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Abstract: Based on a sample of 2.7 x 10° (3686) events collected by the BESIII detector operating at the BEP-
CII collider, the decay ¥(3686) — yxcJ,xcs — nmn’ is analyzed. The decay modes y.; and y., — nnn’ are observed
for the first time, and their corresponding branching fractions are determined to be B(y. — nmn’) =
(1.40 +0.13 (stat.) £ 0.09(sys.)) X 10~* and Blxcr — nnn’) = (4.18 £0.84 (stat.) £ 0.48 (sys.)) X 1075, An upper limit
on the branching fraction of y.o — 7y’ is set as 2.59x 10 at a 90% confidence level (CL). A partial wave analys-
is (PWA) of the decay x.1 — nni’ is performed to search for the 1% exotic state 71(1855). The PWA result indic-
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ates that the structure in the 7’ mass spectrum is attributed to fy(1500), while in the nn mass spectrum, it is attrib-
uted to the 0** phase space. The upper limit of B(y.1 — n1(1855)n)- B(n1(1855) — nn’) <9.79 x 1073 is set based

on the PWA at 90% CL.
Keywords: BESIII, Hydron physics, Hybrid
DOI: 10.1088/1674-1137/addfcc

I. INTRODUCTION

The quark model describes mesons as being com-
posed of a quark and an antiquark (¢g), while quantum
chromodynamics (QCD) allows the existence of exotic
states. Exploring spin-exotic states is an important area of
research. These states have exotic quantum numbers bey-
ond those in the quark model, such as J*¢ =07, even",
and odd ™", which can be easily identified.

A hybrid state is an exotic state composed of a quark,
an antiquark, and an excited gluon field, which reflects
the gluonic degrees of freedom. The 17+ hybrid state, pre-
dicted by lattice QCD (LQCD) as the lightest hadron with
spin-exotic quantum numbers, is estimated to have a mass
in the range of 1.7-2.1 GeV/c* [1]. Recently, LQCD in-
vestigated the production of 17* hybrid in J/y radiative
decay and its possible decay modes [2, 3]. The isovector
state m;(1600) has long been considered an experimental
candidate for the 17* spin-exotic nonet [4—7]. CLEO-c
found a clear P-wave signal in the '7* system around 1.6
GeV/c? from the y., — n’n*x~ process [8]. Recently, the
17 isoscalar state 1;(1855) was discovered in the r;’ sys-
tem by BESIII via J/y — yniy' [9, 10], and it was con-
sidered a partner of 7;(1600), marking a new research dir-
ection for spin-exotic states. These research results help
understand the production mechanism of the 1=+ spin-
exotic state. 77;(1855) can be observed via y.; — n,(1855)n
with 7;(1855) — nry'.

Based on a sample of 2.7 x 10° (3686) events collec-
ted by the BESIII detector [11], the decay ¢(3686) —
YXcis Xes — nmy’ 1S analyzed in this study to search for
n1(1855). n’ is reconstructed via ' — yx*n~ and ' —
nr*n~, and 7 is reconstructed via yy.

II. BESHHI DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [11] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [12], with a
center-of-mass energy ranging from 1.84 to 4.95 GeV
and a peak luminosity of 1.1x10* cm™ s achieved at
/s =3.773 GeV. BESIII has collected large data samples
in this energy region [13]. The cylindrical core of the BE-
SIII detector covers 93% of the full solid angle and in-
cludes a helium-based multilayer drift chamber (MDC),
time-of-flight system (TOF), and CsI (T1) electromagnet-
ic calorimeter (EMC), which are all enclosed in a super-

CSTR: 32044.14.ChinesePhysicsC.49123001

conducting solenoidal magnet providing a 1.0 T magnet-
ic field. The solenoid is supported by an octagonal flux-
return yoke with resistive plate counter muon identifica-
tion modules interleaved with steel. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the resolu-
tion of the specific ionization energy (dE/dx) 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 plastic scintillator barrel region is 68 ps, while that
in the end-cap region is 110 ps. The end-cap TOF system
was upgraded in 2015 using multi-gap resistive plate
chamber technology, providing a time resolution of 60 ps.
This benefitted 85% of the data used in this analysis
[14—-16].

