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Abstract

In a sample of 58 millionJ/ψ events collected with the BES II detector, the processJ/ψ → γ ηc is observed in five different
decay channels:γK+K−π+π−, γ π+π−π+π−, γK±K0

Sπ
∓ (with K0

S → π+π−), γ φφ (with φ → K+K−) and γpp̄.
From a combined fit of all five channels, we determine the mass and full-width of theηc to bemηc = 2977.5 ± 1.0 (stat.)±
1.2 (syst.) MeV/c2 andΓηc = 17.0± 3.7 (stat.)± 7.4 (syst.) MeV/c2.
 2003 Elsevier Science B.V.

PACS: 13.25.Gv; 14.40.Gx; 13.40.Hq

Since 1980, numerous efforts have been made to
determine the mass and full width of theηc [1–
12]. However, from a theoretical point of view, the
accuracies of these experimental measurements are
still not sufficient. For instance, in order to calcu-
late the strength of the spin–spin interaction term
in non-relativistic potential models, it is necessary
to know precisely the mass difference between the
J/ψ(1−−) andηc(0−+). While the mass of theJ/ψ
is determined with high accuracy to be 3096.88 ±
0.04 MeV/c2, the ηc mass is measured with much
less accuracy to be 2979.7± 1.5 MeV/c2, an average
by the Particle Data Group (PDG) [13] of 10 mea-
surements with an internal confidence level of only
0.001. Different measurements of the full width of the
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ηc also have poor internal consistency. The PDG [13]
determines an average value for theηc full width of
16.0+3.6

−3.2 MeV/c2 from six experiments, whose exper-
imental results vary from 7 to 27 MeV/c2, with large
errors. Such an accuracy is inadequate for some stud-
ies of charmonium physics [14] and additional, more
precise measurements of bothmηc andΓηc are needed.

The ηc mass and width have been measured pre-
viously by the BES Collaboration with data samples
of 3.79 million ψ(2S) events [9] and 7.8 million
J/ψ events [11] collected with the BES I detector
[15]. In the latter sample, the processJ/ψ → γ ηc
was observed in five differentηc decay channels:
K+K−π+π−, π+π−π+π−, K±K0

Sπ
∓ (with K0

S →
π+π−), φφ (with φ → K+K−) andK+K−π0, and
the mass of theηc was determined to be 2976.6 ±
2.9 (stat.) ± 1.3 (syst.) MeV/c2. Combined with the
results fromψ(2S) → γ ηc , the mass and the full
width of ηc were determined to bemηc = 2976.3 ±
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2.3 (stat.) ± 1.2 (syst.) MeV/c2 and Γηc = 11.0 ±
8.1 (stat.)± 4.1 (syst.) MeV/c2.

In this Letter we present results with much higher
statistics using a recent sample of 58 millionJ/ψ
events obtained with the upgraded BES II detec-
tor [16]. The upgrade from BES I to BES II includes
the replacement of the inner drift chamber with a
straw-tube vertex chamber (VC), composed of 12
tracking layers arranged around a beryllium beam
pipe and with a spatial resolution of about 90 µm; a
new barrel time-of-flight counter (BTOF) with a time
resolution of 180 ps; and a new main drift cham-
ber (MDC), which has 10 tracking layers providing
a dE/dx resolution of σdE/dx = 8.0% and a mo-
mentum resolution ofσp/p = 1.78%

√
1+ p2 (p in

GeV/c) for charged tracks. These upgrades augment
the pre-existing calorimeter and muon tracking sys-
tems. The barrel shower counter (BSC), which covers
80% of 4π solid angle, has an energy resolution of
σE/E = 21%/

√
E (E in GeV) and a spatial resolution

of 7.9 mrad inφ and 2.3 cm inz. Theµ identification
system consists of three double layers of proportional
tubes interspersed in the iron flux return of the mag-
net. They provide coordinate measurements along the
muon trajectories with resolutions of 3 cm and 5.5 cm
in rφ andz, respectively.

Theηc mass and width are measured using the reac-
tionsJ/ψ → γ ηc; ηc →K+K−π+π−, π+π−π+π−,
K±K0

Sπ
∓ (with K0

S → π+π−), φφ (with φ →
K+K−) and pp̄. Event selection criteria for each
channel are described in detail in our previous papers
[17–19]. Here we repeat only the essential information
and emphasize those considerations that are unique to
themηc andΓηc measurements.

Candidate events are required to have the cor-
rect number of charged tracks for a given hypothesis.
Each track must be well fit to a helix in the polar
angle range|cosθ | < 0.84 and have a transverse mo-
mentum above 60 MeV/c. For the decay channels
J/ψ → γK+K−π+π−, J/ψ → γπ+π−π+π−,
J/ψ → γK±π∓π+π− andJ/ψ → γpp̄, at least one
photon with energyEγ > 30 MeV is required in the
barrel shower counter.

