 L3 n 2,3
30 V6 V6 V3 VB
p p p p
JORCE ST St NS

VB V3 V6 V6
The decay asymmetry ay,770)+ can be expressed with the partial wave amplitudes as
’H§71’2 - ’Hf%7_1’2 + ’ng’z - ‘Hf%70|2
QAp(T70)+ =
TN HE P HT, P [H P [H

1 PSP PP 8 p =P PP
\/;'2'%<go,é ‘91’% —917% ‘9273) - \/;~2-§)‘E<goé ‘91’% +91,% '9273>
|2+|gf,%|2+|gig|2+|g§’% 2 ‘
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ﬂ:’
E*

CM frame A} rest frame

_—
"

A} rest frame X" rest frame

Figure 8. Definitions of helicity angles for the cascade process ete™ — AFAZ, AF — Y*m,
¥* — Am, where ¥* denotes 3X(1385)" or £(1385)". The convention of the notation is the same
with figure 4.

For the process A} — (1385), the corresponding decay asymmetry appears in the
differential width expression [27]

dr
dcosf..d cosb A+ d cos Os:« dqbf\eér

o (74 9cos(205+)) -
(4.30)
(1 + ap cos? (Oee) + aseny/1 — oz% sin Ag cos 0, sin O, sin HA:F sin ¢ie+> ,

where o and Ag are constants related to the A} A; production, and the definitions of
the individual helicity angles can be found in figure 8. There are two different helicity
amplitudes in this process, which can be written using eq. (4.24) as

$(1385) |, 3(1385)
E(1385) _ <92’% 04 ) (4.31)
0+ T V2 ) )

Thus, the decay asymmetry oy (1385), can be expressed with the partial wave amplitudes as

$(1385) _%(1385
|H02(11385)’2 _ ’Hg)(_lii%)‘g R (Ql(% ) g ( ))
b 'y g ’

2,3
O%(1385)r = |H2(11385)’2 4 ’H2(1?85)‘2 - ’g2(31385) (1385)’2 ‘ (4.32)
0,3 0,—1 1,2

2 %
*+ g,

3
2

Through the nominal fit results of the partial wave amplitudes listed in table 5, the decay
asymmetry parameters can be obtained, as listed in table 7. The statistical uncertainties of
the asymmetry parameters are calculated via error propagation in eq. (4.23).
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FF 0+ FFsgusss)+  FFsasgspo  aaprro+ Xs(asgs)+a0 Qs (1385)0q+

I 0.47 0.32 0.62 0.15 0.18 0.32
II 0.15 0.14 0.15 0.16 0.01 0.01
III1 0.88 0.39 0.36 0.50 0.07 0.29
v 0.11 0.41 0.26 0.21 0.22 0.21
\Y 0.06 0.25 0.43 0.03 0.07 0.03
VI 0.49 0.79 0.65 0.57 0.74 0.20
VII 0.08 0.13 0.01 0.20 0.16 0.23
VIII 0.20 0.10 0.13 0.08 0.06 0.04
Total 1.15 1.08 1.11 0.84 0.81 0.57

Table 8. Systematic uncertainties (in units of corresponding statistical uncertainties) on the FFs of
3(1385)F, £(1385)" and p(770)", and the corresponding decay asymmetry parameters aa (770)+,
axy(1385)+70 and ax(13gs)or+. The total systematic uncertainties are obtained by summing up all
contributions in quadrature.

5 Systematic uncertainties

The systematic uncertainties of the observables, including the FFs of the components
p(770)T, £(1385)F, and £(1385)°, as well as their decay asymmetry parameters QA p(T70)+ >
Q5(1385)+70, and axy(1385)0,+, are estimated. In general, the following sources are considered:
(I) fixed parameters, (II) mass dependent width, (III) radius parameter, (IV) background
description, (V) data-MC differences, (VI) resonance components, (VII) polarization of the
initial A}, and (VIII) fit bias. All the systematic uncertainties are listed in table 8.

I. Fized parameters. In the nominal fit, the mass and width parameters of resonances
and the A decay asymmetry parameter are fixed according to refs. [11, 53-56]. To
estimate the relevant systematic uncertainties, the fixed parameters are varied within
410 and the fit procedure is repeated. The quadratic sums of the largest variations
from each parameter are assigned as systematic uncertainties.

II. Mass dependent width. In the nominal fit, the running width is used as in eq. (4.9) to
describe the width of a resonance. To estimate the potential systematic uncertainties,
an alternative method using a pseudo coupled channel approach is considered, where
the full width consists of partial widths from the main decay channels NK, ¥, and
A, as described in refs. [53, 58]. Using the coupled channel widths, the fit procedure
is repeated, and the resulting variations are assigned as systematic uncertainties.

