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We report new measurements for the mass, width, and branching ratios for the J/¢ and the
9’. These charmonium states are formed exclusively in pp annihilations at the Fermilab Antiproton
Accumulator ring, where stochastically cooled antiprotons are brought into collision with the protons
of an internal hydrogen gas jet target. The antiproton energy is precisely controlled and measured
allowing an accurate measurement of the resonance parameters. From the shape of the excitation
curves we find that the widths of J/1 and 1)’ are I'(J/9) = 99+ 12+ 6 keV and I'(¢)')=306+36 + 16
keV, and that the mass of the J/v is 3096.87 + 0.03 + 0.03 MeV/c?>. For the J/¢ we obtain
B(J/¢ — pp)B(J/¢ — ete™) = (1.1433:1§ £0.10) x 107%; for the ¢’ we obtain B(y' — pp)[B(y’ —

ete™) + By — J/YX)B(J/ — ete)] = (1.17

+0.15£0.08) x 1075,

PACS number(s): 14.40.Gx, 13.20.Gd, 13.75.Cs, 29.20.Dh

I. INTRODUCTION

To date the majority of the measurements of the J/y
and 1’ resonance parameters are the result of experi-
ments carried out with ete~ colliding beams [1]. The
mass determination from such experiments is very precise
[2], but the resonance width measurements are compro-
mised by the relatively large beam energy spread and
the large radiative corrections [1]. Charmonium states
can also be formed in pp annihilations, where they can
be easily detected, despite the presence of a much larger
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tNow at CEN Saclay, F-91191 Gif-sur-Yvette, France.

hadronic background, by their characteristic decays into
final states with a high mass ete~ pair. Moreover, the
small energy spread of stochastically cooled antiprotons
and the precise control of the beam energy available at
an antiproton storage ring provide a high precision probe
for the determination of the mass and width of narrow
resonances [3].

A significant advantage of the study of charmonium in
pp collisions is that the full spectrum of states can be
resonantly produced, in contrast to ete™ annihilations
where only states with the quantum numbers of the pho-
ton (JPC = 177) are directly accessible. This makes the
direct study of the x. states and searches for previously
unobserved states, such as h.(}P;), feasible [4].

In the present experiment, Fermilab E760, circulating
antiprotons in the Fermilab Antiproton Accumulator are
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47 MEASUREMENT OF THE J /¢ AND ¢ RESONANCE... 773

brought into collision with an internal hydrogen gas jet
target [5]. A nonmagnetic detector identifies the char-
monium final states by detecting their electromagnetic
decays. Data collected during two periods (July through
August, 1990, and August through December, 1991) with
typical luminosities of 5 x 103 cm~2s~! are used to ob-
tain the results reported here. The momentum spread
Ap/p of the beam is less than 2 x 10~* which leads to
full width at half maximum (FWHM) resolution of ap-
proximately 0.5 MeV in the center-of-mass energy.

The present experiment is similar to a previous CERN
Intersecting Storage Ring experiment [6] but offers sub-
stantial improvements in beam quality, luminosity, and
detector equipment. We report new measurements for
the mass, width, and branching ratios for the J/v and
the ¢/, and the techniques used in obtaining these results.

II. EXPERIMENTAL TECHNIQUE

The charmonium states are studied by sweeping the p
energy across the resonances and measuring their cross
sections as a function of the beam energy; the resonance
parameters are extracted by an analysis of the resulting
excitation curve. The Breit-Wigner cross section for the
formation and subsequent decay of a cC resonance R of
spin J, mass Mg, and total width I'p formed in the re-
action pp — R is

(27 +1)
(25 +1)(25 +1) [E2,,
F%BinBout
*Bom — Ma@12 +T5/4 - (1)

47 (hc)?
. — 4(mpc?)?]

OBW (Ec.m.) =

Here S is the spin of the proton, B;j, and B,,; are the
branching ratios (B = [partial/T'r) in the resonance for-
mation channel (fp — R) and in the decay channel re-
spectively. For the present study we select the decay
channels R — ete™, or R — ete~X where the ete™
pair forms either a J/v or a 1'. The center-of-mass en-
ergy Ecm. is determined only from the p beam energy
E. The observed excitation curve is the convolution of
the Breit-Wigner cross section for the resonance with the
energy distribution function of the beam, i.e.,

o(Bom.) = /0 ” sw(E)G(E — Eom)dE',  (2)

where G(FE) is the normalized beam energy distribution
function in the center-of-mass frame. The area under the
resonance is given by

ot T
A= / U(Ec.m.)dEc.m. = 50'peakFR’ (3)
0
which is independent of the form of G(E). opeak is the
cross section at E.n,. = Mgc? given by
oot w (2J+1)  167h’BinBow @)
peak = 25+ 1)(25 + 1) (M3 — dm2)&

If G(E) is unknown, then the product opeakI'r can be
obtained from the measured area. If G(E) is known, then
I'r can be directly determined from the analysis of the

shape of the measured excitation function. The precision
with which the width I'p can be extracted depends on
the relative magnitudes of I'r and the beam width I'p
(FWHM) in the center of mass. IfI'r /' > 1, ' can be
determined with good precision; the precision decreases
as I'r/T'p decreases.

With our beam width, I'5 = 500 keV, a direct determi-
nation of I'g can be made from the analysis of the shape
of the resonance excitation function even for the J/v res-
onance (I'gr =~ 100 keV). One can understand the reason
for our sensitivity to such small resonance widths from
the following considerations [7]. For a beam energy distri-
bution that is a Gaussian with width I'g[= (8n2)'/20 5],

. . o
the measured peak cross section op,) is

%4 Tr
exp(ﬁ) erfc(\/.8_03> , (5)

where erfc is the complementary error function. If I'g >
I'r it can be shown that

U;eak - 0.94 [ FR:l

> 0,
0. = k —_
peak pea 8 o

e T (1004 (6)
where 0.94 is the factor (41n2/7)'/2. In our case T'r/T'5
is &~ 0.2 at the J/9 and a direct determination of I'g
can be obtained if o}, /A is measured. We would like
to note that if we had a resonance cross section with a
Gaussian shape and a Gaussian beam energy distribution
we would have instead

2

U;eak ~ 9_.% 1-— l .rl (7)

A T T'p 2\I'p ’
i.e., a much weaker dependence on I'gr/T'p than that of
Eq. (6) for a Breit-Wigner resonance cross section. It is
this fact that allows an accurate determination of I'g.