Events are kinematically fitted with four constraints
(4C) to the hypotheses:J/ψ → γK+K−π+π−,
J/ψ → γπ+π−π+π−, J/ψ → γK±π∓π+π−, and
J/ψ → γpp̄. A one-constraint(1C) fit is performed
for theJ/ψ → γmissK

+K−K+K− hypothesis, where

Table 1
Cuts imposed on|Umiss| andP 2

tγ for event selection

Mode (J/ψ → γX) |Umiss| (GeV) P 2
tγ ((GeV/c)2)

γK+K−π+π− < 0.15 < 0.002
γπ+π−π+π− < 0.10 < 0.0015
γK±K0

S
π∓ (γK±π∓π+π−) – < 0.003

γpp̄ < 0.15 < 0.003

γmiss indicates that this photon is not detected. Events
with a χ2 less than 40.0 for a particular channel are
selected.

In order to remove backgrounds from non-radiative
decay channels, all selected events are subjected to
a kinematic fit with four constraints to the hypothe-
ses: J/ψ → K+K−π+π−, J/ψ → π+π−π+π−
and J/ψ → K±π∓π+π−. Backgrounds from the
J/ψ peak are removed by requiring thatχ2(J/ψ →
K+K−π+π−) > 20.0 (for K+K−π+π−);
χ2(J/ψ → π+π−π+π−) > 10.0 (for π+π−π+π−),
χ2(J/ψ → K±π∓π+π−) > 10.0 (for K±K0

Sπ
∓).

For the J/ψ → γpp̄ channel, we require that the
opening angle of the two charged tracks is smaller than
179◦. A detailed Monte Carlo simulation shows that
these cuts, referred to below as theJ/ψ veto, do not
distort the invariant mass distributions around theηc
signal peak.

Two additional variables are used to reject events
with wrong final state assignments. The first vari-
able, |Umiss| = |(Emiss − |Pmiss|c)|, is used to reject
events with multi-photons and misidentified charged
particles. Here,Emiss andPmiss are, respectively, the
missing energy and momentum calculated using mea-
sured quantities for charged tracks. A second variable,
P 2
tγ = 4|Pmiss|2 sin2(θtγ /2), where θtγ is the angle

between the missing momentum and the photon direc-
tion, is used to reduce backgrounds fromπ0’s. The
specific values of the selection requirements for these
two kinematic variables are summarized in Table 1.
Additional requirements to remove backgrounds from
a few specific channels are summarized in Table 2.

For J/ψ → γπ+π−π+π− candidate events with
more than oneγ , we suppressπ0 background by
requiring that|M(γ1γ2) − M(π0)| > 60 MeV/c2 if
�Pmiss is in the same plane as the two photonsγ1
and γ2, i.e., ˆPmiss · ( ˆrγ1 × ˆrγ2) < 0.15. Here, ˆPmiss
is the unit vector of the missing momentum for all
charged tracks; ˆrγ1 and ˆrγ2 are unit vectors for the
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Table 2
Cuts to remove backgrounds from specific channels

Mode (J/ψ → γX ) Cut Background

γK+K−π+π− |Mπ+π−π0 −Mω |> 40 MeV/c2 J/ψ → ωK+K−
γK+K−π+π− |MK+K− −Mφ |> 20 MeV/c2 J/ψ → φπ+π−
γπ+π−π+π− |Mπ+π−π0 −Mω |> 40 MeV/c2 J/ψ → ωπ+π−
γπ+π−π+π− |Mπ+π− −M

K0
S
|> 25 MeV/c2 J/ψ → γK0

SK
0
S

γ1 and γ2 directions determined from the BSC; and
M(γ1γ2) is the invariant mass ofγ1γ2. When we
calculateM(γ1γ2), it is assumed that the missing
particle decays toγ1 and γ2, andM(γ1γ2) can be
obtained by usingPmiss and the angles between�Pmiss
and theγ direction. The advantage of this technique is
that it uses the momenta of charged tracks measured
by the MDC, which has good momentum resolution,
and is independent of the photon energy measurement.
For J/ψ → γK+K−π+π−, γK±K0

Sπ
∓, andγpp̄,

we require that|M(γ1γ2) − M(π0)| > 50 MeV/c2

when ˆPmiss· ( ˆrγ1 × ˆrγ2) < 0.14.
For theK±K0

Sπ
∓ (with K0

S → π+π−) channel,
theπ+π− invariant mass for theK0

S candidate is re-
quired to be within 25 MeV/c2 of theK0

S mass. For the
φφ (with φ →K+K−) channel, the invariant masses
of both candidateφ’s, corresponding toK+K− pairs,
are required to be within 20 MeV/c2 of theφ mass.