Monte Carlo (MC) simulated samples produced with
GEANT4-based [17] software, which includes the geo-
metric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and
estimate backgrounds. The simulation models the beam
energy spread and initial state radiation (ISR) in the e*e”
annihilations with the generator KKMC [18, 19]. The in-
clusive MC sample includes the production of the
¥(3686) resonance, ISR production of J/y,and con-
tinuum processes incorporated in KKMC [18, 19].
Known decay modes are modeled with EVTGEN [20, 21]
using branching fractions taken from the Particle Data
Group (PDG) [22]. The remaining unknown charmoni-
um decays are modeled with LUNDCHARM [23, 24]. Fi-
nal state radiation (FSR) from charged final state particles
is incorporated using the PHOTOS package [25]. Exclus-
ive MC samples are generated to determine the detection
efficiency and optimize selection criteria. The signal is
simulated with the E1 transition y(3686) — yy.;, where
the polar angle 8 of the radiative photon in the e*e™ cen-
ter-of-mass frame is distributed according to (1 + Acos?6).
For /=0, 1, and 2, A is set to be 1, —1/3, and 1/13, re-
spectively [20, 21]. The decay 1’ — yn*n~ is simulated by
a model that considers both the p—w interference and
box anomaly [26], while the decay ' — na*n~ is simu-
lated with a model based on the measured matrix ele-
ments [27]. Other processes are generated uniformly in
phase space (PHSP).

III. EVENT SELECTION
Charged tracks detected in the MDC are required to
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have a polar angle (¢) within the range of |cos6| < 0.93,
where 6 is defined with respect to the z-axis, which is the
symmetry axis of the MDC. The distance of the closest
approach to the interaction point (IP) must be less than 10
cm along the z-axis and less than 1 cm in the transverse
plane. Two good charged tracks are required in the final
state, and the total charge must be equal to zero.

Particle identification (PID) for charged tracks com-
bines measurements of the d£/dx in the MDC and the
flight time in the TOF to form likelihoods L(h)
(h=p,K,m) for each hadron (%) hypothesis. A charged
track is identified as a pion when the pion hypothesis
yields the maximum likelihood value, i.e., L(1)> L(K),
and L(n) > L(p). The two good charged tracks must both
be identified as pions.

For selecting good photon candidates, the deposited
energy for the cluster must be larger than 25 MeV in the
barrel (Jcos6] < 0.80) or 50 MeV in the end-cap (0.86 <
|[cosf] <0.92) regions. To exclude spurious photons
caused by hadronic interactions and final state radiation,
photon candidates must be at least 10° away from any
charged tracks when extrapolated to the EMC. The differ-
ence between the EMC time and event start time must be
within [0, 700] ns for suppressing electronic noise and
unrelated showers.

For the w(3686) — yxcs, Xes = 1y, and 7’ — yn*n~
modes, events are reconstructed with two oppositely
charged tracks and at least six candidate photons. A six-
constraint (6C) kinematic fit under the hypothesis of
¥(3686) — yymmr*n~ is performed by imposing the en-
ergy-momentum conservation and constraining the mass
of each pair of photons to the nominal # mass from the
PDG [22]. If there is more than one combination, the one
with the minimum y? value of the fit (denoted as y%.) is

retained. The result y%. needs to be less than 20, which is
obtained by optimizing the figure of merit (FOM). The

S
FOM is defined as FOM = Nyt where S represents

the normalized number of signal events in the signal MC
samples, and (S + B) corresponds to the number of data
events. 4C kinematic fits are performed by imposing the
energy-momentum conservation under the hypotheses of
W(3686) — Syntn~, Y(3686) - 6yn*n~, and ¥ (3686) —
Tyn*n~ to suppress backgrounds with five or seven
photons in the final state. y3-(6y7*n") needs to be less
than all possible y3-(5yx*n") and x3.(7yx*n"). To recon-
struct the 7’ candidate, the y7*n~ combination with the
minimum |M(yr*n~)—m,| is selected, where m, repres-
ents the nominal 7 mass taken from the PDG [22].
Events with |M(yr*n™)—m,|<0.01 GeV/c* are selected
for further analysis. To suppress backgrounds containing
7%, events with |M(yy)—m,| < 0.02 GeV/c? are rejected,
where M(yy) represents the invariant mass of each
photon pair except the two-photon pairs assigned to 7,
and m, represents the nominal #° mass [22]. The invari-
ant mass distribution of ya*n~ is shown in Fig. 1(a).