We also wish to point out that the ratio o}, /A is
independent of the efficiency and acceptance of the de-
tector and the absolute value of the luminosity, and I'p
can be determined without having a detailed knowledge
of these quantities. Stable running conditions, an accu-
rate knowledge of the beam energy distribution function,
and high statistical accuracy in the data are, however,
necessary.

III. THE ANTIPROTON ACCUMULATOR

The Fermilab Antiproton Accumulator is a storage
ring designed to accumulate and cool antiprotons for the
Tevatron colliding beam program [8]. The 474 meter ring
was originally designed to operate at a fixed total energy
of 8.9 GeV. In order to provide antiprotons over a range
of 4-7 GeV (Table I) for use in the present experiment,
the Accumulator is operated in a nonstandard mode. In
the following we briefly describe the important features
of the machine.

The Accumulator lattice consists of six identical sec-
tors. The lattice functions and the plan view of a sector
are shown in Fig. 1. The ring is completed with mir-
ror symmetry about the point at which two sectors are
joined. As shown by the dot-dashed line in the figure,
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TABLE I. Charmonium states and the corresponding
beam energy of an antiproton beam for pp resonant produc-
tion.

State JFC Mass (MeV/c?) Eyeam (MeV)
e o~+ 2978.8 3790.2
J/¥ 1—~ 3096.9 4172.6
Xco o+t 3415.1 5276.8
Xe1 1+ 3510.5 5628.9
he(*Py) 1*+- 3526.2 5687.8
Xe2 ot+ 3556.2 5801.0
A 0~+ 3594.0 5945.0
Y 1-- 3686.0 6301.9
lDz 2—+
3D2 277

the momentum dispersion of a sector starts from 0 m
at one end and increases to 9 m at the other end. The
experiment is located at a zero dispersion region where
the horizontal and vertical betatron functions (solid and
dashed lines in Fig. 1) are the same; i.e., the transverse
beam profile is circular at the interaction region.
During the experiment, the Accumulator is run first
in its design mode to accumulate the desired number of
antiprotons at 8.9 GeV. Then the p beam is decelerated
to the desired energy [9]. An RF cavity operating at
the second harmonic of the beam revolution frequency
(frr =~ 1.24 MHz) and with a maximum RF voltage am-
plitude of 3 kV is used to decelerate the beam. The de-
celeration process is controlled by an auxiliary front-end
computer [10] that sets the current of magnets as a func-
tion of beam momentum. These functions, or “ramps,”
are determined experimentally at discrete points and in-
terpolated linearly between the points. The deceleration
proceeds at about 20 MeV /s. After the deceleration, the
resonance is scanned by changing the beam energy in
small steps. The smallest step size is determined by the
least significant bit of the dipole power supply digital
control and corresponds to about 150 keV/c in the lab.
The main dipole and quadrupole power supplies are reg-
ulated to 1 part in 10° to ensure excellent stability of the

One Sixth of the Accumulator Lattice
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FIG. 1. Layout of one sector of the Accumulator lattice.
The solid line is 8z, the dashed line is 8, and the dash-doted
line is the dispersion.

beam orbit and energy.

In a typical run for the present experiment, a beam of
~ 3.5 x 101 antiprotons is accumulated at an average
rate of ~ 1010 5/hr. The internal hydrogen gas jet target
is operated at a typical density of 3.5x10!3 atoms/cm?.
It has a diameter of 6.3 mm in the interaction region (for
95% containment). The antiproton beam has a diameter
of ~# 5 mm (for 95% containment) and traverses the gas
jet at ~0.62 MHz. The peak luminosity achieved is =~
1.0 x 103! cm~2s~1. The beam lifetime is 50 to 90 hours
depending on the energy of the beam. Each store is used
for about 1-2 lifetimes. In the case of the J/¢ and the
1’ the relatively high production cross sections allow us
to complete an energy scan of a resonance within a single
store.

The stochastic cooling system [11] is essential to the
success of this experiment. The transverse cooling sys-
tem counteracts the growth of beam emittance due to
the traversals of the gas jet and the residual gas in the
ring. The momentum cooling serves two purposes: it
compensates for the average dE/dx loss due to the beam
traversing the jet and it narrows the beam energy spread
I'p to =~ 0.5 MeV in the center of mass. A set of mov-
able momentum cooling pickup electrodes [12] allows us
to cool the beam at any radial orbit position and lets us
choose the beam orbit position.

IV. BEAM ENERGY AND WIDTH
MEASUREMENTS

The average beam energy and the beam energy spread
are important for the determination of the mass and
width. The precision of the beam energy measurement
determines the precision of the measurement of the reso-
nance mass. The precision with which the beam energy
width is measured directly influences how well the reso-
nance width of a narrow resonance can be determined.
We describe here how these quantities are determined.

