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1. INTRODUCTION

In the late 1960s the experimental study of deep-inelastic lepton-
nucleon scattering revealed that nucleons can be interpreted as compos-
ites of nearly free elementary constituents (partons). This interpretation
led to the hypothesis that the strength of hadronic interactions could
change with energy from the low-energy regime of ‘‘infrared slavery,”’
where constituents are inescapably bound within the hadron, to a high-
energy regime of ‘‘asymptotic freedom,”” where the interaction be-
tween constituents becomes progressively weaker. Soon after it was
shown (1) that a class of renormalizable field theories, invariant under
the transformations of a nonabelian gauge group, exhibits this ultravi-
olet asymptotic behavior. To this class of theories belongs quantum
chromodynamics (QCD), which is based on the color SU; gauge group
and is at present considered a viable theory of strong interactions.

In this context, the discovery (2) of the J/¢ and ' states of charmo-
nium in the fall of 1974 was of crucial importance. The observation of
these positronium-like bound states of a heavy quark-antiquark pair
(Tc) was necessary to establish the credibility of the then nascent idea
of asymptotic freedom in QCD. Furthermore, the subsequent observa-
tion of a Coulomb-like spectrum of charmonium states? established (4):

‘. . . charmonium as the ‘hydrogen atom’ of strong interaction physics. For it then
became possible to subject the gauge theories of stronginteractions to fairly stringent
tests in a reasonably simple setting. Much of hadronic physics could then be related
to charmonium spectroscopy as molecular spectra are related to that of hydrogen.”

These early words have indeed turned out to be almost prophetic: A
veritable tflood of charmonium inspired theoretical investigations®* (5),
and lattice gauge calculations (6) have since appeared in the physics
literature.

The earlier studies of charmonium states and their decays were con-
ducted almost exclusively at e e~ colliders. In such experiments, the
electron-positron annihilation proceeds primarily through an intermedi-
ate virtual photon, creating a bound quark-antiquark charmonium state.

3 For a review of the early e*e~ experiments see Ref. 3.
4 The quarkonia bibliography is immense. A convenient collection of many of the more
significant theoretical papers is Ref. 5.
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This production mechanism limits the quantum numbers of the final
states to those of the photon, i.e., J?¢ = 1~ ~. Thus the orthocharmo-
nium states J/y[13S,] and ¢'[23S,], as well as the ¢(3770)[1°D,] state®
are readily produced as narrow resonances in e*e~ collisions. The
major advantage of studying the formation of charmonium resonances,
by e* e~ annihilation is the high peak yield relative to thc underlying
hadronic continuum. The ratio for these processes is ~300 at the J/y
and ~120 at the ¢'. Precise measurements of the mass and width of
these states can be obtained from the energy of the electron and posi-
tron beams that are accurately known.

States such as the paracharmonium 7.[1'So] and 1.:[2"'So] or the orbit-
ally excited states xcol13Po], xc1[13P1], xc2[13P>], and h.[1'P,] cannot
be directly produced by e*e~ annihilation, but they can be studied
through the cascade decays of the yss (e.g., ¥' — yxc2 = yyJ/b or JI
— yn. = yKK). Consequently, the precision of the measurement of
the mass and width of these states has been limited by the resolution
of the detectorrather than the knowledge of the energy of the beams. In
addition, states for which the cascade from the ¢’ involves unfavorable
branching ratios or multiple steps (e.g. ¢’ — yn. or—even worse—i’
— yn¢+— yyh.) have remained unobserved or poorly studied.

An alternate way to produce and study charmonium is through pro-
ton-antiproton annihilation. This process differs from electron-positron
annihilation in two important ways. First, the composite nature of the
proton (and of the antiproton) allows direct formation of all charmo-
nium states, i.e. one is not limited to JFC = 1~ ~ states. Second, the
combination of a large nonresonant cross section for the process pp —
hadrons (~70 mbarn) and of the rather small cross-sections for pp —
(c¢) (~1 wbarn at best) leads to a very unfavorable signal to noise ratio.
Thus, even though the suggestion of using this alternate method was
proposed quite early (7), the rcalization of such experiments had to
await a significant technological advance: the advent of stochastic cool-
ing of stored antiproton beams.