For the decays ¢(3686) = yx.s, xey—mmn’, 7 —
na*n~, events are reconstructed with two oppositely
charged tracks and at least seven candidate photons. A
seven-constraint (7C) kinematic fit under the hypothesis
of ¥(3686) — ynnnr*n~ is performed by imposing the en-
ergy-momentum conservation and constraining the mass
of each pair of photons to m,. If there is more than one
combination, the one with the minimum y? value of the
fit (denoted as x?.) is retained. The result y3. is required
to be less than 55, which is obtained by optimizing the
FOM, similarly to the optimization performed for the
n — yn*n~ mode. To suppress backgrounds with eight
photons in the final state, 4C kinematic fits are per-

60F
-+ Data |+ Data
a [ —MC <~ [ —MC
L Inclusive MC L 40 - inclusive MC
> 40| 3 |
= B =
T | = |
0 - 0
2 v 20
S 20 S
> i > -
R T [ by
ARG L T R ) ISP 0. fft 1T TG1AAL
8.85 0.9 0.95 1 1.05 8.85 0.9 0.95 1 1.05
M(yn*)(GeV/c?) M(nrn)(GeV/c?)
(a) (b)
Fig. 1.  (color online) Invariant mass distributions of (a) n” —» ynx*x~ and (b) ° — nr*a~ within the entire y.; range (3.34-3.64

GeV/c?). The black points with error bars are data, the red solid histograms are the signal MC, and the green dashed histograms are the
inclusive MC. The events between the blue arrows are the selected signal events, and the events between the green arrows on the same

side are the selected sideband events.
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formed by imposing the energy-momentum conservation
under the hypotheses of y(3686) — 6yn*n~, ¥(3686) —
Tyn*n~, and ¥(3686) — 8yn*n. xi-(Tyn*n~) needs to be
less than y3-.(8yx*n™). All selected events satisfy
Xic(Tyn*n™) < xic(6yn*n™). The pr*a~ combination with
the minimum |M(na*n~)—m,| is used to reconstruct the
' candidate. Events with |[M(nr*n™)—m,| < 0.01 GeV/c?
are selected for further analysis. Backgrounds containing
n¥ are suppressed by rejecting events with |M(yy) —myo| <
0.02GeV/c?. The invariant mass distribution of nr*n~ is
shown in Fig. 1(b).

IV. MEASUREMENT OF ., — npiy

A. Background estimation

Potential backgrounds are studied using the inclusive
MC samples of (3686) decays. The backgrounds fall in-
to three categories: non-y.;, non-’, and processes in-
volving both #° and y.. Non-y. backgrounds are
modeled using a polynomial function when fitting the in-
variant mass distributions of nnn’. Non-r backgrounds
are estimated using the ’ mass sidebands in the data. The
sideband regions for 1’ are defined as [0.925, 0.935] and
[0.98, 0.99] GeV/c?. The n’ signal shape is determined
from the shape of the signal MC sample, and the r’ side-
band shape is described by a linear function. Back-
grounds containing both y., and 7' are peaking back-
grounds. To estimate the peaking backgrounds, exclusive
MC samples with high statistics are generated for these
peaking background processes as indicated in the inclus-
ive MC. The peaking background contributions are nor-
malized with the corresponding branching fractions from
PDG and efficiency obtained from the background MC
samples, which are then fixed in the fit. The peaking

30
L —4— Data
— - —— Total Fit
(aV] -
LQ X, Signal
> i @
O 20+ X, Signal
= Tl o siona
To) B ot i
~ | e 1% polynominal
~ =
1%] | 1’ sideband
S 10} — xov vy !
> B
o WLLLM
.ITT OF T n i
0 3.4 3.5
M) (—yn'n)(GeV/c?)
(a)
Fig. 2.

backgrounds for the decay mode 1’ — yn*n~ arise from
Xe1 = VI, Iy — ynqn' and xo — yJ /[, J [ — ynn’, with
estimated yields (fractions) of 2.35 (1.7%) and 1.14
(0.8%), respectively. Similarly, the peaking backgrounds
for the decay mode n’ — natn~ arise from y. — yJ/y,
Iy = ym’s xo = v, Iy — ymp' and xo — n'n’, with
estimated yields (fractions) of 1.97 (1.7%), 0.82 (0.7%)
and 1.25 (1.1%), respectively. The backgrounds with a
fraction of no more than 1.0% are neglected.