A. Introduction

The determination of the average beam energy and the
beam energy spread are both based on the measurement
of the beam revolution frequency spectrum. The beam
energy in the lab is determined from the velocity of the
beam. The beam velocity is given by

8= fL, 8)

where f is the revolution frequency of the particles in the
beam and L is the orbit length. L is usually expressed
as the sum of a reference orbit length Lo and a difference
AL, i.e.,

L=Lo+AL. 9

The energy spread of the beam is derived from the rev-
olution frequency spread of the beam. From Eq. (8) we
get

g_oe_oo (10)
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In terms of the beam momentum p,

ag 1dp

hut e’ A 11

B Y (an
The transition gamma factor 4, is defined by

dL 1 dp

= = =, 12

L +p (12)

The value of v; depends on the machine lattice. From
Egs. (10), (11), and (12) we have the following relation-
ship between the fractional momentum spread dp/p and
the fractional frequency spread df/f:

dp 1df
@ _L4d 13
p nf (13)
where 77 is defined as
1 1
=— - . 14
=T (14)

The beam revolution frequency spectrum is measured
from the beam current Schottky noise [13]. The spectral
power density P(f) of the noise is proportional to the
particle density dN/df, i.e.,

P(f)Af = 27r(ef)2%Af , (15)

where e is the charge of the antiproton. A spectrum at
the 129th harmonic of the revolution frequency is shown
in Fig. 2. The signal is detected by a coaxial quarter
wavelength resonant pickup whose bandwidth is much
larger than the beam frequency width (fpy = 79.323
MHz, Qpy = 305). The signal is analyzed by a spectrum
analyzer [14] every 3 to 5 minutes; the spectrum is then
read out by the experiment data acquisition system. As
shown in Fig. 2 the average revolution frequency spec-
trum is approximately Gaussian in shape with a tail on
the low-energy side caused by straggling primarily in the
gas jet target. This spectrum is fitted to a curve, con-
verted to the corresponding center-of-mass energy spec-
trum, and used as the energy distribution function G(FE)
which is convoluted with the Breit-Wigner cross section
in Eq. (2).

B. Orbit length measurement

The length of the central orbit obtained from survey
measurements is not accurate enough to determine the
beam energy with sufficient precision to improve on the
existing measurements of the J/v and 1’ masses [2, 15].
We have therefore chosen to calibrate the orbit length
with the known mass of the ¢'.

The reference orbit length at the peak of the resonance
is given by Lo = ¢fp/fo, where fp is measured at this
orbit, and (g is calculated from the ¢’ mass. The error
6Lp in the length of the reference orbit and the error in
the reference mass 6 M are related by the equation

é6Lg Mp

— = ——— 6Mp, 16
T, ~ Rmmi Mr (16)

where we have neglected the contribution of the error
in the average beam frequency which is small (6 fo/fo =
+1.5 x 10~7). The 0.1 MeV/c? uncertainty in the pub-
lished [15] mass of the 9’ corresponds to an uncertainty
in the Lo of +0.67 mm at the 9’. An orbit length error
of £0.67 mm corresponds to § Mg= 0.033 MeV/c? at the
J/.

Having established the reference orbit at the v/, we
can determine the center-of-mass energy at the other res-
onances. If we could keep the beam on the reference orbit
at all energies the only error in a resonance mass would be
that discussed above. However, this situation cannot be
achieved precisely over the entire energy range of the ex-
periment. In general, orbits used differ in length from the
reference orbit by an amount AL which typically ranges
from +2 mm to —2 mm.

—_
v 70
S
> L (a)
g i
60 |—
> -
=~
[} -
1=
5 i
B L
50 —
& L
m L
o L
9 +
°
S 40
5 L
pe L
o L
< -
5 30 — ;
& -
3
0 F
E ol | | |
=] 20 P S S TR S S TR S S - 1
z 79.490 79.492 79.494 79.496
Frequency (MHz)
9 70
g -
“ L (b)
m
a L
60 —
> L
1=
el L
1 35
5 i
5 L
5 50 —
& L
- L
o L
S L
°
S 40—
5 L
pe -
o i
< -
5 30 |-
L -
[
3 L
E ol | | | |
5 pgobto— 4 oo Loy by Ly
4 79.490 79.492 79.494 79.496
Frequency (MHz)
FIG. 2. Sample longitudinal Schottky spectra at har-

monic number h = 129. Note the logarithmic scale (in dB)
for the vertical axis. (a) Data taken in 1990 at the J/4 fitted
to a double Gaussian with exponential tails. (b) Data taken
in 1991 at the J/4 fitted to a Gaussian with an eighth-order
polynomial added to the exponent and exponential tails.
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The difference AL is measured using 48 horizontal
beam position monitor (BPM) modules [16] located near
the horizontally focusing quadrupoles of the accumulator
lattice (see Fig. 1). The BPM readout at the energy of
interest is compared to the BPM readout that has been
recorded at the reference energy. The resulting “differ-
ence orbit” is used to calculate AL.

The orbit length change, expressed in terms of the dif-
ference Az(s) in the horizontal position between the ref-
erence orbit and the current orbit is given to first order
by

[T Ax(s)
AL = /0 Fell (17)

where p(s) is the radius of curvature of the reference orbit
at position s, along the path of the reference orbit. The
higher-order terms not appearing in Eq. (17) turn out
to be of the order of 10~ of the first-order term. Orbit
length changes due to variations in the vertical position
of the beam are also negligible. Since

o)t = 2 18)
p
and the magnetic field B is large only in the dipole mag-
nets, we can approximate the integral of Eq. (17) by a
sum which includes only the contribution of the 30 main
bending dipole magnets:

30 Az:
AL=Y" -p-lAsl-, (19)

i=1

where Az; is the horizontal displacement from the refer-
ence orbit at the center of the ith dipole, p is the radius
of curvature of the main dipoles (17.464 m), and As; is
the effective length of the ith dipole.

Equation (19) requires that Az; be known at the cen-
ter of each dipole magnet. We calculate them from a
fit to the closed orbit formula [17] using the 48 BPM
measurements. The error in the orbit length measure-
ment is calculated to be =1 mm using a Monte Carlo
method; in this calculation we assign a random error to
the BPM readouts equal to the statistical error for each
BPM detector (1/v/12 of the least significant bit). We
have checked this by using BPM data from the double
scans (see Sec. IVC1) in which the cooling pickup po-
sitions and the cooling gain were very well controlled.
The orbit length at each data point in these scans can be
assumed to be constant and the length differences calcu-
lated from the BPM measurements are simply due to sta-
tistical fluctuations. Another method to check the BPM
error is given in Sec. VII A. We conclude that the orbit
length error is +1 mm, consistent with the hypothesis
that the error is statistical only. The corresponding mass
errors are s Mp=0.05 MeV /c? at the J/v and 6 Mp=0.15
MeV/c? at the 9.

