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We present a study of the P-wave spin-triplet charmonium y.; decays (J = 0, 1,2) into 77° 7% 7%7°. The
analysis is based on 106 X 10° ¢’ decays recorded with the BESIII detector at the BEPCII electron positron
collider. The decay into the 7°7°7%7° hadronic final state is observed for the first time. We measure the
branching fractions B(y., — 7°7°7°7°%) = (3.34 = 0.06 + 0.44) X 103, B(y. — ma’7'7%) =
(0.57 = 0.03 = 0.08) X 1073, and B(y,, — 7°7°7°7°) = (1.21 = 0.05 = 0.16) X 1073, where the un-
certainties are statistical and systematical, respectively.
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L. INTRODUCTION

In the quark model, the y.; (/ = 0, 1, 2) mesons are the
3P; charmonium states. Their decays are experimentally
and theoretically not as well studied as the vector charmo-
nium states J/ ¢ and ¢’. In contrast to the latter ones, x.,
cannot be produced directly in e*e” annihilation.
However, they can be produced in radiative decays ¢/ —
Y X.J» providing a clean environment to study their decays.

Recent theoretical work indicates that the color octet
mechanism [1] could have large contributions to the decays
of the P-wave charmonium states. However, these calcula-
tions, as well as experimental measurements, still have large
errors and thus more precise experimental data besides more
theoretical efforts are mandatory to further understand y,,
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decay dynamics. Furthermore, the y., and Y. states are
expected to annihilate via two-gluon processes into light
hadrons and may therefore allow the study of glueball
dynamics. Thus, the measurement of as many exclusive
hadronic y,; decays as possible is valuable.

The y.; decays into four pions have the largest branch-
ing fractions among the known hadronic y.; decay modes
[2]. Currently only the decays into 7" 7~ 7" 7~ and into
7t~ 7°7° are measured by previous experiments. The
branching fractions are shown in Table 1. In this paper, we

present a study of exclusive y,, decays into 70707079,

II. THE BESIII EXPERIMENT AND DATA SET

We use a data sample of about 106 X 10% ¢/ decays
recorded with the BESIII detector [3] at the energy-
symmetric double-ring e e~ collider BEPCII [4]. The pri-
mary data sample corresponds to an integrated luminosity of
156.4 pb~! collected at the peak of the ' resonance. In
addition, a 42.6 pb~! data sample collected about 36 MeV
below the resonance is used for background studies.
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TABLE 1. Branching fractions of y., into 777~ 7" 7~ and
a0 [2].

Channel Branching fraction [%]

Xeo— T am mt 2.27+0.19

X — 7w mt 0.76 + 0.26

Xeo— 7 a mhm .11 £0.11

Xeo— 7 7070 3404

Xei — 7wl 1.26 = 0.17
+,_~.0,0

2.00 £0.26

The BESIII detector is described in detail elsewhere [3].
Charged particle momenta are measured with a small-
celled, helium gas-based main drift chamber with 43 layers
operating within the 1 T magnetic field of a solenoidal
superconducting magnet. Charged particle identification is
provided by measurements of the specific ionization en-
ergy loss dE/dx in the tracking device and by means of a
plastic scintillator time of flight system composed of a
barrel part and two end caps. Photons are detected and
their energies and positions measured with an electromag-
netic calorimeter (EMC) consisting of 6240 CsI(TI) crys-
tals arranged in a barrel and two end caps. The return yoke
of the magnet is instrumented with resistive plate chambers
arranged in 9 (barrel) and 8 layers (end caps) for the
discrimination of muons and charged hadrons.

I11. DATA SELECTION

We reconstruct the entire event from the decay chain of
the charmonium transitions ¢’ — 7y y.; followed by the
hadronic decays y., — 7’7’7°7°. A photon candidate is
defined as a shower detected with the EMC exceeding an
energy deposit of 25 MeV in the barrel region (covering the
region | cosf| < 0.8 of the polar angle) and of 50 MeV in
the end caps (0.86 < |cosf| < 0.92). The average event
vertex of each run is assumed as the origin of these
candidates. We restrict the analysis to events having nine
photon candidates and no reconstructed charged particle.
The energy sum of the nine photons must be within the
range 3.45-3.80 GeV. To reconstruct 7° — vy candidates
we use pairs of photon candidates, having an invariant
mass between 110 and 150 MeV/c?. Figure 1 shows the
invariant yyyy mass distribution of all photon pair combina-
tions for selected 9y events. A clear 77¥ signal is visible. By
combining four 7° candidates with an additional photon
candidate being detected in the EMC barrel, where the
same photon candidate must not be used more than once,
the complete event is reconstructed. Different pairings of
the photon candidates can yield more than one
ym?m7°7° candidate per event. Therefore, we use the
pairing which leads to the minimal
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FIG. 1. Invariant yy mass distribution of all photon pair
combinations for selected 9y events. The arrows indicate the
mass window used for the selection of 77° candidates.

calculated from the invariant mass m.,,,; of the i-th 7°
candidate for a given y7’7° 77 candidate, the nominal
7" mass [2] m o, and the 77° — 7y invariant mass resolu-
tion o of 6.5 MeV/c?. Combinatorial background is sup-
pressed strongly by demanding x3, < 15.

