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Using a sample of 1.3 x 10° J/¢ events collected with the BESIII detector, we report the first

observation of n’ = 7T r " andn’ — 7T

T

7°. The measured branching fractions are B(n’ —

atrT T rT) = (8.5340.69(stat. ) £0.64(syst.)) x 107° and B(n' — n 77~ 7%7°) = (1.824:0.35(stat.)+
0.18(syst.)) x 10™*, which are consistent with theoretical predictions based on a combination of chiral

perturbation theory and vector-meson dominance.

PACS numbers: 13.25.Jx, 13.20.Gd

The 7’ meson is much heavier than the Goldstone
bosons of broken chiral symmetry, and it has a special
role in hadron physics because of its interpretation as a
singlet state arising due to the axial U (1) anomaly [1, [2].
Discovered in 1964 B, @], it remains a subject of extensive
theoretical studies aiming at extensions of chiral pertur-
bation theory [3].

New insight might be provided by the four-pion decays
of 7. The strong decays ' — wTa 7T @70 are
not suppressed by approximate symmetries; they are ex-
pected to be mediated by chiral anomalies, since an odd
number (five) of pseudoscalar particles are involved. In

particular, a contribution from a new type of anomaly,
the pentagon anomaly, might show up. There should be
also a significant contribution from the intermediate state
with two p mesons. The four-pion decays have not yet
been observed, and the best upper limits until now come
from the CLEO collaboration: B(n' — ntn ntn™) <
2.4 x 107* and B(n/ — 777~ 7%7%) < 2.6 x 1073 at the
90% confidence level (C.L.) [6]. Three decades ago, a
theoretical calculation using the broken-SUgxOg quark
model [7] yielded a branching ratio of 1.0 x 1073 for
B — ata ntOg=©O)  For oy — atr—atx™, this
value has already been excluded by the CLEO limit. Re-



cently Guo, Kubis and Wirzba ﬂE], using a combination
of chiral perturbation theory (ChPT) and a vector-meson
dominance (VMD) model, obtained the following pre-
diction: B(n' = 77 nt7™) = (1.0 £0.3) x 10~ and
By’ — a7 7970 = (2.4 £0.7) x 1074 In this Letter
we report the first observation of n’ — 777 77~ and
7 — 7tn 7970 decays coming from J/¢ — 7' radia-
tive decay events using a sample of 1.3 x 10 J/1) events
(2.25 x 10® events [9] in 2009 and 1.09 x 10° in 2012) [10]
taken at the center of mass energy of 3.097 GeV with the
BESIII detector.

The BESIII detector is a magnetic spectrometer ﬂﬂ] lo-
cated at the Beijing Electron Position Collider (BEPCII),
which is a double-ring etTe™ collider with a design peak
luminosity of 1033 cm~2s~! at the center of mass energy
of 3.773 GeV. The eyhndrlcal core of the BESIII detector
consists of a helium-based main 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 pro-
viding a 1.0 T (0.9 T in 2012) magnetic field . The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules
interleaved with steel. The acceptance of charged parti-
cles and photons is 93% over 47 solid angle. The charged-
particle momentum resolution at 1 GeV/c? is 0.5%, and
the dE/dz resolution is 6%. The EMC measures photon
energies with a resolution of 2.5% (5%) at 1 GeV in the
barrel (endcaps). The time resolution of TOF is 80 ps in
the barrel and 110 ps in the end caps.

Monte Carlo (MC) simulations are used to estimate
backgrounds and determine detection efficiencies. Simu-
lated events are processed using GEANT4 ﬂﬂ, ], where
measured detector resolutions are incorporated.

For J/i — ~n' with ¥ — w77~ 7T7~, candidate
events are required to have four charged tracks and at
least one photon. Each charged track, reconstructed
using hits in the MDC, is required to be in the polar
range | cosf| < 0.93 and pass within 10 cm in the beam
direction and within 1 ¢m in the radial direction, with
respect to the interaction point. For each charged track,
the TOF and dE/dx information are combined to form
particle identification confidence levels for the 7, K, and
p hypotheses, and the particle type with the highest C.L.
is assigned to each track. At least two oppositely charged
tracks are required to be identified as pions. Photon
candidates, reconstructed by clustering EMC crystal en-
ergies, must have at least 25 MeV of energy for barrel
showers (| cosf| < 0.8), or 50 MeV for endcap showers
(0.86 < | cosf| < 0.92). To exclude showers from charged
particles, the angle between the nearest charged track
and the shower must be greater than 10°. Further, EMC
cluster timing requirements are used to suppress elec-
tronic noise and energy deposits unrelated to the event.