C. Beam energy spread measurement

The beam energy spectrum is determined from the
beam revolution frequency spectrum. It is therefore im-

portant to determine dFE/df, or equivalently the n pa-
rameter of Eq. (14). In the following, we describe three
methods to determine 7.

1. Determination of n by the double scan technique

In a double scan, we scan the resonance twice, once
with the beam on the “central orbit” and another time
on a “side orbit.” The side orbit is radially displaced
from the central orbit. The frequency difference between
the two orbits is chosen to be about one o5 of the beam
frequency spread. If we know the energy difference be-
tween the two orbits, dE/df can be readily calculated.
Since the peak of the resonance defines the energy of the
beam uniquely, we can use it as a marker to measure the
energy difference between the two orbits.

The double scan procedure is schematically illustrated
in Fig. 3. The sequence of data taking is indicated by the
arrows shown. Data are first taken with the beam on the
central orbit, with the revolution frequency, total energy,
and the magnetic field B being (f., E, B;). The beam
is decelerated from the central to the side orbit, where
more data are taken. The energy and frequency of the
beam change but the B field is the same: (f,, E;,Bs =
B.). The beam is then returned to the central orbit by
changing the B field but keeping the energy constant,
and the procedure is repeated several times across the
resonance. The resulting cross section measurements can
be plotted against the B field producing two excitation
curves which are shifted with respect to each other as
shown in Fig. 3.

To obtain the quantity dE/df at constant B, we now
consider “sets” of points taken at the same magnetic field
but on different orbits. One set consists of cross sec-
tion measurements at energies E};, another at energies
E:. The value of dE/df can be found, in essence, by
forcing the excitation curve from the side orbit to match
the central orbit curve. To be more specific, consider the
data points of Fig. 3. Points 2 and 3 form a set, and
points 1 and 2 are the peaks of the two excitation curves.
We have

dE
(B2 — E3) = = (f2 — f3) (20)
df
Schematic for double scan
e S e A - .
2 1 b
— X side orbit —
[ o central orbit ]
[
- —
5[
Q- -]
&t ]
- ]
[ .
B field
FIG. 3. Schematic for the sequence of the double scan.
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and

(By — Ba) = ﬁ273mpgl;—3@- (21)

Since E; and E; are equal, we get from Egs. (20) and
(21)

dE _ 5 3 1 (fi—fs)
&P = fa) 22)
Equivalently, 7, as defined in Eq. (13), is
_ 1 (f2—fs)
=5 (f1—fa) (23)

The derivation above assumes that the orbit length for
data points 1 and 3 are exactly the same. This is in
general true for adjacent points to the level of the power
supply digital setting error, i.e., £0.027 mm, which is in-
deed negligible. In addition, we assume that points 1 and
2 can be determined with sufficient statistical accuracy
from a fit to the two excitation curves.

We see from Egs. (22) and (23) that dE/df or 5 can be
measured accurately by this method because it depends
only on frequency measurements; the parameters in the
equations (8 and ) are known accurately because the
resonance masses of J/¢ and 9’ are accurately known
[2]. The values of i obtained using this technique are
listed in Table II.

2. Determination of n from the synchrotron
Jrequency

When the RF is on, the energy of a particle oscillates
about the synchronous energy with a characteristic syn-
chrotron frequency. The synchrotron frequency w, de-
pends on 7 and several other machine parameters. In
the small oscillation amplitude limit the relation is [17]

w2 = EVRE whr 1 cos(ds)
s E 2rh B2

(24)

where Vgp is the peak RF voltage seen by the beam, wryp
is the RF frequency, the RF cavity operates at harmonic
number h= 2, and ¢, is the synchronous phase. If the
beam is stationary (neither accelerating nor decelerating)
the synchronous phase ¢, equals 0 above transition (v >
~:) and equals 7 below transition (y < 7).

There are several measurements that must be made in
order to evaluate n from Eq. (24). The energy of the
beam is known to better than 1 part in 10% using the
techniques discussed in Sec. IVB. The RF frequency is

known to 1 part in 107. For the beam energies of in-
terest to us, the synchrotron frequency typically varies
between several Hz to several tens of Hz. By extending
the measurement over many synchrotron frequency har-
monics (typically 8 to 12) the synchrotron frequency can
be determined to better than 1%.

The primary uncertainty in the determination of 7
from this technique is due to the uncertainty in the mea-
surement of VrRp. The most accurate measurement of
Vrr utilizes a bolometric RF power meter. The harmonic
content of the RF voltage is measured by a spectrum an-
alyzer. The overall uncertainty in the determination of 7
from this method is estimated to be approximately 10%.
The results in the measurement of 7 by this method are
listed in Table II.

8. Determination of n from ~; measurement

From Eq. (14),  can be determined from a knowledge
of the transition gamma, ;. In turn, - can be deter-
mined by measuring the change in revolution frequency
of a beam of fixed energy (RF off) caused by the change
in the magnetic field B of the main dipoles, the relation
being

dB  ,df

5 =% 7 (25)
Unfortunately, because

dn 2 |dv

= = | =, 26

n [m?] Ve (26)

the error in 7 resulting from the error in 7, approaches in-
finity as n — 0. Because of this large uncertainty, the de-
termination of 7 by measurements of +y; is difficult when 7
is small. The error in 7 measured using this technique is
hard to estimate, and we do not quote it or use these mea-
surements in our analysis. The results from this method
are listed in Table II only for comparison with the results
from the other two methods.