Potential backgrounds can arise from the transition
' — 7°7°J /s followed by hadronic or radiative decays
of the J/ to final states with higher photon multiplicity.
We therefore require the recoil mass my of any di-7° pair
with respect to the ' to be |mg — m;;,| > 100 MeV/c?,
where m;,, is the nominal J/ mass [2].

The spectrum of the energy E?, of the photon from the ¢’
radiative transition in the center of mass frame is shown in
Fig. 2. Clear x.9, X.1>» and y., signals with small back-
ground are evident. An analysis of the continuum data
sample yields only four events passing the selection criteria

Entries / (5 MeV)
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FIG. 2 (color online). The spectrum of the energy E’, of the
radiative photon from ¢/ — vy y.; with the result of the fit (solid
curve) described in the text. The dashed curve shows the back-
ground line shape and the dotted curves represent the signal line
shapes derived from MC simulations (see Sec. V).
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Shown is the invariant di-7® mass plotted versus the other invariant di-7° mass for events selected from the

0,0

(@) xc0» ) xe1» and (c) x., signal regions. All possible 7°7° combinations of the 7°7%7%7° hadronic final state are plotted. In
addition the plots are symmetrized; thus, each event enters 6 times to the plots. The one-dimensional projections are shown in (d), (e),
and () for x.0, Xc1» and x,,, respectively, where the dots with error bars show the data and the shaded histograms show the di-7° mass
distributions obtained from signal MC events simulated without intermediate resonances for the y.; decays.

and thus reveals no significant background. Peaking com-
ponents of the background are investigated from simulated
Monte Carlo (MC) events and are discussed in Sec. I'V.
We further look into resonant substructures in the
m707%7° final state. The production of intermediate
resonances in the decay could have an impact on the
detection efficiencies. Here, we only investigate the gross
substructures by plotting the invariant mass of any di-7"
pair in the final state versus the corresponding mass of the
other pair for the three y., signal regions (Fig. 3).
The defined x.9, X1, and Y., signal regions correspond
to £, energy ranges of 220-290 MeV, 160-180 MeV, and
115-135 MeV, respectively. As seen in Fig. 3, production
of K§ and f((980) in the x.o decay is evident. The accu-
mulation of events is also observed in the mass region
around 1300, 1700, and 1950 MeV/c?. Structures around
1300 MeV/c? are observed in y,, and . decays. All
these structures need further careful investigation using
partial wave analysis techniques with increased data
samples being collected in the future. As for y,., decays,
Kg production is also observed in y,., decays, while the
decay x.; — KJK? is forbidden by parity conservation.

For the measurement of branching fractions we include
all subresonant decay modes but explicitly exclude the
Xeo and x. decay mode to K3K9. Therefore, we reject
events where the invariant mass m;, of any di-7° pair
and the invariant mass ms, of the corresponding other
di-7° 0779 final state fulfills

pair of the y7’7’#'#
\/(mu — m,(g)2 + (may — ng)2 <100 MeV/c?, where

mgo is the nominal K9 mass [2].

IV. MONTE CARLO STUDIES

A detailed MC simulation of the BESIII detector based
on GEANT4 [5] is used to determine efficiencies, signal
shapes, and background contributions. The production of
the ' resonance is simulated using the KKMC event gen-
erator [6]. Decays of the ¢’ and subsequent particles in
the event are modeled by EVTGEN [7]. Simulated events
pass the same reconstruction algorithms and selection
criteria as data.

Signal MC data samples of 500 k events for each decay
W' = YXess Xeg — TOm0m070 are generated using a 1 +
Acos?() distribution, where 6 is the angle between the
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TABLE II. Expected number of background events peaking at
the y.; signal regions as derived from MC simulations.

Channel Ny, ny, Ny,
Xeo — KOKO, K§ — 7070 1.6 0.3 0
Xco =™ MM 0.2 0 0
Xe1 — nalw® 1.2 45.2 0
X1 = Y/, T/ — oma® 0 1.3 0
Xet = Y/, T/ — qa’am® 0 0 0.1
X2 — KOKO, KO — 7070 0 0 0.6
Xeo — nla® 0 0 3.8
X2 = M7 0 0 0
X = v/ I/ — on'n 0 0 0.6
X2 = v/, I/ — nala’ 0 0 0
Sum 3.0 46.8 5.1

direction of the radiative photon and the positron beam,
and A=1, —1/3, 1/13 for J =0, 1, 2 in accord with
expectations for electric dipole (E1) transitions. The y,.,
decay products are generated using a flat angular distribu-
tion. Intrinsic width and mass values as given in [2] are
used for the y,.; states in the simulation. The obtained
efficiencies for x.p, Xci» and y. are (10.16 * 0.05)%,
(11.54 = 0.05)%, and (10.85 = 0.05)%, respectively, in-
cluding detector acceptance as well as reconstruction and
selection efficiencies.