B. Signal extraction

The nnn’ invariant mass distributions for the r’ —
yrtan~and ’ — nrta” modes are shown in Fig. 2. We per-
form a simultaneous unbinned maximum likelihood fit to
the niny’ distributions in the range of [3.34, 3.64] GeV/c>.
The x.0, xc1, and y signals are modeled using the shape
of MC samples convolved with a Gaussian function to
consider the mass resolution and describe the difference
between data and MC simulation. Parameters of the
Gaussian function are shared among the y.o, yc1, and ye
signals and left free in the fit. The peaking backgrounds
are normalized and fixed based on the MC simulations.
The non-r7 background events are described by the '
mass sidebands and fixed in the fit. The remaining back-
ground is described by a linear function with free para-
meters. In the simultaneous fit, the fitted yields of N
and N, are constrained to the common number of pro-
duced y.; — iy’ events NX | which is defined as

sig 2

N)((J — Nsig,l
Y e By - yrtn)-Bn - yy)
— Nsig,Z (1)
& By - nrrnr)- B — yy)?
- —¢— Data
20 |~ — Total Fit
NQ B X, Signal
> B Xt signal
% 15 — x<§2 signal |
0 TR 1 polynominal
= B 1’ sideband
2 10 X,V S dy—mn’
g, - XM |
L 5 -
y | |
o BRI T . T BRI
3.4 3.5 3.6

M) (—nr'n)(GeV/c?)
(b)

(color online) Simultaneous fit results for the invariant mass distributions of nnn’ in two decay modes of ' (a) 7 - ya*n~ and

(b) 77 — natx~. The dots with error bars represent the data; the red solid curves show the fit results; and the dark green, light green, and
blue dashed lines represent the signals of y.o, x.1, and y.2, respectively, while the other dashed lines represent the backgrounds.
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where indices 1 and 2 represent n’ — yx*n~ and ' —
nntn, respectively. Nyg1 and N, are the numbers of
observed y.; events, € and e, represent the correspond-
ing detection efficiencies, and the branching fractions are
obtained from the PDG [22]. The fit result is shown in
Fig. 2.

The branching fractions of y., — nnn’ are calculated
by

N).(-CJ
blg , (2)
Nyese) - Br(3686) — yx.r)

Bxes = mm') =

where N;‘ig is defined in Eq. (1), Nygese) represents the
number of ¥(3686) events, and B (3686) — yy.;) repres-
ents the branching fraction of y(3686) — yy., obtained
from PDG [22]. As no clear signal for y. exists, a
Bayesian method is used to obtain the upper limit of the
signal yield at 90% confidence level (CL). To determine
the upper limit of the signal yield, the distribution of nor-
malized likelihood values for a series of expected signal
yields is considered as the probability density function
(PDF). For obtaining the distribution of likelihood values,
the signals of y.; and y., are described by the MC shape
function convolved with a Gaussian function, and their
parameters are free. The upper limit of the signal yields at
a 90% CL, denoted as N, is defined as the number of
events where 90% of the PDF area lies above zero. These
results of branching fractions are listed in Table 1. The
statistical significances of x., x.1, and y., are evaluated
based on the change of the likelihood value when they are
included, considering the change in the number of de-
grees of freedom.

C. Systematic uncertainties

The systematic uncertainties of B(y., — nni’) are
summarized below.

1. Number of ¢(3686) events. The number of (3686)
events is determined by analyzing inclusive hadronic
¥(3686) decays with an uncertainty of 0.5% [28].

2. MDC tracking. The data-MC efficiency difference
for pion track-finding is studied using a control sample of
J/Yy — pr and J/y — pprta [29]. The systematic uncer-
tainty from MDC tracking is 1.0% per charged pion.

Table 1.

3. PID. The pion PID efficiency for data agrees with-
in 1.0% with that of the MC simulation in the pion mo-
mentum region, as reported in [29]. Thus, a systematic
uncertainty of 2.0% is assigned to PID.

4. Photon reconstruction. For photons detected by the
EMC, the detection efficiency is studied using a control
sample of e*e™ — yrutu~, where ISR stands for initial
state radiation. The systematic uncertainty, defined as the
relative difference in efficiencies between data and MC
simulation, is observed to be up to 0.5% per photon in
both the barrel and end-cap regions.

5. Intermediate decay branching fractions. The uncer-
tainties on the intermediate decay branching fractions are
taken from the PDG values [22].

6. Kinematic fit. The track helix parameter correction
method is used to investigate the systematic uncertainty
associated with the kinematic fit [30]. The difference in
the detection efficiencies with and without the helix cor-
rection is considered the systematic uncertainty.

