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Measurement of the resonance parameters of the charmonium
ground state, 1.(11Sg)
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Abstract

The resonance parameters of the charmonium ground state, nc(llso), have been measured by means of the reaction
Bp — ne — yy. The mass and total width are determined to be 2984.1 + 2.1 + 1.0 MeV/c2 and 20.41';:; +2.0 MeV,
respectively. The product of branching ratios B(5p — 7¢)B(jc — y¥) is determined to be (22.43:; + 2.0) x 1078, from
which B(ne — yy) = (1874332H0%0) x 1074, and I'(nc — yy) = 3.8+ 1119 1oy are derived using B(ne — 5p) =
(12 £ 4) x 10~* from the literature. :
© 2003 Published by Elsevier B.V.

PACS: 13.20.Gd; 13.40.Hg; 13.75.Cs; 14.40.Gx
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The nc(llso) state of charmonium, occupies a
special place in the study of heavy quarkonia. It is
the only ground state of a heavy guarkonium system

which has been experimentally identified and it is -

the only confirmed heavy quarkonium singlet state.
Knowledge of the parameters of the 7, is important
for the understanding and testing of models of QCD
[1-3]. |

The 7., however, presents a challenge to experi-
ment. It cannot be formed directly in ete™ annihila-
tion and its indirect production via M1 radiative decay
of J /v and ¥’ leads to small branching ratios. The 7,
can be produced exclusively in photon—photon fusion
and inclusively in decays of B mesons; the large lumi-
nosities available at the B factories make this a promis-
ing approach. At present, however, the uncertaintics
in. n, resonance parameters remain large [4] and even
with improved statistics, the above techniques depend
critically on detailed understanding of the calibration
and resolution of the final state detector.

Our experiment was designed to study charmo-
nium resonances by their direct formation in proton—
antiproton annihilation. The mass and width of the
charmonium state are determined from the resonance
excitation curve obtained by varying the energy of the
antiproton beam and measuring the resonance cross
section at different values of the proton-antiproton
center-of-mass energy. With this technique, the sys-
tematic uncertainties in the mass and width measure-
ments are much reduced since they depend only on the
knowledge of the antiproton beam momentum and its
momentum spread.

To obtain a clear signal for charmonium formation
in the presence of the large pp inelastic cross section
we concentrate on charmonium decays to electromag-
netic final states. In this Letter we present the results
of our study of the reaction:

PP — fc— vy (1)

made during the 1996-1997 run of the Fermilab
experiment E835. The measurements reported here
were made with a total luminosity of 18.9 pb~!,
a factor five larger than in our earlier measurement [5],
and they result in significant improvements in the
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precision of the mass, width, and product of branching
ratios.

The experimental technique and the apparatus used
for the present measurements were the same as in [6].
The experiment was located in the AP-50 straight sec-
tion of the Fermilab antiproton accumnlator. A sto-
chastically cooled beam of antiprotons circulating in
the accumulator intersected a hydrogen gas jet tar-
get, producing an instantaneous luminosity of &2 103!
em~2s~! and an interaction region of (6 mm)>. The
spread (r.m.s.) of the jp center-of-mass energy was
typically 0.3 MeV. The detector system was optimized
for the identification and measurement of electrons
(positrons) and photons; we mention only the relevant
features here. Photons were measured in the central
calorimeter which covered the full azimuth and from
12° to 70° in polar angle (f). The calorimeter con-
sisted of 1280 lead-glass Cerenkov counters arranged
in a pointing geometry; each counter was equipped
with an ADC and a TDC. The luminosity was mea-
sured by counting recoil protons from elastic pp scat-
tering in three solid state detectors located at 87.5° to
the beam. .

The hardware trigger for these data accepted events
in which either the total energy deposited in the central
calorimeter was > 80% of the total energy or there
were two localized energy deposits in the calorimeter
with invariant mass corresponding to > 60% of the
center-of-mass energy. Events with charged particles
were vetoed by three sets of scintillator hodoscopes.
A fast software filter reconstructed energy clusters in
the calorimeter and all events which contained any pair
of clusters with an invariant mass > 2.5 GeV/c? or

. where more than 90% of the initial state energy was

deposited in the calorimeter were written to tape.

The method of shower reconstruction in the of-
fline analysis has been described previously [6]. En-
ergy clusters were characterized by a seed of min-
imum energy of 5 MeV and a minimum total en-
ergy of 20 MeV in the 3 x 3 matrix of counters cen-
tered on the seed. Energy clusters due to overlapping
showers—as produced by photons from symmetric =
decay—were distinguished from clusters due to iso-
lated photons by the transverse shape of the energy
deposition [5]. Given the threshold for the signal to
the TDC, the efficiency for timing information varied
from 30% for 25 MeV clusters to 100% for clusters
above 80 MeV. Clusters in the appropriate time win-
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dow (310 ns) were labelled ‘in-time’; clusters with no
timing information were labelled ‘undetermined’.