V. THE E760 DETECTOR

The E760 apparatus is designed to select electromag-
netic final states out of a very large hadronic background
and to identify unambiguously the topology of events. A
schematic of the detector, gas jet, and luminosity moni-
tor is shown in Fig. 4. The detector covers the complete
azimuth and the laboratory polar angle from 2° to 70°.
There are two cylindrical scintillator hodoscopes H1 and

TABLE II. 7 measured by three methods.

Data Double scan Synchrotron frequency® Yt
J/ 1990 0.020 % 0.001 0.0185 0.0186
J/ 1991 0.0181 + 0.0004 0.0179

1’ 1990 —0.0087 £ 0.0005 —0.0105 —0.0109
3’ 1991 —0.0140 =+ 0.0008 —0.0142 —0.0136

® The estimated error in 7 is £10%.
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FIG. 4. Layout of the detector and gas jet.

H2 used for triggering and charged particle identification.
A threshold Cerenkov counter provides electron/hadron
discrimination and wire chambers provide charged parti-
cle tracking. The central calorimeter measures electron
and photon energies and positions. All of the above, ex-
cept the wire chambers, are also used in the trigger.

Scintillation counter hodoscope H1 consists of 8 ele-
ments of 2-mm-thick plastic scintillator lining the exte-
rior of the 0.2-mm-thick stainless steel beam pipe and
covers a polar angle range from 9° to 65°. A single
minimum-ionizing particle yields an average of 10-20
photoelectrons in this hodoscope. The second hodoscope
H2 consists of 32 counters, each 4 mm x 3 cm X 65 cm,
at a radius of 17 cm from the beamline. Since the light
yield in H2 is good (50-100 photoelectrons per minimum
ionizing particle), the pulse height is also used to dis-
tinguish single charged particles from electron-positron
pairs.

The Cerenkov counter [18] is divided into eight az-
imuthal sectors, each covering 45°. Within each sector
there are two cells covering the polar angle from 15° to
38° and 38° to 70°, respectively. The cells are filled with
CO; and freon 13 at one atmosphere and have a pion
momentum threshold of 4.9 GeV/c and 3.7 GeV/c, re-
spectively.

The central calorimeter CCAL [19] consists of 1280
lead-glass blocks arranged in 20 rings in the polar coor-
dinate 6, covering the range of § from 11° to 70°, and
64 wedges in the azimuthal coordinate ¢ in a projec-
tive geometry. Each block is instrumented with a pho-
tomultiplier whose output signal is digitized in an 11-bit
analog-to-digital converter. In addition, summed output
signals from matrices of 5 x 8 blocks that map the cen-
tral calorimeter to a coarse 6 — ¢ grid are used in the fast
trigger logic [20]. The root mean squared (RMS) energy
resolution of this detector is 6%/+/F(GeV). The forward
lead scintillator calorimeter [21] which covers the polar
angle from 2° to 12° is not used for this analysis.

The wire chamber system covers the range of 8 from
15° to 65° and consists of (a) a straw-tube drift chamber
[22] made with two layers of aluminized mylar tubes, (b)
a radial projection drift chamber RPC [23] which sam-
ples dE/dz information 16 times for each track, and, on
the same mechanical structure as the RPC, a multiwire
proportional chamber with cathode pad readout, (c) a
set of outer tracking chambers consisting of a cylindri-
cal barrel of limited streamer tubes [24] for 6 larger than

22°, and a planar multiwire proportional chamber cov-
ering the range of 6 from 10° to 18°. Straw-tube drift
chambers covering smaller polar angles are not used in
this analysis.

The overall RMS angular resolutions in the detector
system are Af=4 mrad and A¢=7 mrad for electrons,
and Af§=7 mrad and A¢=11 mrad for photons.

The luminosity monitor [25] consists of a fixed 1 cm
x 5 cm and 0.5 mm deep active volume surface barrier
silicon detector mounted /1.5 m from the interaction re-
gion. It detects recoil protons elastically scattered at
86.5° from the beam direction. The luminosity £ is de-
termined by normalizing the recoil counts to the known
elastic scattering cross section,

L= Nelastic/ {%dﬂ], (27)

where df} is the solid angle subtended by the silicon de-
tector. The error in the absolute measurement of the
luminosity is mostly due to the error in the fit to the
known pp total cross sections in the 2.5-15.0 GeV/c re-
gion and the uncertainty in solid angle d2. The error due
to counting statistics makes a much smaller contribution
to the overall luminosity errors, which are estimated to be
less than +4%. An independent measurement of the rel-
ative luminosity is provided by the coincidences between
H1 and H2. The ratio of the rate for these coincidences
to the rate in the luminosity monitor is stable to +1.5%
over a scan.

VI. EVENT SELECTION AND DATA ANALYSIS

Events are selected for recording by the fast hardware
trigger designed to identify a high mass object decaying
to eTe~ with no explicit condition on additional particles,
charged or neutral. This choice was made in order to
use the same trigger logic for all charmonium resonances
decaying either inclusively to J/4 or exclusively to ete™.
The elements which enter into the trigger are logic signals
from the Cerenkov cells and from the hodoscopes (H1 and
H2) and the summed signals from the lead-glass counters.

Three simultaneous hardware triggers have been im-
plemented.

(1) The main trigger requires two electrons each de-
fined by a coincidence between the appropriate elements
of scintillator hodoscopes H1 and H2, and identified as
an electron by the associated Cerenkov signal. Indepen-
dently, two energy clusters, above their §-dependent en-
ergy thresholds, are required in the CCAL with an az-
imuthal opening angle greater than 90°.

(2) An auxiliary trigger requires Cerenkov electron
identification for only one of the two charged particles
to monitor the efficiency of the Cerenkov detector.

(3) Another auxiliary trigger which does not use any
information from the CCAL monitors the efficiency of
this calorimeter.