In addition we use MC data samples to investigate
sources of the peaking backgrounds. For each of the
studied y.; decay modes listed in Table II we generated
at least 100 k events. The contribution of the total peaking
background is estimated from a fit to the reconstructed E,
spectrum. The fit procedure is the same as applied for data
and will be addressed in Sec. V. The largest peaking
background contribution is found to come from y. —
nmO 70 decays, with n — 7°7°7°, where one of the 7°
has low momentum and is not detected.

V. FITTING PROCEDURE AND EXTRACTION OF
BRANCHING FRACTIONS

The E’, spectrum shown in Fig. 2 is fitted using an
unbinned maximum likelihood fit. The y.; signal line
shapes are extracted from the MC simulation. A 2nd order
Chebychev polynomial is used to describe the nonpeaking
background. From the fit x .9, x.1, and y., signal yields of
3299 = 67, 655 = 32, and 1169 = 41, respectively, are
obtained.

To access the goodness of the fit, we repeat the fit to the
E’, spectrum using a binned least-squared fit. Applying
a binning of 5 MeV, this fit yields a y? value of 102 with
84 degrees of freedom.

The fit does not account for the peaking component of
the background. We estimate the number of events peaking
at the position of the ., signals by fitting the £, spectrum
derived from the MC samples generated for background
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studies. The same fitting procedure as for data is applied,
except that the parameters of the polynomial function
describing the shape of the nonpeaking combinatorial
background are fixed to the values obtained from the fit
to data. From the extracted signal yields the expected
number of peaking background events is calculated using
the branching fractions of the y,.; decays as given in [2].
We relate the unmeasured branching fractions of the de-
cays x.; — nm’ @ to the corresponding branching frac-
tions of x.; — ma* 7~ decays by the isospin ratio of the
two final states. The estimated number of peaking back-
ground events for the investigated channels is given in
Table II. In total a peaking background of 3.0, 46.8 and
5.1 events to the x.q, X1, and x., signals, respectively, are
derived. The largest contribution arises from the decay
Xe1 — n’a, amounting to 45 events at the y,, signal
region.

Although . — K9K§ and y., — KOKY decays for the
branching fraction measurement were excluded, we con-
sidered these channels as a potential peaking background
source. The feedthrough of the two decays to the x .o, Xc1»
and y,, signals is expected to be 1.6, 0.3, and 0.6 events,
respectively.

The expected number of peaking background events is
subtracted from the yields observed for data. These cor-
rected yields N are then converted to branching fractions
using

N
€Ny Bp'=yx.,) Bla’—yy)*
2)

B (Xcl_’477-0) =

where € is the efficiency; Ny is the number of ¢’ in the
data sample; and B(yy' — yx.;) and B(7° — yy) are the
branching fractions of radiative ' transitions into y,.; and
of the decay 7° — vy [2], respectively. The number of ¢/
and its combined statistical and systematical uncertainties
are determined to be N, = (1.06 * 0.04) X 10® [8].

VI. ESTIMATION OF SYSTEMATIC
UNCERTAINTIES

Several sources of systematic uncertainties are consid-
ered for the measurement of the branching fractions, in-
cluding uncertainties on the photon detection and
reconstruction; the event selection; the fitting procedure
and peaking background subtraction; and the number of ¢’
decays in the data sample. The investigated uncertainties
are summarized in Table III and will be discussed in detail
in the following.

(a) Photon detection—The uncertainty due to photon
detection and conversion is 1% per photon. This is deter-
mined from studies of photon detection in well-understood
decays such as J/¢ — p°zr® and the study of photon
conversion in the process ete™ — yvy.
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TABLE III. Summary of the systematic uncertainties.
XCO[%] Xcl[%] /\/02[%]
Photon detection 9.0 9.0 9.0
Decay model 6.3 6.3 6.3
By = yxer) 32 43 4.0
Number of ' events 4.0 4.0 4.0
Total energy 3.0 3.0 3.0
X3, 2.5 2.5 2.5
Reconstructed 770 mass 1.4 1.4 1.4
Fitting range 1.4 29 0.9
Signal line shape (energy resolution) 0.5 1.2 0.4
Signal line shape (energy shift) 0.1 0.6 1.0
Background shape 1.0 1.0 1.0
Peaking background subtraction 0.1 0.8 0.5
MC statistics 0.5 0.5 0.5
Trigger efficiency <0.1 <0.1 <0.1
Total uncertainty 13.2 13.6 13.2

(b) Event selection—By varying the requirement on
X3, the 7° mass window and the total energy of the
vy 7707 candidates used for the event selection in
data and MC events, we investigate the systematic uncer-
tainties in modeling the distribution of these parameters.
The largest deviation of the branching fractions from the
default values sets the scale of our systematic uncertainty,
and we assign an uncertainty of 2.5% for the x3_, 3% for
the total energy, and 1.4% for the 7° mass window
requirement.