7. Mass windows of 7 and y.;. The systematic uncer-
tainty from the requirement on the n’ or y., signal region
is estimated by smearing the yz*n~(ya*tn~) and nnn’ in-
variant masses in the signal MC sample with a Gaussian
function to account for the resolution difference between
data and MC simulation. The smearing parameters are de-
termined by fitting the ya*n~(na*n~) and 5y’ invariant
mass distributions in data with the MC shape convolved
with a Gaussian function. The difference in the detection
efficiency, as determined from the signal MC sample
with and without the extra smearing, is used as the sys-
tematic uncertainty.

8. Veto of #°. Possible systematic effects caused by
the veto on 7° are investigated using the Barlow test [31]
by varying the veto criteria between 10 and 50 MeV/c?>.
The uncertainty is assigned as the difference between the
nominal result and result with |M(yy)—m,| <21 MeV/c?
when 95% of the candidate events are retained. There is
no signal in the y. process, and therefore, we set the
value of this systematic uncertainty to be the same as that

Number of observed y.; events (Nyjg,1 and Ngie2), corresponding detection efficiencies (e and e ), number of produced

Xcs — mn’ events (Nji‘g’ , which is defined in Eq. (1)), branching fractions (8), and statistical significance. Indices 1 and 2 represent

n —yntn and ’ — prta, respectively. The first and second uncertainties are statistical and systematic, respectively.

Xcl

XeJ Nsig.1 €1 (%) Nsig2 & (%) sig Blxes — ') Significance
Xc0 9.1+3.9 5.23+0.02 38+1.6 3.86+0.02 3809.6 +£1607.6 - 140
Xcl 97.7+9.1 5.76 +£0.02 38.8+3.6 4.03+£0.02 37016.9 +3431.3 (1.40+0.13+0.09) x 10~ 16.80
Xc2 26.3+5.3 5.32+0.02 104+2.1 3.70+0.02 10783.4 +2162.44 (4.18 +£0.84 +0.48) x 107> 120
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fOI' Xcl,cZ .

9. Fit range. Systematic uncertainties caused by dif-
ferent fit ranges are examined by enlarging and shrinking
the fit range eight times, with a step of 20 MeV/c?. For
each case, the deviation between the alternative and nom-

lai — a,|

inal fits is defined as & = ok where a, =0 and
g —0.

a, = o, are the nominal and aJtei‘nati%/e fit results, respect-
ively. If ¢ is less than 2.0, the associated systematic un-
certainty is negligible according to the Barlow test [31].
The largest difference is assigned as the systematic uncer-
tainty.

10. Non-peaking background shape. The systematic
uncertainty caused by the background shape is estimated
by replacing the linear function with a second-order poly-
nomial in the fit. The maximum difference in the signal
yields compared to the nominal value is considered as the
uncertainty.

11. ' sideband. The uncertainties from the r’ side-
band region are estimated by changing sideband regions
to [0.93, 0.94] and [0.975, 0.985] GeV/c?. The maximum
difference in the signal yields compared to the nominal
value is considered as the uncertainty.

12. Peaking background. The uncertainties from the
peaking background are estimated by changing the fixed
number of peaking background events, which is calcu-
lated through the propagation of branching fraction er-
rors. The fixed branching fraction values of the peaking
background are calculated by adding or subtracting 1o
from the nominal value of these processes. The maxim-
um difference in signal yields compared to the nominal
value is considered as the uncertainty.

For the two 1’ decay modes, some systematic uncer-
tainties are common, while others are independent. The
combination of common and independent systematic un-
certainties for these two decay modes are calculated us-
ing the weighted least squares method [32].

The sources of systematic uncertainties used for cal-
culating B(y...o — nyy’) are listed in Table 2. Their
branching fractions are determined to be B(y., — nn’) =
(1.40 +£0.13 (stat.) £ 0.09 (sys.)) x 10 and B(yw — nmy') =
(4.18 +£0.84(stat.) + 0.48 (sys.)) x 1073,  Further, B(y. —
) =22+04) %107 and B(ye ot y) =1+
1.9) x 107* [22]. In comparison, the branching fractions of
Xc.co — nn’ obtained in this analysis are an order of
magnitude smaller than those of ..o — 7t 7.