The offline analysis for the J/1 requires exactly two
energy clusters in the CCAL each with 6 greater than
15°. For the 1991 data, where the interaction rate was
higher, we relax somewhat the two cluster requirement.
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During this running period the summed output signals
from the CCAL used for the trigger were also read out
with a shorter integration gate. This allows a classifica-
tion of clusters as on-time or out-of-time with respect to
the trigger. For cluster energies greater than 200 MeV we
reliably classify the clusters as either on-time or out-of-
time, while for lower cluster energies we do not classify
them. For the 1991 data, clusters that were classified
as out-of-time were ignored, and the two cluster require-
ment was applied using only on-time or unclassified lower
energy clusters.

The invariant mass for the two electron system is cal-
culated as Mo, = [2F, Ee,(1—cos612)]}/?, where E,,
and E., are the two cluster energies, and 612 is the open-
ing angle between them. The M., ., distribution is plot-
ted in Fig. 5, together with the background determined
from running at off-resonance energies (E. . = 2.911 to
3.050 GeV). The final J/¢ sample is selected by making
a cut at Me, e, = 2.75 GeV/c? to eliminate the low mass
background. The efficiency €ana1 of the applied cuts has
been obtained by measuring in turn the efficiency of each
particular cut on a sample of clean events, obtained by
tightening the requirements applied in the other uncor-
related cuts.

For the v’ the two cluster requirement is not appro-
priate because the inclusive decays ¢/ — J/¢ + X have
a higher multiplicity. Instead, single electrons are iden-
tified using five quantities: the amplitude of the signal
from the H2 counter, the amplitude of the signal from the
Cerenkov counter, the dE /dz information from the RPC,
and the two second moments of the transverse shower
distribution in the CCAL. For each of these variables
a probability distribution function for electrons is calcu-
lated from a clean sample of J/1 events. We can then cal-
culate the joint probability for a track to be an electron as
the product of the five probabilities. Similarly, we calcu-
late the joint probability for a track to be a hadron based
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FIG. 5. Invariant mass distribution of electron pairs for
the 1991 J/4 scan (open area) and for the off-resonance back-
ground normalized to the same luminosity (shaded area). For
this figure only the level of background has been multiplied
by a factor of 10 to make it discernible.

on the probability distributions for the five quantities ob-
tained from a sample of events taken at E. ., =3.613 to
3.667 GeV, a region far from any resonances decaying
to J/i. Each track is then identified as an electron or
a hadron based on the ratio of the electron probability
to the hadron probability. The efficiency of identifying
electrons in this way has been measured by studying a
sample of electron tracks from fully reconstructed events
coming from the reaction x., — J/¥y — ete~+ [26] and
is approximately 0.9. Events with two electrons having
Me, e, larger than 2.8 GeV/c?, and @ in the 15° to 60°
range for both electrons are accepted. The M, ., distri-
bution is shown in Fig. 6, together with the background
determined from the off resonance running at 3.667 GeV.
Both inclusive and exclusive ete™ decays of the 1)’ reso-
nance are clearly seen.

The overall efficiency ¢ is the product of the trigger ef-
ficiency e€qrig, the geometrical acceptance €geom, and €anaj-
The main source of trigger inefficiency is in the require-
ment of alignment between H1 and H2 counters, and is
related to the size of the interaction volume. Using a sam-
ple of events with track multiplicity greater than 2, the
efficiency of this requirement is determined to be equal to
0.8740.02 for the data collected in 1990 and to 0.94+0.02
for 1991, the difference being due to a modification in the
trigger configuration. The trigger inefficiencies related to
the Cerenkov counter and to the CCAL are determined
by comparing the output of the three simultaneous trig-
gers.

The geometrical acceptance of the detector depends
on the angular distribution of the ete™ in the final state.
For the J/v this distribution is of the form 1 + X cos? 6
where 0 is measured in the J/v frame and A(J/¢) =
0.63 + 0.08 [27]. For the 1’ the expected distribution
(28] is of the form 1 + Acos? 6/, where 6;/y is mea-
sured in the J/v rest frame. We use the approximation
cosf;/y = (cos @), where (cos ) is the average of | cos 6|
of the two electrons measured in the v’ frame. From a fit
to our own data we determine A(¢)’) = 0.69+0.26. Using

Number of events (0.05 GeV/c?)
o N © N @ I 9
o w o v o w o

N
v

314 3?6 3.8 4
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1 —
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FIG. 6. Invariant mass distribution of electron pairs for
the 1991 1)’ scan (open area) and for the off-resonance back-
ground normalized to the same luminosity (shaded area).



780 T. A. ARMSTRONG et al. 47
TABLE III. Efficiencies.
Data €trig €anal €geom €
J/v 1990 0.85 + 0.02 0.886 £ 0.013 0.487 £+ 0.008 0.358 £ 0.012
J/v 1991 0.92 £+ 0.02 0.834 £ 0.009 0.487 £ 0.008 0.374 £ 0.011
3’ 1990 0.82 + 0.02 0.813 £0.011 0.527 £+ 0.023 0.351 +£0.018
9’ 1991 0.88 £+ 0.02 0.833 = 0.011 0.527 £ 0.023 0.386 £ 0.020

these values for A we can determine €geom. The efficien-
cies for the four data sets are tabulated in Table III.

The data for each scan of a resonance are analyzed
separately. Data for a scan are binned according to beam
energy. At each of the N energy points the data consists
of the frequency spectrum, the number of events, and the
integrated luminosity L.

The measured beam revolution frequency spectrum
can be fitted very well over a wide range of frequen-
cies with a “double Gaussian” function defined as two
half Gaussians joined at the peak. The width on the
low-energy side is typically 10-20 % wider than the high-
energy side. A low energy tail due to straggling usually
contains less than 0.1% of the beam. We have studied
different ways of fitting the frequency spectra with more
complex functional forms. The basic form is always the
“double Gaussian.” Depending on the scan, exponential
tails or a polynomial up to 8th order may be added to
the exponent of the Gaussian function. These additional
terms, although they improve the fit to the beam fre-
quency spectra, are found not to affect the final physics
results significantly.