Next a four-constraint (4C) kinematic fit imposing
energy-momentum conservation is performed under the
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Figure 1: The invariant mass distributions of (a) 77~ 77~
and (b) 77~ 77" after the final selection. The inserts are

for the mass spectra around the n’ mass region.

yrta a7~ hypothesis, and a loose requirement of
Xic < 35 is imposed. If there is more than one photon
candidate in an event, the combination with the smallest
X3c is retained, and its x3q is required to be less than
that for the yynTn~ 77w~ hypothesis. The 7tn~nt7~
invariant mass spectrum for the selected events is shown
in Fig. [[(a), where an 7’ peak is clearly observed in the
inset plot.

To ensure that the 1’ peak is not from background,
a study was performed with a MC sample of 1 bil-
lion J/1 events generated with the Lund model [14)].
The results indicate that the enhancement below the
7’ peak in Fig. Mfa) is from the background chan-
nel ¥ — w7 n with n — ~yx 7, while the back-
ground in the mass region above 1GeV/c? is mainly
from ' — 777~ ete™. Other background channels are
J/b — vf2(1270), f2(1270) — 7t7 atx~ and non-
resonant J/¢ — yrta~7wtw~. However, none of these
background sources produces a peak in the ntr ntn™
invariant mass spectrum near the n’ mass.

For J/v¢ — ~n' with ' — 777~ 7% candidate events
must have two charged tracks with zero net charge, that
are identified as pions, and at least five photons. One-
constraint (1C) kinematic fits are performed on the 7
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Figure 2: The 777~ 7° invariant mass distributions for the

combinations closest to (a) my, and (b) me,.

candidates reconstructed from photon pairs with the in-
variant mass of the two photons being constrained to
the 7% mass, and x?¢(yy) < 50 is required. Then
a six-constraint (6C) kinematic fit (two ¥ masses are
also constrained) is performed under the hypothesis of
J/p — yrtr=m7Y. For events with more than two 7°
candidates, the combination with the smallest y2c is re-
tained. A rather loose criterion of x? < 35 is required to
exclude events with a kinematics incompatible with the
signal hypothesis. To reject background from events with
six photons in the final state, ch is required to be less
than that for the yyr 7~ 7970 hypothesis. After this se-
lection, Figs.2la) and (b) show the invariant mass of the
7t7~ 7% combination closest to the nominal 1 or w mass
(denoted as m,, and m,,), respectively. Significant  and
w peaks are seen. These backgrounds are suppressed by
rejecting events with [M, +,— 0 —m,| < 0.02GeV/c? or
|Mﬂ.+ﬂ.7ﬂ.0 - mw| < 0.02 GeV/cQ.
After the above selection, Fig. [dib) shows the
7T~ 7970 invariant mass distribution, where an 1’ peak
is very clear. With the MC sample of 1 billion J/v events,
the same study for ¥ — 7tn~7%7% was also performed
to investigate possible background events, and the main
backgrounds were found to come from: (1) ' — 77,
n — 107070 (2) ' — 77, n = T, 3) B = qw,
w — 7ta~a% and (4) J/¢ — vf2(1270), f2(1270) —
atn=7%% and (5) non-resonant J/v — vyt 7070,
None of these possible background channels contribute
to the i’ peak.

The signal yields are obtained from extended unbinned
maximum likelihood fits to the 7t 7~ 7+ (07~ ©) invariant
mass distributions. The total probability density func-
tion (PDF) consists of a signal and various background
contributions. The signal component is modeled as the
MC simulated signal shape convoluted with a Gaussian