Stochastic cooling (8) is a technique designed to decrease the phase
space of stored beams. Its development was the significant step toward
the successful operation of high-energy proton-antiproton colliders (9).
A direct result of this development was the availability of dense beams
of stochastically cooled ps with precisely controlled momentum and

> We use theusual spectroscopic notations #25+ VL, where n is the principal quantum
number, which is equal to one plus the number of nodes in the radial wave function,
and L, S, and J are the orbital, spin, and total angular momentum of the quark-antiquark
system, respectively. For a fermion-antifermion system the parity is given by P =
(=) *P and the charge conjugation parity by C = (=)%+5),
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extremely narrow momentum spread (dp/p ~ .01%). In 1979 it was
realized (10) that such a beam, with the appropriate energy to form
a charmonium resonance, impinging on a stationary hydrogen target,
provided all the necessary ingredients for a successful experiment. The
precisely defined momentum and the narrow momentum spread of the
antiproton beam allowed for excellent resolution in the initial state,
which in turn allowed for a precise and direct measurement of the mass
and width of charmonium resonances. Furthermore, it was recognized
that by selecting charmonium decays into electromagnetic final states,
either a high-mass e*e™ pair or a high-mass pair of ys, one could
observe a signal even in the presence of a ferocious nonresonant ha-
dronic background.

Two experiments to date have studied charmonium production in
pp annihilation: R704 at CERN (11) and E760 at Fermilab (12). Both
experiments incorporate the features outlined in Ref. 10. A stochas-
tically cooled beam of antiprotons of variable but well-controlled mo-
mentum and of a small momentum spread circulates in a storage ring.
The target is a molecular-cluster hydrogen gas jet operating perpendicu-
lar to the beam. The stochastic cooling system preserves the beam’s
emittance and compensates for the small energy loss inside the target,
thus providing a beam with constant energy, small energy spread, and
long lifetime. This process results in optimal utilization of the antipro-
tons, which are very costly to produce.

The excitation curve for a charmonium resonance is obtained as a
function of the center-of-mass energy for processes such as

pp— (cc) > e'e™, 1.
pp — (cc) = JWX — et e X, 2.
and

pp — () = 77, 3.

where (cc) is a charmonium resonance that decays into the indicated
final state. These final states can be efficiently identified, even in the
presence of the large nonresonant background, by using a detection
apparatus that includes a large-acceptance electromagnetic calorimeter
and a Cherenkov counter together with charged-particle hodoscopes
and tracking. In addition, the implementation of a two-arm trigger logic
that accepts events with e* e~ or yy that are almost back-to-back in
the center of mass (a characteristic of a decay of a high-mass state)
further reduces the dominantly hadronic background. From the study
of the excitation curve one can determine the mass (Mg), total width
(I'ior), and product of the branching ratios B,;Bs of the charmonium
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state into the initial (B,; = I',;/I'o) and final states (e.g. for a yy final
state, By = B,,, = I',,/I'»,). With the excellent resolution in the center-
of-mass energy, one can measure directly the total width of even the
J/y, the narrowest charmonium state.

2. THE ANNIHILATION SOURCE

The characteristics of the annihilation source (instantaneous luminos-
ity, energy definition and control, source dimensions, etc) determine
the quality of an experiment of this type. In Sections 2.1-2.3 we first
describe in some detail the R704 setup to emphasize the novelty of the
approach. In Section 2.4 we summarize the distinctive features of E760
that led to an improvement in source performance over R704.