III. Radius parameter. In the nominal fit, the radius parameter d is chosen as d =
0.73 fm [50]. To estimate the potential bias, the fits are performed by setting d at the
alternative values derived from ref. [50], d = 0.53 fm and d = 1.16 fm, and the largest

variations are assigned as systematic uncertainties.
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Iv.

VI

VIL

Background description. The systematic uncertainties arising from the background
description originate from two sources: background fractions and background shape.

In the nominal fit, the background fractions are fixed according to the fit results given
in table 3. To estimate systematic uncertainties, the background fraction for each
energy point is varied within £1 ¢, and the fit procedure is repeated. The quadratic
sums of the largest variations from each fraction are assigned as the associated
systematic uncertainties.

For the background shape, the Mpc sideband is used to describe the background
components in the Mpgc signal region. To understand the possible bias coming from
the background modelling based on sideband data, this approach is tested on a large
toy MC sample generated according to the fitted amplitudes in the nominal fit plus
the background processes in the inclusive MC samples. The PWA fit is applied to the
toy sample and the variations of the output fit results from the input amplitudes are
assigned as systematic uncertainties.

Finally, the systematic uncertainties arising from background description are assigned
as quadratic sums of the above two sources.

Data-MC differences. To estimate possible systematic uncertainties due to the
difference between the MC-determined efficiency and the experimental one, the
effects from tracking and PID of 7T candidates, and the reconstruction of A and 7
candidates are considered. The reconstruction efficiency differences between data and
MC simulations have been investigated in previous studies, such as A reconstruction
in ref. [59], 7 reconstruction in ref. [60], and 7t tracking and PID in ref. [61].
The correction factors w = epata/enmc are assigned as the weighting factors of the
PHSP MC sample and the fit procedure is repeated. Including the weighting factors,
eq. (4.17) becomes

/yAPdcb - w(zs) - | A, (5.1)

ZiGPHSP U)(IL’Z) icPHSP

where w(x;) is the weighting factor for the i-th event. The resulting variations on the
final results are considered as systematic uncertainties.

Resonance components. To estimate the systematic uncertainties from resonance
components, the amplitude fit is repeated by including each possible additional
resonance among those listed in section 4.4. The corresponding largest changes on
the fit results among all variations of resonance components are taken into account as
systematic uncertainties.

Polarization of initial A . In the nominal fit, the total amplitude is constructed using

eq. (4.16), where the initial state A} is assumed to be unpolarized. To estimate the
systematic uncertainties due to polarization of initial A}, the polarization parameters
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VIIL

P, . are introduced as free parameters, and the total amplitude is rewritten as

1 —i A,
(A,l by Al A ) C T ! * },)Z Px ZPy . é)\p . (52)
@M TeM) 9\ P +iP, 1- P, :

1
3P

‘A/|2:Z

Ap

Here, the polarization parameters indicate the average polarization of a single A.
Then, using the alternative total amplitude, the fit procedure is repeated, and the
corresponding variations are assigned as systematic uncertainties.

Fit bias. To estimate the potential fit bias effect, an input-output check is performed.
Several toy MC samples are generated, where the signal events are generated according
to the results of the nominal fit, and the background events are generated using a
bootstrap method [62]. The PWA fit is performed to each toy sample and the
pull distributions for every fitted variable are plotted. The mean values of the
pull distributions, which indicate a possible fit bias, are considered as systematic
uncertainties.

The total systematic uncertainty is obtained by summing up all contributions in

quadrature, as listed in table 7. The systematic uncertainties of the BFs are of a similar

size as the corresponding statistical uncertainties, while the systematic uncertainties for the

decay asymmetry parameters are rather smaller.

6 Summary

To summarize, based on the eTe™ collision samples corresponding to an integrated luminosity
of 4.4 fb~! collected with the BESIII detector at c.m. energies between 4.6 GeV and 4.7 GeV,
the first PWA of the charmed baryon hadronic decay A} — Ant7¥ is performed. Based on
the analysis results, the relative BFs for the resonant components are measured to be

B(A} — Ap(770)T)
B(AF — Antn0)
B(Af — $(1385)T70) - B(2(1385)" — Axnt)
B(AL — Antr0)
B(AF — 3(1385)%7T) - B(2(1385)" — An?)
B(AF — Antr0)

= (57.2 £ 4.2 £ 4.9)%,

= (7.18 £ 0.60 = 0.64)%,

= (7.92 +0.72 £+ 0.80)%.