function to account for the difference in the mass reso-

lution observed between data and MC simulation. For
this analysis, MC simulation indicates that the mass reso-
lution has almost no change for the two data sets taken
in 2009 and 2012, respectively. The background com-
ponents considered are subdivided into three classes: (i)
the shapes of those background events that contribute
to a structure in M+ - +.- [e.g, ¥ — wT7~n with
n— yrtr and ' — 7tr eTe ] or Myt pono [e.g.,
n — mtr n with n = 7%%° and ' — 7%7% with
n — yrtr, as well as ' — yw with w — 777777
are taken from the dedicated MC simulations; (ii) the
tail of the resonance f>(1270) from J/¢ — ~f2(1270) is
parameterized with a Breit-Wigner function convoluted
with a Gaussian for the mass resolution from the simu-
lation; (iii) J/¢ — ynta~ntn~ (J/¢ — yntn~ 7n07x0)
phase space is also described with the MC simulation
shape. In the fit to data, the mass and width of f2(1270)
are fixed to the values in the PDG HE], while the mag-
nitudes of different components are left free in the fit
to account for the uncertainties of the branching frac-
tions of J/1» — 1’ and other intermediate decays (e.g.,
n — atan, 0 — 7%7%, and n — yrta7).

The projections of the fit to M 4, .-+ - in the
7’ mass region are shown in Figs. Ba) and (b), where
the shape of the sum of signal and background shapes
is in good agreement with data. We obtain 199 + 16
n — wtr wtrT events with a statistical significance of
180 and 844161 — ntn~ 7070 events with a statistical
significance of 5o. The statistical significance is deter-
mined by the change of the log-likelihood value and the
number of degree of freedom in the fit with and without
the 1’ signal.

In order to compute the branching fractions, the sig-
nal efficiencies for the selection criteria described above
are estimated with the MC simulation. To ensure a
good description of data, in addition to the phase space
events, we also produced a signal MC sample in which
the signal simulation is modeled as the decay amplitudes
in Ref. [§] based on the ChPT and VMD model. For
7 — ata ata, we divide each of M 1,  combina-
tion into 38 bins in the region of [0.28, 0.66] GeV /c?.
With the same procedure as described above, the num-
ber of the 17 events in each bin can be obtained by fitting
the 777~ 77~ mass spectrum in this bin, and then the
background-subtracted M, +,- is obtained as shown in
Fig. @ (four entries per event), where the errors are stat-
istical only. The comparison of M +,- between data and
two different models displayed in Fig.[dindicates that the
ChPT and VMD model could provide a more reasonable
description of data than the phase space events. There-
fore the simulation events generated with the ChPT and
VMD model are applied to determine the detection effi-
ciency for n/ — a7t (@7~ decays. Table [ lists all
the information used for the branching fraction measure-
ments.

Sources of systematic errors and their corresponding



Table I: Signal yields, detection efficiencies and the product
branching fractions of J/¢ — ~vn', ' — ata ot Oxz=©),
The first errors are statistical and the second systematic.

Mode Yield ¢ (%) Branching fraction

n —rTr rtr 199416 34.5 (4.404+0.35+0.30) x 107
n = atr %7 84416 7.0 (9.38+1.79+0.89) x 1077
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Figure 3: Results of the fits to (a) M_ 4+, .+.- and (b)

M+ - 00, where the background contributions are dis-
played as the hatched histograms.

contributions to the measurement of the branching frac-
tions are summarized in Table [Il The uncertainties in
MDC tracking and photon detection have been studied
with the high purity control sample of J/¢ — pm for
two data sets. The differences in the detection efficien-
cies between data and MC simulation are less than 1%
per charged track and 1% per photon, which are taken
as the systematic errors. Similarly, to estimate the error
related to the pion identification, the pion identification
efficiency has been studied using a clean sample of J/1) —
pr, and the data is found to be in agreement with MC
simulation within 1%. For ' — ntn~ 77~ at least one
7w+ and one 7~ are required to be identified, and the error
from this source is calculated to be 0.6%, while 2% is as-

J —— data
—— ChPT + VMD model
‘ ,,,,,,,, phase space

Events/10MeV/c?

L PR S EE IS I 7"
0.3 0.4 0.5 0.6
M, (GeV/c?)

Figure 4: The comparison of M+ .- (four entries per event)
between data and two different models, where the dots with
error bars are for the background-subtracted data, the solid
line is for the ChPT and VMD model, and the dashed line is
for the phase space.

signed for ¥ = 77~ 7%7% because both charged tracks
are required to be identified as pions. The uncertainty
arising from the w (n) veto is estimated by varying the
requirements from |M, +,- 0 — m,/my| > 0.02GeV/c?
to | Myt p—no — my/my| > 0.018 GeV/c? in the event se-
lection.