2.1 The Beam

In a formation experiment, in which antiprotons interact on a stationary
hydrogen target, the energy of the beam is related to the value of the
mass of the resonance
Mk
p = i;{; - Mp,

where m,, is the mass of the proton. To study the formation of charmo-
nium states in the mass range 2950 = Mg =< 3850 MeV/c? onc needs a
beam of momentum ranging from 3.6 to 6.9 GeV/c.

When R704 was proposed, there was no antiproton storage ring oper-
ating in this momentum range. It was suggested that, with some modifi-
cations, one of the CERN Intersecting Storage Rings (ISR) could be
used (13). When the ISR were operated as a pp collider, particles of
opposite charge were transferred to the two ISR after they had been
accelerated in the Proton Synchrotron (PS) to a momentum of 26 GeV/
c. For R704, on the other hand, the 3.5-GeV/c beam from the Antipro-
ton Accumulator (AA) was transferred to ring 2 of the ISR without
acceleration in the PS. To increase transfer efficiency, the large-emit-
tance antiproton beam from the AA was extracted in three successive
slices then recombined in a single pulse by the ISR momentum cooling
system. The maximum number of antiprotons stored for R704 was
N, = 1.1 x 10"

The ISR radio-frequency (RF) system was not sufficiently powerful
to capture the low-energy beam, and shortly after injection the beam
lost its bunched structure. The antiprotons were then brought to the
chosen energy by phase-displacement acceleration, a method applica-
ble to unbunched beams (14). Because the beam emittance deteriorated
significantly during acceleration, further cooling was necessary before
data taking could begin.

4.
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Transverse betatron cooling and momentum cooling were available
in ring 2 of the ISR for high-energy operation and were easily adapted
to low-energy operation by adding variable delay lines to each system.
Vertical betatron cooling was used to combat the vertical blowup of
the antiproton beam caused by multiple scattering in the traversals of
the target. The momentum cooling system was essential because it
reduced the spread of the beam momentum after injection and after
acceleration and compensated for the energy loss in the target (~20
MeV/day), thus holding the beam momentum constant during data tak-
ing. The momentum cooling system also served as a horizontal betatron
cooling system. The minimum relative rms momentum spread obtained
was op/P = 4 x 10~% for a 4-GeV/c momentum beam. This value
corresponded to a rms spread in the center-of-mass energy (E.., =

\/3‘) of the pp system of

mp
UEcm = E
cm

Typical beam transverse dimensions were ~5 mm in height and ~10
mm in width.

Phase-displacement acceleration was used to change the beam en-
ergy during a resonance scan. The minimum step, obtained by a single
RF sweep, corresponded to a beam-momentum change of 3—-6 MeV/c.
Smaller energy drifts were obtained by appropriate changes in the mo-
mentum stochastic cooling system.

2.2 The Target

A molecular cluster gas-jet target (15) is a natural choice for this type
of experiment because it can be operated in an accelerator environment
and provides a well-localized target of the appropriate density. The
target built for the R704 experiment was operated at a density of py,
= 1.0 X 10'* atoms/cm?® and had a thickness of du, = 0.9 cm. This
target led to a maximum instantaneous luminosity

Lo =pu, X du, X N; X f =3 x10%cm 351, 6.

X Bs X ap = 0.5 MeV. S.

where N; is the number of antiprotons circulating in the ring and f is
their revolution frequency (f = 3.1 x 10° Hz).

Figure 1 shows the target arrangement. It depicts, from left to right,
the production stage, the accelerator beam pipe crossed by the jet, and
the sink stage, where the hydrogen is absorbed. The first element of
the production stage is the expansion chamber, from which molecular
hydrogen kept at liquid nitrogen temperature (7o = 77°K) and at a
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Figure 1 Schematic of the R704 target system (13): Chambers 1, 2, and 3 are the produc-
tion stage and chambers 4 and 5 are the sink stage. The gas jet intersects the antiproton
beam at 90°.

typical pressure of 10 bar escapes through a narrow-throat (30 wm),
trumpet-like nozzle. During the adiabatic expansion, large molecular
clusters (10*-10° molecules per cluster) are formed in the jet core and
flow at high speed (1290 m s~ ') over long distances in vacuum. The
flow field is similar to that from a point source with almost straight
streamlines. Downstream from the nozzle, a three-collimator system
selects the central dense part of the jet.