Events were accepted as candidates for the reaction
pp—>yyif:

— they contained exactly 2 ‘in-time’ photons;

— the invariant mass of these photons exceeded
2.5GeV/c2

— the nominal Confidence Level (CL) of a fit to the
reaction pp — yy was > 5%.

These requirements accept events with any number
of out-of-time or ‘undetermined’ photons in order to
avoid rejecting genuine signal because of clusters from
accidental events. Since, however, 7970 and #° y final
states are the dominant background, events in which
the invariant mass of any pair of photons fell within the
7% mass window (135 & 35 MeV/c?) were rejected.

To obtain cross sections, cotrections were made for
acceptance, for accidental vetoing in the trigger, and
for the efficiency of the analysis. The CL cut efficiency
was determined from a study of pp — J/¢¥ — ete™
data. Efficiencies that varied with luminosity and the
state of the apparatus were found for each data set
by superimposing Monte Carlo pp — yy events on
data events taken with a randomly timed trigger [7,8].
The average overall trigger and analysis efficiency was
70%.

The event sample selected contains not only the
events from reaction (1), but also events from any
pp — yy continuum and a considerable remain-
ing background from pp — 7%, and pp — 70
events where the 7%’s decayed asymmetrically and
the low energy daughter photons were undetected be-
cause they fell outside the acceptance or below the
energy threshold of the calorimeter. This feed-down
background is calculated directly and with good sta-
tistical accuracy using as input the pp — 7°%%° and
pp — 7% cross sections determined simultaneously
with these data [5-7]. The efficiency for identifying
am® was 96.8% giving a background level of 0.1% of
the 7970 cross section and 3.2% of the 70y cross sec-
tion. In practice, the 7y final state accounts for about
75% of the feed-down background.

Fig. 1 shows the angular distribution of the data
and the predicted feed-down background at /s =
2990 MeV as a function of cos(6;m), the angle of the
photons in the pp center-of-mass.
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Fig. 1. Angular distribution of cross sections around
/5 = 2990 MeV. The solid squarcs are the measured cross
sections; the open squares are the calculated feed-down cross
sections (see text).

The signal from the decay of a J = 0 state is
constant in cos{(8cm). The rapid increase in background
starting above cos(f.m) = 0.2 leads to the acceptance
restriction in the analysis.

Fig. 2 shows the cross section for candidates for
the reaction pp — yy together with the predicted
feed-down cross section for cos(@em) < 0.20 as a
function of ./s. The measured cross sections (solid
circles) show a clear resonance signal above a large
background which is predominantly due to the feed-
down. The figure contains 800 events in the resonance
region, 29535 < /s (MeV) < 3010, of which about
190 are signal.

We have fit the data of Fig. 2 as the sum of
a resonance and a background. The resonance is
described by a Breit-Wigner form

4 (hic)? BinBow
(s —4m2c*) 1 + [2(/5 = Mgc?)/ TR

characterized by a mass Mg, a width I'g, and a peak
value proportional to the product of By = B(7, —
pp) and Boyt = B(ne — yy).

Given the small amount of data outside the reso-
nance region, we have used the calculated feed-down
cross section to determine the form of the background.
We find that the feed-down is well described by a

or(s) =



Fermilab E835 Collaboration

lcos(Pem)1<0.20

J.,,(pb)_‘
L |‘|—‘

80

&80

40

20

T T T T

%960 2950 3000 3050 3100
vs (MeV)

NS T SR SR

Fig. 2. Measured yy cross sections for cos(fom)max = 0.20
(solid circles). The open squares are the calculated feed-down
cross section. The curve represents the best fit to a Breit-Wigner
resonance on a power law background (see text).

power law characterized by a normalization A and an
exponent B,
2984 \?®
N (MeV)) '
and use this form for the background. -

We have explored fits to the data using values for
the background parameters directly from the feed-
down calculation, allowing the background normal-
ization to be a free parameter keeping the exponent
fixed to the feed-down value, and allowing both the
normalization and the exponent to be free parameters.
The resonance parameters from all these fits are in ex-
cellent agreement, the only difference being a small
increase in the statistical uncertainties. Significantly,
the ratio of the free normalization parameter A to the
feed-down value was found to be 0.99£0.05. This im-
plies that the continuum pp — yy cross section for
cos{Ocm) < 0.20 is less than 4 pb at ./s of 2984 MeV,
a lower limit than can be inferred from yy — pp ex-
periments [9,10].