The uncertainty associated with the kinematic fit
comes from the inconsistency between data and MC
simulation of the track parameters and the error matri-
ces. In this analysis the uncertainties arising from the
kinematic fit are estimated by using J/¢¥) — ¢n events
with ¢ — KtK~ and n — 7ntO7=©) 70 which have
a topology similar to the decay channels of interest. A
sample is selected without a kinematic fit. The event se-
lection for charged tracks and photons are the same as
the two decays studied in this analysis. Each charged
track is identified as a kaon or a pion. Then a 4C kine-
matic fit is performed for the candidates of J/v¥ — ¢,
n — 7tr 7% and a 7C kinematic fit for J/¢ — o¢n,
n — 127979 by constraining the vy invariant mass to be
the 7% mass. The efficiencies for x? < 35 are obtained by
comparing the number of signal events with and without
the 4C (7C) kinematic fit performed for data and MC
simulation separately. The data-MC differences shown
in Table [l are taken as the systematic errors from this
source.

Background events whose distributions peak either be-
low (e.g., n’ — w7~ n) or just above the 7' peak (e.g.,
7 — qw) may alter the signal yield. We performed an
alternative fit by fixing these contributions according to
the branching fractions of J/¢ — ~n’ and the cascade
decays and found the impact on the signal yield is small.
The uncertainty associated with the smooth background
functions, including the phase space shape and the tail of
f2(1270), is evaluated by replacing them with a second



order polynomial, and the uncertainties of 2.1% and 3.5%
are due to the yield difference with respect to the nominal
fit. The uncertainties due to the fit range are considered
by varying the fit ranges, and the difference of the re-
sults are 2.1% and 3.8%. The uncertainties due to the
MC model are estimated with MC samples in which the
signal simulation is modeled according to the decay am-
plitudes in Ref. ﬂE] and a phase space distribution, and
the differences are 1.4% and 4.5%, respectively.

The branching fractions for J/¢ — 41’ and 7° — vy
decays are taken from the world average values ﬂﬁ], and
the uncertainties on these branching fractions are taken
as the associated systematic uncertainty in our measure-
ments.

All the above contributions and the uncertainty from
the number of J/¢ events [10] are summarized in
Table [T, where the total systematic uncertainty is given
by the quadratic sum of the individual errors, assuming
all sources to be independent.

Table II: Summary of the systematic uncertainties in the
branching fractions (in %). In the calculation of the prod-
uct branching fractions of J/¢ — yn',n = ata a T Oz =©)
the uncertainty of B(J/v — vn’) is not included.

+ +

Sources + 070

AR B S i S G S P
MDC tracking 4.0 2.0
Photon detection 1.0 5.0
Particle identification 0.6 2.0
n (w) veto - 2.1
4C/6C kinematic fit 44 2.1
Continuous BG shape 2.1 3.5
Fit range 2.1 3.8
MC model 14 4.5
B(J/p — ~yn') 2.9 2.9
B(r® = 4v) - 0.1
Number of J/1) events 0.8 0.8
Total 7.5 9.9

In summary, based on a sample of 1.3 billion J/¢
events taken with the BESIII detector, we observe the
decay modes ' — ntr ntr~ and ' — ata a7
with a statistical significance of 180 and bo, re-
spectively, and measure their product branching frac-
tions:  B(J/v — 1) - Bl — ata atnT) =
(4.40 4 0.35(stat.) 4+ 0.30(syst.)) x 107 and B(J/y —
') - By — 7wt 7%7%) = (9.38 £ 1.79(stat.) +
0.89(syst.)) x 10~7. Using the PDG world average
value of B(J/Y — ~n) ], the branching fractions
of ff = atr=at®7=) are determined to be B(n' —
atr-atn™) = (8.53 £ 0.69(stat.) 4= 0.64(syst.)) x 1075
and B(n' — 7ata 7%% = (1.82 + 0.35(stat.) +
0.18(syst.)) x 1074, which are consistent with the the-
oretical predictions based on a combination of chiral per-
turbation theory and vector-meson dominance, but not

with the broken-SUg x O3 quark model [7].
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