Of a total flux from the nozzle of 10 torr liter s~!, the collimator
system selected a target beam of 0.15 torr liter s=! = 10'° atoms s~ !.
A differential pumping system was used to remove the diffuse halo of
hydrogen around the jet core. On the sink side the jet was dumped into
a large cryogenic pump. During target operation, the pressure increase
in the beam vacuum pipe close to the target (caused by the breakup of
clusters hitting the walls of the last collimator) corresponded to =1.5%
of the target thickness spread over a few meters.

2.3 Beam-Energy Measurements

The velocity of antiprotons circulating in a storage ring can be ex-
pressed in terms of the revolution frequency f and the orbitlength Lo,
by

Up = L, X f 7.
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Hence, the total beam energy is

myc?

T V=G X Lowlor]’

The beam-revolution frequency spectrum can be determined by analyz-
ing the beam-current Schottky noise (16). The spectral power density
of the Schottky noise is proportional to the particle density at that
frequency. The maximum in the frequency spectrum defines L,
which must be determined independently. L, is the sum of the ring
circumference (central orbit) Lo and a correction term that measures
displacements from the central orbit.

The momentum of the beam on the central orbit can also be deter-
mined from the measurement of the magnetic field in the dipoles (Baip):

Ep

P;(GeV/c) = 0.2997 X By, X p(Tesla X m), 9.

where p is the bending radius in the dipoles.

Using Equations 7 and 9, one can determine the beam momentum by
measuring two of the three variables f, Bajp, and L. The operational
characteristics of the storage ring dictate which of the observables are
chosen.

Inthe ISR experiment the beam momentum was obtained by measur-
ing the revolution frequency and the dipole field (17). The error in this
measurement was dominated by the error in the dipole field and was
estimated to be o, = =1.0 MeV/c.

An absolute calibration of the beam energy was performed by analyz-
ing the excitation curve at the energy corresponding to the formation
of the J/iy. The energy of the antiproton beam (E ;) at the peak of the
excitation curve is related to the mass of the J/iy by Equation 4, and
the uncertainty on E; is

AEI; = (MJ/¢/mﬁ) X AMJ/¢. 10.

Because the mass of the J/ys is known from independent measurements
to oa,, = £100keV, the corresponding rms error on the bcam cncrgy
is o, = =330 keV. These inputs translate to the error on Mr:

O'MR(MCV) = [m,;/MR] X \/O'%j + [Up/Bﬁ]z. 11.

For example, for MX2 = 3.556 MeV/c,” this gives an error o, (MeV)
= 274 keV. To this systematic error one must add the statistical uncer-
tainty in the determination of the peak energy of the excitation curve.
This statistical component was by far the dominant one in the ISR
experiment, which accumulated only ~3.0 pbarn~! in the few months
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of data taking before the ISR was closed and turned into a storage ring
for LEP magnets.

Despite its short lifetime, the R704 experiment reported measure-
ments of the mass and widths of the y, > states far superior to previous
measurements from e*e~ collider experiments and demonstrated the
effectiveness of the method. A continuation of this line of experiments
was called for,

2.4 The Fermilab Annihilation Source

The E760 experiment was proposed in 1985 to continue the study of
charmonium states formed in pp annihilations using the Accumulator
of the Antiproton Source at Fermilab. The Accumulator had been de-
signed to store and cool 8.85 GeV/c antiprotons for the Tevatron col-
lider. To provide antiprotons over the range of 3.5-7.0 GeV/c for use
in E760, the Accumulator had to be operated in a nonstandard mode.
It was first run in its design mode to accumulate the required number
of antiprotons at 8.85 GeV/c. The p beam was then decelerated to the
desired energy (18).