The center-of-mass energy distribution G(FE¢.m.) is ob-
tained from the beam frequency spectrum using Eq. (13)
and the relation:

E2. =2m2 (1 + 1 (28)

iopie '5> ’

with L and 7 determined by the methods described ear-
lier. The measured number of events at the ith point n;
is fitted to the expected number v;, given by

v; = Li(obkg + €0(Eem.,i)), (29)
where o(Ec.m.) is the cross section given by Eq. (2), and
Obkg is an estimate of the background cross section. opw
in Eq. (2) has been modified to include the effect of
bremsstrahlung of the initial pp state [29]. This effect,
although small, decreases the width I'r of J/¢ and ¢’
by about 10 keV and 2 keV respectively. The resonance
mass Mpg is not affected. For the J/v, the interference
between the resonant amplitude and the continuum am-
plitude for pp — e*e~ [30] is also considered, but is found
not to change the results significantly. The determina-
tion of the background for the resonance-fitting proce-
dure is as follows. In the region of the J/4 and the ¢’
resonances the background is so small that the resonance
scans, in themselves, cannot determine it. opkg is there-
fore determined from the off-resonance runs and is used
as an input to the fitting procedure. The magnitude of
the background at J/v and ¢’ is about 10 pb.

The likelihood function A for N data points is calcu-
lated as the product of N Poisson functions which give
the probability for the ith datum point that n; events are
observed, when v; events are expected:

i o —V;

Noynie
A=]|—-+——.

H o (30)
i=1
The log-likelihood function In(A) is maximized by vary-
ing the parameters, Mg, I'r, and opeax. For the double-
scan analysis 7 is also a fit parameter.

VII. RESULTS

The mass of the J/1 is measured using data from the
three 1990 scans. The widths and the branching ratios
are determined from the double scans taken in 1990 and
1991. We do not use the 1991 data in the mass determi-
nation of the J/v because the beam orbit at the J/v is
very different from the reference orbit at the 1/, and this
introduces a large systematic error in the measurement.

The mass of J/v and the total width of ¢’ have been
published earlier [31]. The results in this section super-
sede those of the previous publication.

A. Determination of the J/i mass

As explained earlier in Sec. IV B, the orbit length is de-
termined by normalizing the result of our measurement
for the resonance energy of the 1’ to the known mass
[15] Mg(¢')=3686.00+0.10 MeV/c2. The ¢’ mass uncer-
tainty results in the reference orbit length error of +0.67
mm, which leads to a systematic error of £0.033 MeV/c?
in the J/i¢ mass. The BPM data are used only to de-
termine AL. They contribute a random error of +1 mm
in AL, which corresponds to +0.05 MeV/c? at the J/¢ .
The error from the fit to the excitation curve, which is
due to the event statistics, ranges from 0.009 to 0.012
MeV/c?, and is combined in quadrature with the BPM
error to give the overall statistical uncertainty in the mass
measurement. In Table IV we list the resonance mass Mg
determined for each of the three scans for J/1. We note
that the rms variation of the three values for the reso-
nance mass is 0.045 MeV/c?, which is entirely consistent
with the errors described above, giving further support
that the BPM error is estimated correctly. Figure 7 shows
the excitation curves for the J/1. We obtain for the mass
of the J/v¢ the value 3096.87 + 0.03(stat.) &= 0.03(sys.)
MeV/c? from the three scans of 1990. This result is an
improvement over earlier measurements (2, 15].

The same analysis can be used to determine the i’
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TABLE IV. J/1 mass measurements.

Data

J/+ Mass (MeV/c?)?

1990 single scan 1
1990 single scan 2
1990 double scan

Average

3096.898 + 0.051 + 0.033
3096.816 + 0.051 & 0.033
3096.902 & 0.051 + 0.033

3096.87 &+ 0.03 £ 0.03
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® The errors are statistical and systematic, respectively.

mass from the data of the three scans of this resonance
taken in 1990. In this case the known J/v mass [15]
Mg (J/+)=3096.93+0.09 MeV/c? is used as the refer-
ence. The J/v mass uncertainty of 0.09 MeV/c? cor-
responds to a reference orbit length error of +1.8 mm,
which leads to a systematic error of £0.27 MeV/c? in
the 1’ mass. The +1 mm error in AL due to the BPM
corresponds to +0.15 MeV/c? at the ¢’. The error from
the fit to the excitation curve ranges from 0.02 to 0.03
MeV/c?. The RMS variation of the three values for the
4’ mass is 0.183 MeV/c?, which is also consistent with
the errors described above. Figure 8 shows the excita-
tion curves for the 1’. We obtain for the mass of the 1)’
the value 3686.02 +0.09(stat.) +0.27(sys.) MeV/c?. This
result is less accurate than earlier measurements [2, 15].

Since these six scans are scattered throughout the run,
the small variation of the obtained values for the reso-
nance masses is also evidence for the long term stability
of our experimental apparatus.

B. Determination of resonance widths
and branching ratios

As mentioned earlier, an independent determination of
the width I'r (as opposed to the product opesxI'r) is pos-
sible with our beam even for the narrow states J/1 and

¢’. Our approach differs from the one used in the case"
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FIG. 7. Excitation curves for J/1. Data from the first
1990 single scan are shown as crosses, from the second 1990
single scan as diamonds, and from the 1990 double scan as
squares.
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FIG. 8. Excitation curves for ¥’. Data from the first 1990
single scan are shown as crosses, from the second 1990 single
scan as diamonds, and from the 1990 double scan as squares.

of ete~ measurements of the J/1 and the ¢’ , where
I'p =~ 2.5 MeV, which precludes any shape analysis of the
excitation curve. The beam width in our case is deter-
mined with good precision by the double scan technique.
The double scan excitation curves are plotted in Figs. 9
and 10. Resonance parameters and 7 obtained from a
fit are listed in Tables V and II, where the errors shown
are only the statistical errors due to event statistics as
determined by the fitting program.