Here, the first uncertainty is statistical and the second is systematic. After taking into
account B(AF — Artn%) = (7.1 £ 0.4)% and B(X(1385) — Arn) = (87.5 £ 1.5)% [11], the
absolute BFs are obtained for the first time:

B(A] — Ap(770)") = (4.06 £ 0.30 4 0.35 & 0.23)%,
B(A — %(1385)"7°) = (5.86 + 0.49 + 0.52 + 0.35) x 107,
B(Af — ¥(1385)°7") = (6.47 4 0.59 + 0.66 £ 0.38) x 1073,
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Theoretical calculation This work PDG
102 x B(AF — Ap(770)T) | 4.81+0.58 [13] 4.0 [14, 15] 4.06 + 0.52 <6

10® x B(Af — X(1385)*7%) | 2.8 +£0.4 [16] 2.2+0.4 [17] 5.86 & 0.80 —

10% x B(Af — %(1385)%7F) |  2.8+£0.4 [16] 2.2+0.4 [17] 6.47 4 0.96 —

Qp p(770)+ —0.27+0.04 [13] —0.32 [14, 15] | —0.763 £0.070 | —
OU33(1385)+ 70 —0.917015 [17] —0.917+0.089 | —
O3 (1385)07+ —0.91F545 [17] —0.79+£0.11 —

Table 9. The comparison among this work, various theoretical calculations and PDG results. Here,
the uncertainties of this work are the combined uncertainties. “—” means unavailable.

where the third uncertainty is due to the input B(Af — Ant70) and B(X(1385) — Ar).
Based on the results of the PWA, the decay asymmetry parameters for the resonant
components are determined for the first time:

app(rroyt = —0.763 = 0.053 £ 0.045,
arsy(1385)+x0 = —0.917 % 0.069 = 0.056,
as(1385)0n+ = —0.789 % 0.098 = 0.056.

The comparison between this work and various theoretical calculations can be found
in table 9. The A} — Ap(770)" BF presented in this paper has good agreement with the
theoretical predictions evaluated in refs. [13—15]. However, the corresponding asymmetry
parameter differs significantly with their calculations. The comparison of the measurements
presented here with the prediction of refs. [16, 17] for the decays Af — ¥(1385) () 70(+)
presents an opposite situation; the asymmetry parameters are in good agreement, but a
more than 3o difference is observed between the BF values. As none of the theoretical
models is able to explain both the BFs and the decay asymmetries, the results reported in
this paper provide a crucial input to improve and extend the current understanding of the
dynamics of the charmed baryon hadronic decays.

A Alignment angle calculation

In the helicity formalism, several alignment angles are used in constructing the full amplitude
as expressed in eq. (4.15). Here, we detail the calculations of the alignment angles. The
alignment angle is the correction of different definition of z-axis in helicity amplitude.
Suppose an arbitrary decay 0 — 1 + 2, of which the helicity formula can be expressed as

(p1, A\1:p2, A2|U Do, Ao) = H,\l,,\nggjk,\l_,b((ﬁ, 6,0), (A.1)

where pg 1,2 are momenta, and Ag,1 2 are helicities for the particles. This means the evolution
operator U can be divided into two parts, the rotation part R

(po, M — X2|R($,0,0)|po, Ao) = D%\, _,(6,6,0) (A2)

~ 93 -



and the energy depended part H), »,. The rotation operator gives a clear definition of A\;
and Ao that the z-axis is the direction of pi in the rest frame of py, which can be denoted
as Euler rotation R(¢,0,0). In sequence decay, all rotation from initial state to the final
states should be considered.

In our A} — Ant7% A — pr~ process, there are three decay chains, which have been
shown in figure 4. Following the rotation sequence, we can get the expressions below.

o For the decay chain AT — Ap(770)", the rotation is expressed as:

+
Ry = R(6}", 00, 0) B0y ) Ra(m) R(9) 1,01, 0), (A.3)
where the Euler rotation R(¢,6,0) can be expanded as R, (0)R.(¢), B, denotes boost
operation and R, (7) part means rotation from p(770)" direction to the A direction,

where the rotation R, () will satisfy the relation R, (7w)R(¢,0,0) = R(¢ — 7,7 —6,0).

o For AT — 2*F 70, it is expressed as:

RE*JF :R(¢£270A270) ( Z*Jr) (¢E*+ 02*+7O>B3<p2*+) <¢A+’0A+’ ) (A4)

o For Af — 2*077F it is expressed as:

Ryeo = R(45%,04,,0)B.(p% YR(¢% ", b50,0) B (ps0) R (¢h+:0%+,0). (A5)

When we take the decay chain A7 — Ap(770)" as a reference chain, the rotation of
alignment is defined as:

Rahgn RpREE-H Rahgn - R R_

»*t $1%0 %0 - (AG)

Using the 2-dimensional representation of SU(2) group, the rotation and boost operations
can be expressed with:

-i2 0 0 —w/2
mwzt %)&@zﬁﬁ %ﬂﬂ&%{% jg, (A7)

S1n 5 COS b

li . .
2UEY into several rotations with Euler

_ 1
where w = arccosh ( \/@), we can convert R,
angles which are the expected alignment angles and can be solved with the equations:

R;diin = Bz(w)Rz(Vp)Ry(ﬁp)Rz(Qp)a R;dl%n = Z(W/)RZ(V;;)Ry(ﬂ;)Rz(a;)- (AS)
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