An RF cavity operating at the second harmonic of the beam revolu-
tion frequency (f = 0.62 MHz) and with a maximum RF amplitude of
3 kV was used to decelerate the beam. The deceleration process was
controlled by an auxiliary front-end computer that set the current of
magnets as a function of beam momentum. The deceleration proceeded
at ~20 MeV/s.

After deceleration, the resonance was scanned by changing the beam
energy in small steps. The smallest step size was determined by thc
least significant bit of digital control of the dipole power supply and
corresponded to a beam-momentum change of ~150 keV/c. The main
dipole and quadrupole power supplies were regulated to one part in 103
to ensure excellent stability of the beam orbit and energy.

The Accumulator ring was equipped with powerful transverse and
momentum stochastic cooling systems (19) that continuously compen-
sated for the effects of multiple scattering and dE/dx loss in the target
and in the residual gas in the ring. The momentum cooling narrowed
the center-of-mass energy spread og_, to ~0.2 MeV. A set of movable
pick-up electrodes for momentum cooling made it possible to cool the
beam at any chosen radial orbit position.

The internal hydrogen gas-jet target, which was similar in design to
the one used in the ISR experiment®, was operated at a typical density
of 0.6 x 10 atoms/cm?®and had a diameter of 6.3 mm (for 95% contain-

¢ The E760 target used turbomolecular rather than cryogenic pumps.
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ment). The antiproton beam had a diameter of ~5 mm for 95% contain-
ment. The peak luminosity achieved was ~1.0 x 103! cm~2s~!, with
an antiproton beam of 3.5 x 10'' p’s. The beam lifetime was 50-90 h,
depending on the energy of the beam, and each store was used for
~1-2 lifetimes. During the J/iy and ' formation runs, the relatively
high-production cross sections made it possible to complete an energy
scan of a resonance within a single store, whereas for low-rate pro-
cesses such as pp — n.— yy orpp — h.— J/yn° data were accumu-
lated at a single energy for the complete store.

In E760 the beam energy was determined by measuring the orbit
length L, and the beam-revolution frequency. From Equation 8 we
derive

AN [ALow\V 1
AE; = myc® X y2 X BE X (—f + (——b . 12.
f Lorb

The revolution frequency was measured precisely (o7/f ~ 1.5 X
10~7), and the error in E; was dominated by the uncertainty in the
measurement of the orbit length L..... The length of the central orbit
L, obtained from survey measurements was not accurate enough to
determine the beam energy with the required precision. The orbit length
was therefore calibrated using the precisely known mass of the .

The orbit length at the peak of the resonance is given by Ly, = ¢B8/f,
where f is measured at this orbit and g is calculated from the ¢’ mass.
The error AL in the length of this reference orbit and the error in
the reference mass AMy are related by the equation

ALorb MR

Low y3ﬁ2m§AMR’ 13.
where we have neglected the contribution of the error in the beam
frequency. The factor ¥* in the denominator justifies the choice of the
¢’ rather than the J/i for calibration because for the higher mass state
one obtains a better determination of the orbit length for the same A Mg.
The +0.1 MeV/c? uncertainty in the published (20) mass of the '
corresponds to an uncertainty in the L, of +0.67 mm at the ¢'. An
orbit length rms error of o, = =0.67 mm in turn corresponds to
oam, = +0.033 MeV/c? at the J/y.