The systematic uncertainties of B(y., — nmr’) are di-
vided into two categories. The first category includes
multiplicative systematic uncertainties related to event se-
lection, which are summarized in Table 3. The second

Table 2.
') (in %). The symbol "—" denotes unapplicable items.

Relative systematic uncertainties for B(y.i o —

Independent systematic uncertainties

Xel X2
Source
DLAT S oF SN oF SN oF o
Another photon reconstruction - 0.5 - 0.5
B(n—vy) - 0.5 - 0.5
B - ymn*n) 1.4 1.2 14 1.2
Kinematic fit 0.7 0.1 0.9 0.2
n’ mass window 0.1 0.1 0.1 0
Total 1.6 1.4 1.7 1.4

Common systematic uncertainties

Source Xel X2
Nyese) 0.5
Two pion tracking 2.0
PID 2.0
Six photon reconstruction 3.0
B(n—yy) 1.0
BW(3686) = yxcs) 2.8 2.5
Veto 70 1.5
Fit range 1.4 4.1
Background shape 0.7 29
7’ sideband 29 7.9
Peaking background 2.1 4.1
Total 6.6 11.5
Combined systematic uncertainties 6.7 11.6

category consists of additive systematic uncertainties re-
lated to the fit, such as the fit range, background shape, 1’
sideband, and peaking background. Several alternative
fits are performed to account for the additive systematic
uncertainties related to the fits. Among the results of
these fits, the largest number of signal events is selected
to calculate the upper limit.

To obtain a conservative estimate of the upper limit of
B(x.o — nmn’), the likelihood distribution is smeared by a
Gaussian function with a mean of zero and width of o,

I IPPRY
L) « / L<n5)exp {M} de, 3)
0 € 202

where L(n) represents the likelihood distribution as a
Gaussian function of the yield n, ¢ represents the detec-
Z,‘Bifi
2B’
the multiplicative systematic uncertainty. L’(n’) repres-
ents the smeared likelihood distribution. The upper limit

tion efficiency calculated by and o represents
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Table 3.
the upper limit of By — nyn’) (in %).

Relative multiplicative systematic uncertainties for

Independent multiplicative systematic uncertainties

Xc0
Source
yrta~ nntn
Another photon reconstruction - 0.5
B(n—vy) - 0.5
B — ymr*tnT) 1.4 1.2
Kinematic fit 1.0 0.2
1’ mass window 0.1 0.1
Total 1.7 1.4

Common multiplicative systematic uncertainties

Source Xc0

Ny(3686) 0.5

Two pion tracking 2.0

PID 2.0

Six photon reconstruction 3.0

B —yy) 1.0

B((3686) = yxco) 2.4

Veto 70 1.5

Total 5.1

Combined multiplicative uncertainties 52

of B(y.o — nmy’) is estimated to be 2.59x 107,

V. SEARCH FOR y . .—n,(1855)n,17,(1855)—ny’

To search for the y., — n1(1855)n,1,(1855) — nn’ pro-
cess, the nnn’ invariant mass of the y.; candidates must
distribute within [3.50, 3.53] GeV/c?. After event selec-
tion, the invariant mass spectra and Dalitz plots of data
are shown in Fig. 3.

A. Background estimation

Potential backgrounds are studied using the inclusive
MC samples of ¥(3686) decays. The results show that the
backgrounds can be divided into two categories: non-7’
processes and those containing r’. Non-77 backgrounds
are estimated using the n” mass sidebands in the data. The
sideband regions of 7 are defined as [0.925, 0.935] and
[0.98, 0.99] GeV/c?. The normalization factors for events
in the two sideband regions are obtained by fitting the in-
variant mass distributions of ya*n~ and na*x~ in the data.
The ' signal shapes are determined from the shapes of
signal MC samples, while the 7 sideband shapes are de-
scribed using linear functions. The backgrounds contain-
ing 1 are peaking backgrounds. For this type of back-
ground, the branching fractions from the PDG and effi-
ciency obtained from background MC samples are used

to estimate the normalized number of events, which is
then fixed in the fit. The peaking backgrounds for the de-
cay mode ' — yn*n~ originate from y. — nJ/y,J/y —
vy and yx. — yJ/w,J/W — yny’, with estimated yields
(fractions) of 0.2 (0.2%) and 1.9 (2.6%), respectively.
Similarly, the peaking backgrounds for the decay mode
n — nrtr” originate from y. — yJ/¥, J/y — yny' and
X« — n'n’, with estimated yields (fractions) of 1.5 (2.6%)
and 0.2 (0.3%), respectively. The background with a frac-
tion of no more than 1.0% is neglected.