(c) Monte Carlo decay model—The efficiencies for the
processes ' — yxo5» xXey — T a0 7070 are determined
from MC simulations, where no intermediate resonances
and a flat angular distribution have been considered in the
Xy decays. As discussed in Sec. III this analysis reveals
the presence of intermediate resonances in the y.; —
m707%7° decays. This could have an impact on the
detection efficiencies, which we consider as a systematic
uncertainty. We determine the efficiencies from our simu-
lations including the subresonant modes f(980)1,(980),
f2(1270)f,(1270),  fo(1370)f,(1500), and f,(1370)X
fo(1710) for x.. We considered f,(1270)7°#° for x.,
and f,(1270)f,(1270) and f,(1370)f,(1710) for x.,. We
find there is no large efficiency difference from that of
phase space. The largest difference with respect to the
efficiency obtained for the simulation without intermediate
resonances is observed for y.o — f(1370)f,(1710) decay.
We take this difference as a conservative estimate of the
uncertainty due to the MC decay model and assign an
uncertainty of 6.3% for the x.y, x.;» and . branching
fractions.

(d) Fitting procedure—The x,; yields determined from
the fit to the E’, spectrum determines the branching frac-
tions. We repeat the fit with appropriate modifications to
estimate the systematic uncertainties due to the fitting
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procedure. The difference of the derived branching
fractions with respect to the values derived from the stan-
dard fit is considered as a systematic uncertainty.

We smear the resolution function of the x.; signals
obtained from MC simulations by 1% to estimate the
systematic uncertainties of modeling the photon resolution
in the MC simulation and shift the signal mean values by
*1 MeV to estimate the systematic uncertainties due to
the absolute energy calibration. The assigned uncertainties
are given in Table III. To estimate the uncertainty due to the
nonpeaking background parametrization we use a third
order instead of a second order Chebychev polynomial.
This uncertainty is found to be 1%. For the nominal fit, the
E’, spectrum is fitted in the interval 0.05-0.5 GeV. A series
of fits using different E’, intervals is performed and the
largest change of the individual branching fractions is
assigned as a systematic uncertainty (see Table III).

(e) Peaking background subtraction—The number of
peaking background events is estimated from MC simula-
tions and is subtracted from the signal yields obtained from
the nominal fit. The major source of peaking background is
the decay y. — n7°#°. To determine the number of
background events, the branching fraction of this decay
mode is computed from the y. — m@" 7~ branching
fraction exploiting the isospin relation of the two decays.
The uncertainty of the branching fraction of y,, — nmaa°
leads to a systematic uncertainty of 0.8% for y.;. For x.o
and y. we take the number of subtracted background
events as systematic uncertainties.

(f) Other systematic uncertainties—For the normaliza-
tion of the branching fractions, the number of ¢’ events in
the data sample determined according to the method as
given in [8] is used. This method yields a systematic
uncertainty of 4%. The uncertainty due to the branching
fractions ¢/ — yy.; is 3.2% for x.y, 4.3% for x.,, and
4.0% for x .-

A systematic uncertainty of 0.5% is assigned due to the
statistical error of the efficiencies as determined from MC
simulations.

The systematic uncertainty due to the simulation of the
trigger efficiency is found to be less than 0.1% [9].

(g) Total systematic uncertainty—We assume that all
systematic uncertainties given above are independent and
add them in quadrature to obtain the total systematic
uncertainty.

VII. CONCLUSION

In summary we have measured the branching fractions
of x. — w777 decays B(x.o— 7'7'7'70) =
(3.34 = 0.06 = 0.44) X 1073, By, — 77770 =
(0.57 £0.03 +0.08) X 1073, By, — 77’7’7 =
(1.21 = 0.05 = 0.16) X 1073 for the first time, where the
quoted uncertainties are statistical and systematical, re-
spectively. The 7°7°7°7° hadronic final state contains a
rich substructure of intermediate resonances. The reported
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branching fractions include decay modes with intermediate
resonances except x.o — KOK§ and y., — K2K9, which
have been removed from this measurement. Our observa-
tion improves the existing knowledge of the y., states and
provides further insight into their decay mechanisms.
Based on our results detailed studies of the subresonant
decay structure with increased data samples may follow in
the future.
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