Having established a reference orbit at the y’, one can determine the
center-of-mass energy at the other resonances. If one could confine the
beam to the reference orbit at all energies, the only error in a measured
mass would be the one discussed above. However, the beam cannot
be controlled to this precision over the entire energy range of the experi-
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Table 1 Comparison of beam and target parameters in R704 and E760

Parameter R704 E760
Maximum number of p stored 1.1 x 10" 4.0 x 10"
Jet density (atoms/cm?) 1.0 x 10" 0.6 x 104
Source dimensions (hor x vert X long) cm? 1.0 x 0.5 x09 0.5x 05 x 0.6
Maximum instantaneous luminosity 3.0 x 10%° 1.0 x 103!
(cm~ 371!
Minimum rms Ecn, spread (keV) at E¢, = 500 160
4.0 GeV
Error on y» mass from energy measurements 274 120
(keV)

ment. The orbits differed in length from the reference orbit by an
amount 6L ranging from +2 to —2 mm.

The difference between the reference orbit and the orbit used during
aresonance scan was measured using 48 horizontal beam-position mon-
itors (BPMs)’. The BPM reading at the energy of interest was compared
with the BPM reading at the reference energy. The resulting difference
in the orbit was used to calculate 6L. The error in the orbit length
measurement was calculated to be =1 mm (21) and corresponded to a
mass error of op,, = +0.05 MeV/c? at the J/y. From these considera-
tions the systematic error on the x> mass for E760 is 120 keV, where
contributions from 8L and the mass uncertainty of the ¢ have been
included. In Table 1 we compare the beam and target parameters for
the two experiments.

3. EXPERIMENTAL TECHNIQUE

3.1 Analysis of a Resonance Excitation Curve

The charmonium states are studied by sweeping the antiproton energy
across a resonance R and measuring the cross section as a function of
the beam energy. The resonance parameters are extracted by an analy-
sis of the resulting excitation curve. 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

o(Eum) = f Conw(EVGE' — Eq)dE', 14.
L&)

7 R704 used Bg;p rather than Lo for energy determination because BPM measurements
require a bunched beam. At the ISR, the beam was not bunched except for a short period
after injection, whereas in the E760 experiment the beam could be totally or partially
bunched at any energy.
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where G(E) is the normalized beam-energy distribution function in the
center-of-mass frame. The area under the resonance is given by

A= f U'(Ecm)dEcm = %TopeakFRa 15.
0

which is independent of the form of G(E). opcax is the cross section at
Ecm = Mgc?given by

_ 127%BiaBou
Teesk = (M — dm2)c?’

where Bi, and B... are the branching ratios (B = I@.uia/I'r) in the
resonance formation channel (R — pp) and in the decay channel, re-
spectively.

The resonance parameters to be extracted from a complete analysis
of the excitation curve are the mass Mg, the total width I'r, and the
product of branching ratios Bi, X Bou. If G(E.m) is unknown, the
product opeakIr can be obtained from the integral of Equation 15. If
G(E.m) is known, I'g can be directly determined from the analysis of
the shape of the measured excitation function, even if the resonance
is substantially narrower than the center-of-mass energy distribution.
With a beam width I'z_ [full width at half maximum (FWHM)] =500
keV (as was achieved in E760), I'r can be directly determined from the
analysis of the shape of the resonance excitation function, even for the

J/p resonance (I'r = 100 keV). The sensitivity to such small resonance
widths can be explained as follows: For a beam-energy distribution that

is a Gaussian with width I (= (8 In 2)'?0g_ ), the measured peak
Cross section o feax is

16.

. "g Iy F % . e
Oleak - Tpeak \/ga—!— gxp (m— erfc (——{g—“— . 17.

N DR

where erfc is the complementary error function. If I'e_ > I'r, one can
show that

Ugeak~_()_~9ﬁ I'r
A TIg,

18.

where 0.94 is the factor (4 In 2/7)"2. With I'v/T’s,, =~ 0.2 at the J/y, I'x
can still be directly determined if o}..k/A is measured.

The ratio of.a:/A is independent of the efficiency and acceptance of
the detector and of the absolute value of the luminosity; thus I'r can be
determined without a detailed knowledge of these quantities. However,
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stable running conditions, an accurate knowledge of the beam-energy
distribution function, and high statistical accuracy in the data are re-
quired.