B. PWA method

For the two 7’ decay modes, there are 73 and 59
events left in the data, which are used to perform the
PWA fit. The four-momenta of y(3686), i.e., y, 1, 1 and
n’ after the 5C kinematic fit, are used in the PWA. The
decay amplitude is constructed using the helicity amp-
litude formalism, and the full procedure is implemented
based on the open-source framework TF-PWA [33]. To
construct the full decay amplitude of y(3686) — ynni',
the helicity formalism is used in conjunction with the
isobar model, where the four-body decay is described as a
two-step sequential quasi-two-body decay. For each two-
body decay A — B+ C, the helicity amplitude can be writ-
ten as

AL = Foa DI, (8.6.0), 4)

where D\, .(#.0,0) represents the Wigner D-function
that describes the angular distribution of the final state
particle with its polar (6) and azimuthal (¢) angles in the
rest frame of the mother particle, and F,,,. represents the
helicity coupling amplitude, which can be described us-
ing the LS coupling formula

201+1 . .
Faae =Zgls m < jAg; je—Aclso >
Is
<10;561J6 > ¢'B}(¢,q0,d) , ®)

where g, represents the fitting parameter; A4 pc repres-
ents is the helicity of particle 4, B, and C; ¢ and ¢, rep-
resent the momentum of the invariant mass and mass of
the resonance state in the rest frame, respectively; and
Bj(g,q0,d) represents the Blatt-Weisskopf barrier factor.
The full amplitude for the complete decay chain
A—- R/ +B,R, > R, +C,R, » D+E is constructed as the
product of each two-body decay amplitude and resonant
propagator Ri(y.1) and R,. The amplitude is written as
Eq. 6, where A,B,C,D,E are y(3686),y,17,n1 and 1/, re-
spectively. The propagator R uses the relativistic Breit-
Wignelr formula with constant width: BW(s)=

M —s_iMD where M and I represent the mass and
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The dots with error bars are data, the red solid histograms are the signal MC, and the green dashed histograms are the inclusive MC.

Now denotes the low energy 7.

width of resonances, respectively, and +/s represents the
invariant mass of ni’ or nn. Backgrounds in the PWA are
estimated using normalized 77 sidebands and the fixed
MC shape in the processes of peaking backgrounds.

The construction of the PDF, calculation of the fit
fraction, and corresponding statistical uncertainty for
each component follow Ref. [34]. The combined branch-
ing fraction is obtained according to Eq. (7).

Ai 1;’2 Ay F/IRIABD/IA AR, —/IB(‘DIsalsO)Rl(M)F/IR,/chlR AR,—AC(‘PZ’02’0)R2(M)F/1LMED/1R AD—AL(¢3’03’O)

X Df; A (aB,ﬂB,'}’B)D/[L Ao (O/C,ﬂcuyc)Dm A (aD,ﬂD,)/D)Di[i*,AE, (@g,Be,7E)- (6)

C. PWA result

From the mass spectrum, no obvious structure is ob-
served in the nn mass spectrum, whereas a structure is
seen near the threshold in the mass spectrum of nry'.
Therefore, the S-wave nonresonant (NR) component and
fo(1500) in the nn mass spectrum, as well as the S-wave
NR component, f,(1500), and 7;(1855) in the nr’ mass
spectrum are considered. The mass and width of 7;(1855)
are fixed at 1855 and 188 MeV/c?, as given in Refs. [9,
10]. The statistical significance for each component is de-
termined by examining the change in the negative log-

likelihood values when this resonance is included or ex-
cluded in the fits. The probability is calculated under the
x* distribution hypothesis considering the change in the
number of degrees of freedom. Resonance with a statist-
ical significance greater than 50 is included in the final
set of amplitudes. The widths of the resonances in the
PWA are sufficiently broad, and therefore, the effect of
the detector resolution is neglected in the partial wave
analysis.

The results of the PWA show that the structure in the
nn’ mass spectrum is dominated by f,(1500) with the stat-
istical significance of 6.50-, while the structure of nn is
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mainly described by the 0** NR component. Figure 4 dis-
plays the projection plots of the fitting results of the PWA
basic solution. The statistical significance of an addition-
al 7,(1855) resonance is determined to be 0.70-. An upper

B(xer = Xn())- B(X — i’ ()

Nx, + Ny,

limit of branching fraction B(y., — n:(1855)n)-
B(n1(1855) — nry') is set. The systematic uncertainties will
be described below.