The uncertainties due to the event selection, from
the choice of angular range and from the background
treatment have been estimated by varying the cuts
and the acceptance; the associated systematic errors
are +1 MeV/c? in Mg, =2 MeV in Ik, and =2 x

Obkgd(s) = A(

Table 1

Resonance parameters for the 7¢. The first error is the statistical
error from the fit and the second is the systematic uncertainty. The
quantities with asterisks are obtained using B(n; — pp) from the
literature [4]

Parameter Value
M(ne) MeV/c? 2984.1 £2.1+1.0
I'(nc) MeV 204%77 £2.0
BinBou; x 108 24833420
Bigl'(ne = vy) x 10° keV 46112204
*Iyy (1) keV 38715710

*B(ne —> yy) x 104 1.87£0.3270%

1078 in BiypBow. The systematic uncertainty in the
mass from the uncertainty in the mean energy of the
antiproton beam is estimated to be 0.2 MeV/c2, The
systematic error in the width measurement due to point
uncertainties in the mean energy of the antiproton
beam and from uncertainties in the energy spread
of the beam is less than 0.1 MeV. Statistical and
systematic uncertainties in luminosity measurement,
analysis efficiency and geometric acceptance are all
negligible compared to the statistical uncertainties due
to the size of the event sample.

We take the resonance parameters from the fit to the
data treating both the background normalization and
exponent as free parameters. The fit is shown in Fig. 2.
‘We include the additional systematic and statistical er-
rors described above to obtain our final results as given
in Table 1. The present mass measurement is consis-
tent with the value M (1.) = 2988.3 + 3.3 MeV/c? of
our previous experiment [5] and is 4.4 MeV /c? higher
than the value quoted in Ref. [4].

Interference with continuum y ¥ production could
affect the excitation and displace the peak from the
resonance mass. We have investigated this possibility
by fitting the feed-down subtracted data to a resonance
plus an interfering continuum. The additional parame-
ters do not improve the quality of the fit and the value
of the resonance mass changes by a small fraction of
our stated uncertainty. '

In Ref. [5] we also reported a width, I"(5;) =
23.9f%.21'6 MeV. This large value has been supported
by the subsequent measurement of Ref, [11] and more
recently by Ref. [12]. The present result confirms
our previous observation with almost a factor of two
smaller error.
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Our value for B(n. — pp)B(n. — yy) is con-
- sistent with the E760 result and has a fractional er-
ror a factor of two smaller. We obtain the values
of B(ne — yy) and I'yy(nc) using B(ne — pp) =
(12 & 4) x 10~ [4]; the uncertainty in B(n. — pp)
is included in the systematic error. A compilation of
measurements of the 7, resonance parameters is given
in Fig. 3.
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Fig. 3. A compilation of results ([5,11-13,16-26], this work) for
the 7 resonance parameters, mass, total width, and the two photon
partial width. Filled squares are from e*e— experiments, open
circles are from pp experiments. The present results are at the top
of each panel.

Table 2

Theoretical predictions for 7, resonance parameters
Authors (Ref.) I (ne) MeV Tyy(nc) keV
Novikov [27] ~20 6,7
Godfrey [29] 22.1 6.76
Gupta [30] 23.0 109
Ackleh [31] 4.8
Munz [32] 3.5
Linde [33] 6.2-6.5
Huang (341 55
Schuler [35] 7.8
Fabiano [36] 76+1.5
This experiment 20.4fg:.7, +2.0 3.81'}'3ﬂ:3

The mass of the 5. was predicted soon after the
discovery of the J/¥ [14] and long before it was
first observed [15]. Potential model calculations either
try to fit the observed M(J/y) — M(n.) splitting, or
assume its experimental value in fitting the rest of the
charmonium spectrum.

The total width of the . is expected to be mostly
(> 99%) hadronic, i.e., I'(n.) = I" (n. — h). Novikov
et al, (27] predict a model dependent estimate of
ne width from the relation I'(CPp)/I"(1Sp) = 0.5.
The most accurate measurement of I” (3Po) =98+
1.0 MeV [28]. This leads to the prediction that
I'(ne) =20 MeV.

In a relativistic potential model calculation Godfrey
and Isgur [29] predict I'(r.) = 22.1 MeV, and Gupta,
Johnson and Repko [30] predict () = 23.0 MeV.
These predictions are summarized in Table 2, and they
all are in good agreement with our experimental result.

The two photon radiative width has been predicted
by several authors. These are also given in Table 2.
Within its large systematic uncertainty, our measured
two photon width is consistent with all the predictions
except Gupta et al. [30].
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