The measurement of the process

pp — (cc) > pp 19.

for any (¢c) charmonium state would be desirable because one can
extract from the measurement of gpeax a value of B, (BinBour =
B}5). This measurement is extremely difficult because the process
(Equation 19) competes with a large background from p p elastic scatter-
ing. It has been argued (22) that B(R — pp) could be extracted from a
careful study of interference effects between the process of Equation
19 and the elastic scattering process. This method has not yet been
pursued, and at present one depends on other experiments to extract
separate values for B, and Bout.

Interference between the amplitude for resonant production and the
amplitude for continuum, i.e. nonresonant, production of the same final
state poses a problem when the two processes are of comparable magni-
tude. Fortunately, for most of the charmonium states studied, the reso-
nant production is much larger than the continuum, and interference
effects are negligible.

At each of the energy points at which data were collected, the mea-
sured number of events n; was fitted to the expected number

v; = c(.B;[O'bkg + EU'(Ecm,i)], 20.

where o(E.q) is the cross section given by Equation 14 and gy, is the
background cross section. &; is the luminosity for the data taken at the
ith point, and € is the efficiency for detecting the particular final state.

The R704 and E760 experiments used similar strategies to extract
the signal, evaluate the background level, and monitor the luminosity.
The analysis of the center-of-mass energy distribution was improved
in E760 to match the experiment goals.

3.2 Event Detection and Analysis

The rare: events from direct formation of charmonium resonances
were selected from the large background of nonresonant pp strong inter-
actions by detecting their decays into e*e~ or into yy, depending on
the state quantum numbers. For higher (cc) excitations that do not
decay directly into these two-body electromagnetic final states, one
can still obtain a strong signature by detecting their inclusive decay to
J/y or ., which in turn decay into ¢ *e ™~ or two photons, respectively.

The essential requirements for a detector are: (&) high efficiency for
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events with two large transverse-momentum electrons (or photons) pro-
duced roughly back to back, which implies either a symmetric two-
arm detector or a detector with full azimuthal coverage, (b) excellent
electron/hadron and y/#° discrimination and good energy and direction
measurements for electrons and photons so that the mass of the decay-
ing heavy charmonium states can be reconstructed accurately, and (c)
hermeticity to allow complete event reconstruction. Unfortunately, in
these experiments the gas-jet target apparatus blocks a considerable
fraction of the backward hemisphere, thus preventing full coverage.
The precision of the measurement of the final state does not influence
the accuracy of the (cc) resonance measurement (which is a function

JET TARGET

PRODUCTION
SYSTEM

ISR
BEAM PIPE

S Scintillator
MWPC Digital chambers

C Cherenkov

H Hodoscope

PC Precalorimcter

AC Analoqg chambers

SH Shower hodoscope

LG Lead glass

—_—
50cm

\

Figure 2 Top view of the R704 two-arm detector at CERN, including the target system
(13).
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only of the uncertainty in the energy of the beam). However, a good
reconstruction of the final state is essential in suppressing the back-
ground.

Both the R704 and E760 collaborations followed these guidelines in
the design of their detectors. In E760, the two-arm configuration of the
R704 detector (Figure 2) was replaced by a cylindrical detector (Figure
3), thereby increasing the acceptance for events of interest by a factor
of approximately five. Most of the following discussions relate to exper-
iment E760, unless reference to experiment R704 is explicitly stated.