- Nyaese) - BW(3686) = yxo1)- B2 — yy) - (ex, - By — yam) +ex, - By — nan))- B — yy))’

D. Systematic uncertainties

Systematic uncertainties are divided into two categor-
ies. The first category includes the multiplicative system-
atic uncertainties related to event selection, as summar-
ized in Table 4. The second category arises from the
PWA, with each alternative fit discussed below.

1. Uncertainties from the 7’ sideband background and
peaking background are treated as before.

2. Uncertainty from additional resonances. To invest-
igate the impact of other possible components on the
PWA results, the 0** NR component is added to the mass
spectrum of nn’, or fo(1500) is added to the mass spec-

(M

trum of nn.

3. Uncertainty from resonance parameters. In the
baseline fit, the resonance parameters of the r,(1855) are
fixed to PDG values [22]. An alternative fit is performed
where resonance parameters are allowed to vary within
one standard deviation of the PDG values, and the
changes in the results are considered as systematic uncer-
tainties.

For the systematic uncertainties associated with the
PWA, the maximum value of the upper limit is selected
for each case. Considering multiplicative systematic un-
certainties associated with event selections, the likeli-
hood distribution is smeared using a Gaussian function

10F 10F
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(color online) Data (black points with error bars) and PWA fit projections (lines) for (a)(b)(c) xc1 — mm’. 77’ = yntn~ and

(d)(©)(®) xe1 = nm’ . — pr*a . The invariant mass distributions of (a)(d) 7uigntr’, (b)(€) mown’, and (c)(f) mhighmmow. The red solid lines
are the total fit projections from the PWA, gray shadows are the background (from 5’ sideband and peaking background), blue dashed
lines represent fy(1500), and pink dashed lines are the 0** NR components.
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Table 4. Relative multiplicative systematic uncertainties for
Blyer — n1(1855),71(1855) — ni7’) (in %).

Independent multiplicative systematic uncertainties

Source yatn~ nrtn
Another photon reconstruction - 0.5
B —vy) - 0.5
By — y(prtn) 1.4 1.2
Kinematic fit 0.8 0.1
n’ mass window 0.1 0
Xc1 mass window 0.1 0
Total 1.6 1.4

Common multiplicative systematic uncertainties

Source yrtn~ et
Nyese) 0.5
Two pion tracking 2.0
PID 2.0
Six photon reconstruction 3.0
B —yy) 1.0
B((3686) = yxc1) 2.8
Veto 70 1.5
Total 53
Combined multiplicative uncertainties 5.4

with a mean of zero and a width of o, as in Eq. (3),
where L(n) represents a Gaussian distribution with the
mean and error from the PWA branching fraction, ¢, rep-
resents the detection efficiency obtained by PWA, and o~
represents the combined multiplicative systematic uncer-

tainty. L'(n’) represents the smeared likelihood distribu-
tion. Taking the smearing distribution with an area of
90% as the upper limit, the result is B(y. — n:(1855)n)-
B(1,(1855) — 717) < 9.79x 1073,

VI. SUMMARY

The decay y.; — nny’ and a PWA of y. — nniy are
investigated in this study based on 2.7x10° ¥(3686)
events collected with the BESIII detector. The decay
modes x... — nnn’ are observed for the first time, and
their corresponding branching fractions are determined to
be  B(y. — ) = (1.40 £0.13 (stat.) £ 0.09 (sys.)) x 10~
and B(y. — ') = (4.18 £0.84 (stat.) + 0.48 (sys.)) x 1075,
which are one order of magnitude lower than those of
Xel.co =ty in PDG data [22]. An upper limit of
2.59x 107 at 90% CL is set for the decay y.o — nmmy’.
Subsequently, a PWA of the decay y. — nnn’ is per-
formed to search for the 17* exotic state 1;(1855). The
PWA result indicates that the structure in the n’ mass
spectrum can be attributed to f,(1500), while in the nn
mass spectrum, it is attributed to the 0** NR component.
No significant 7;(1855) is observed. The upper limit of
Blyer — n1(1855)n) - B(n,(1855) — nn’) < 9.79x 1075 is ob-
tained at 90% CL. In further research, the n7’ decay mode
with an increased dataset and more decay modes will be
explored to study 7,(1855).
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