After the event selection, the invariant mass spectra
for the individual decay modes are obtained, as shown
in Fig. 1. An unbinned maximum likelihood fit using
MINUIT [20] is performed for all five channels
simultaneously, with the fitting function for a given
channeli given by

fi(m)= ai
[
BW(M,Γ,m)⊗ GS(m,σi)

]× EFFi (m)

+ (1− ai)BGi (m),

whereM andΓ are the mass and width of theηc,
respectively,σi is the mass resolution in theηc re-
gion, BW is a Breit–Wigner function describing theηc
signal, EFFi is an efficiency correction function, and
BGi is a second-order polynomial function describing
the background shape. In order to include the exper-
imental resolution, the BW function is folded with a
Gaussian resolution function GS with the resolution
σi fixed at a value determined from the Monte Carlo
simulation. The parametersM andΓ and the coeffi-
cients of the polynomial function,ai , are determined

from the fit. The log likelihood function for the chan-
nel i is given by

Si = − lnLi = − ln

(Nevent
i∏
j=1

fi(mj )

)
,

whereNevent
i is the total number of events. The overall

log likelihood function,

S =
5∑
i=1

Si,

is minimized to obtain the fitting results from the five
channels simultaneously. The fit result is shown in
Fig. 1, and the fittedηc mass and width are determined
to bemηc = 2977.5± 1.0 MeV/c2 andΓηc = 17.0±
3.7 MeV/c2. The background in Fig. 1(b), (d) and (e)
can also be fitted with a linear polynomial function,
with results that are almost the same.

Systematic errors in determining theηc mass and
width originate mainly from the mass-scale calibra-
tion, background shape, fitting range, difference be-
tween data and Monte Carlo simulation,J/ψ veto,
and uncertainties associated with the mass resolution.
We use 1.5 millionψ(2S) data collected during the
J/ψ run to check the mass-scale calibration. The mea-
suredχc2 mass is 3555.2± 1.4 MeV/c2 from decays
ψ(2S) → γπ+π−π+π− and 3560.2 ± 6.0 MeV/c2

from decaysψ(2S) → γK+K−π+π−, respectively.
The combined weighted average ismχc2 = 3555.5 ±
1.4 MeV/c2, a difference of 0.7 ± 1.4 MeV/c2 from
the world average obtained by the PDG [13]. In addi-
tion, we measured masses of theK0

s , φ andΛ from the
58 million J/ψ data sample to check the mass-scale
calibration. Results of the masses and mass differences
with PDG values [13] are given in Table 3. The sys-
tematic error on the overall mass scale is estimated to
be 0.8 MeV/c2.

Table 4 summarizes all contributions to the sys-
tematic errors of the mass and full-width of theηc.
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Fig. 1. The invariant mass distributions in theηc region for channels (a)mK+K−π+π− , (b) mπ+π−π+π− , (c) m
K±K0

S
π∓ , (d) mφφ and

(e)mpp̄.

Table 3
Comparison ofK0

s , φ andΛ mass peak positions

K0
s (MeV/c2) φ (MeV/c2) Λ (MeV/c2)

Our measurements 496.9± 0.1 1019.6± 0.1 1115.3± 0.1
PDG values 497.67± 0.03 1019.417± 0.014 1115.683± 0.006
+M −0.8± 0.1 0.2± 0.1 −0.4± 0.1
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Fig. 2. Mass and full-width measurements of theηc meson.

Table 4
Sources of systematic errors

Sources Error on mass Error on width
(MeV/c2) (MeV/c2)

Mass scale calibration 0.8
Background shape 0.0 3.6
Fitting range 0.3 2.2
Detection efficiency difference:
data vs. MC 0.5 0.3
J/ψ veto 0.7 5.6
Uncertainties of experimental
mass resolution 0.0 2.4

Total systematic error 1.2 7.4

The effect of the background shape is studied by us-
ing a third-order polynomial function instead of a
second-order one. The upper fitting bound is checked
by changing it from 3.05 to 3.07 GeV/c2, and the
J/ψ veto is removed from the event selection. Con-
tributions from differences of the detection efficiency
between data and Monte Carlo simulation, as well as
uncertainties of the detector mass resolution, are also
listed in Table 4. Assuming no correlations among
the above factors, the total systematic errors on the
mass and width are determined to be 1.2 MeV/c2 and
7.4 MeV/c2, respectively, by a quadratic sum of all
contributions.

In summary, we used 58 millionJ/ψ events col-
lected by the BES II detector to measure the mass and
full width of theηc in five different decay modes. They
are determined to bemηc = 2977.5 ± 1.0 (stat.) ±
1.2 (syst.) MeV/c2 and Γηc = 17.0 ± 3.7 (stat.) ±
7.4 (syst.) MeV/c2. Fig. 2 shows the BES results to-

gether with previously reported measurements. It can
be seen that theηc mass and width measurement from
BES II are in good agreement with the PDG averages.
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