The measurement of I'r does not depend on the ab-
solute value of E, . ; only the relative value of E. . is
needed. Thus only the orbit length change from data
point to data point is relevant in determining the error
of I'p. This variation can be estimated by two methods.
First, the orbit length difference of each side and central
orbit pair,

Lc f c f 3
777? fe
can be calculated directly from the data. The RMS varia-

Le—L, = (31)
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FIG. 9. 1991 J/% double scan. The horizontal axis is the

invariant mass of the central orbit. The lines are theoretical
excitation curves calculated using the best fit parameters.
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FIG. 10. 1991 %)’ double scan. The horizontal axis is the
invariant mass of the central orbit. The lines are theoretical
excitation curves calculated using the best fit parameters.

tion of L. (or Ls) is 1/+/2 of the RMS variation in L,—L,,
and is found to be = 0.4 mm (=~ 0.2 mm) for the J/9
(¥'). Systematic errors in L. (or L) due to the magnet
power supply digital setting error and to magnet ramp
nonlinearity are calculated to be 0.027 mm and less than
0.05 mm respectively. The second method of determin-
ing the variation in the orbit length uses the orbit length
calculated from the BPM data. For the 1991 data, the
two methods give consistent results. For the 1990 data,
the second method is not used because the BPM least
significant bit was not small enough to resolve this small
orbit length variation. The equivalent I'g error due to the
orbit length variation is then calculated using a Monte
Carlo method. In this calculation the energy of each data
point is smeared by the energy uncertainty due to the or-
bit length variation, and a width is determined using the
smeared energy; the variations in the width over many
trials are used to estimate the error in I'r. We obtain
an uncertainty of 4 and 24 keV due to this effect for the
J/v¢ and the 9’ respectively, which is added in quadra-
ture with the statistical error of the fit to obtain the total
statistical error.

The systematic error is primarily caused by the fact
that the beam energy width decreases continuously!® as
the circulating beam intensity decreases during the data
taking of a scan. Different methods of averaging and
parametrizing the beam revolution frequency spectra
taken at each energy data point have been tried and a
range of fitted I'r has been determined. We use this
range to estimate this systematic error. All other sys-
tematic errors are small compared to this one. We ob-
tain I'p to be 99 + 12(stat.) & 6(sys.) keV for the J/¢

! This is due to the fact that the stochastic cooling rate is
inversely proportional to the beam intensity. For the excita-
tion curves shown in this paper (Figs. 7, 8, 9 and 10) each
data point has been rescaled to the average I's for the data
shown in each figure.

TABLE V. J/v and ¢’ double scan fit results. The errors
shown are due solely to event statistics.

Data Width (keV) BinBout
J/ 1990 89 + 23 (1.18t§;‘;§) x 1074
J/v 1991 103+ 15 (1.13%5:17) x 1074
' 1990 310 £ 49 (1.23132%) x 1075
¥’ 1991 302+ 42 (1.13%5:33) x 10~°

and 306 + 36 + 16 keV for the v’ after averaging the two
scans for each resonance. These values are larger than the
earlier measured values from e*e™ colliding beam exper-
iments [15, 32], but agree with them within the quoted
€errors.

Our results for I'p and B;, B,y obtained from aver-
aging the two double scans for each resonance are sum-
marized in Table VI. Bj, B,y stands for the product
B(J/¢¥ — pp) B(J/$ — ete™) in the case of the J/v,
and for the product B(y' — pp) [B(¢ — ete™) +
By — J/YX)B(J/Y — e*te”)] for the ¢’. The er-
rors shown in the table are statistical and systematic in
that order.

The total statistical error for Bj,Boyt is the sum of
the uncertainty in the efficiency (Table III) and the error
from the fit, which is due to the event statistics, added
in quadrature. Bi,Bout and I'r are strongly correlated;
the product of the two is constrained by the area [see
Egs. (2) and (3)]. The systematic error in Bj,Boyt is the
sum in quadrature of the contribution due to the sys-
tematic error in ', and the error due to the luminosity
measurement (£4%, see Sec. V).

We can calculate the branching ratios B(J/¢¥ — pp)
and B(y’ — pp) if we use the branching ratios B(J/¢y —
ete”), B — ete”), and B¢/ — J/¢X) from
Ref. [15]. These values are also shown in Table VI. The
three errors shown in the table for B(J/y — pp) and
B(y' — pp) are statistical, systematic, and the error
due to the uncertainties in the published values for the
branching ratios [B(J/¢ — ete™), B(y’ — ete™), and
B(y — J/¢¥X))] respectively.

Our results for the product A* = I'gBinBout, Which
is proportional to the area [see Egs. (2) and (3)], can be
compared with values obtained from ete~ experiments
[15]. We find for the J/1 that A%/, =11.3+0.6 eV, to

be compared with 11.6 £+ 0.9 eV (all errors are added in
quadrature). For the 9’ we obtain Ay, = 3.6 0.2 eV
which is larger than 2.1 + 0.6 eV, the value derived from
ete™ experiments.
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TABLE VI. J/4 and ¢’ final results.
Resonance Width (keV) BinBout? B (13;0)b
J/ 99+12+6 (1.14%3:1¢ +£0.10) x 107 (1.8213:25 £ 0.16 £ 0.06) x 1073
Y 306 + 36 + 16 (1.17%5:15 £ 0.08) x 107° (2617331 £ 0.17+0.17) x 1074

® BinBouw = B(J/3% — pp) B(J/ — e*e™) for the J/, and BinBouw = B/ — pp) [B(' —
ete™)+ By — J/YX)B(J/¢ — ete™)] for the ¢'. The errors, in the order shown, are statistical

and systematic.

b Using B(J/v¢ — ete™), B(y — e*e™), and B(¥' — J/4 + X) from Ref. [15]. The errors, in the
order shown, are statistical, systematic, and due to the errors in the branching ratios from Ref. [15].
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