The selection of events with a high-mass e * ¢~ in the final state was
easily accomplished by identifying the electrons with the threshold gas
Cherenkov counter, measuring their energy in the lead-glass central
calorimeter [with og/E = 6%+/E(GeV) + 1.4%], and determining
their direction in the tracking system (o = 4 mrad and o4 = 7 mrad).
The only remaining background originated from events in which two
electron pairs from the Dalitz decays of w° or from photon conversions
in the beam pipe resulted in two isolated electron tracks in the detector
and a high effective mass. As an example of the results achieved, we
show in Figure 4 the distribution of events as a function of the recon-
structed invariant mass m.-.- for data collected at the energy of the
y', where the average rate is approximately one event per inverse nano-
barn of integrated luminosity. The large peak at the left arises from
inclusive decays ¢ — Jiy + X — e*e~ + X, whereas the smaller
peak at the higher mass results from the exclusive decay ¢' — e*e~.
The shaded area represents the residual background estimated from
the events collected outside the resonance region at E.p,

TRA%I}J(}.KEE = ' : h
CHAMBER L CEMNTRAL
L ; 33y | FORWARD
INTERACTION F*OINT & .~ -3 | CALORIMETER
; [ A T (_“'% [ —
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GAS IR [ T iy Fr - — -
s . YET) - :.g
. U HoDOSCOPE i - COUNTER .
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Figure 3 Layout of the E760 experiment (31) at Fermilab.
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The selection of events with a large-mass particle decaying to yy was
more problematic because of the large background from pp — 7°#°
and pp — 7%. The worst type of background came from events in
which 7% decayed to an undetected low-energy photon and to a high-
energy photon, carrying almost all of the energy of the parent #°. To
improve background rejection the search was limited to events with
two or three detected photons, and in the final selection only events
fitting the exclusive processes pp — yyandpp > n. + y— yy + v
were retained.

3.3 Luminosity Measurement

The integrated luminosity for each energy setting was obtained by
counting the number of recoil protons from pp elastic scattering in a
silicon detector located at § = 86.5° from the beam direction. The value
of the absolute luminosity was determined (with an estimated error of
~5%) using the known pp elastic cross section, the detector accep-
tance, and the detector efficiency.
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3.4 Determination of the Energy Spectrum

The beam-energy spectrum is determined from the beam-revolution
frequency spectrum through the relation

dNs _ dN;s f Ecm
dE.  df ™ yBZmic?
The factor n relates the momentum spread ofthe beam to the frequency
spread of the beam

21.

NﬁG(Ecm) =

dP 1df
e -4 22.
P nf
and is defined as
1 1

The transition energy factor y? = (Low/P)(dP/dL) depends on the ma-
chine’s magnetic lattice.

To derive the beam energy distribution, one must determine
dN;/df and the n parameter of Equation 21. The frequency spectrum
dN,/df is determined accurately by measuring the beam-current Schott-
ky noise. Three methods were used in E760 to estimate the value of
7: (a) the double-scan method, () a method that relies on the measure-
ment of the beam synchrotron frequency, and (¢) a method that mea-
sures y, by changing the machine’s magnetic field and using the relation
dB/B = y? df/f. The most accurate value of n was derived from the
double-scan method, which is described below; the other two methods
yielded consistent results.

The measured beam-revolution frequency spectrum was well param-
etrized over a wide range of frequencies, with a ‘‘double Gaussian”’
function defined as two half-Gaussians joined at the peak. The width
on the low-energy side was typically 10-20% wider than on the high-
energy side. A low-energy tail caused by straggling usually contained
<0.1% of the beam.

4. EXPERIMENTAL RESULTS

Most of our discussion focuses on the results from experiment E760,
whichrecorded data for an integrated luminosity of ~30 pbarn~—" during
the summer of 1990 and the summer and fall of 1991 for a total of nine
months.

In Section 4.1 we describe a set of new measurements of the param-
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eters characterizing the J/iy and ¢’ resonances. These measurements
provide the first determination of the natural width of these narrow
states from a direct analysis of the line shape. In Section 4.2 we discuss
the related measurement of the cross section for the continuum process
pp— e e~ inthe energy range 3.0 = E.,, = 3.6 Ge V. This measurement
led to the first determination in this energy range of the proton electro-
magnetic form factors in the time-like region.

Precise measurements of the x;(*P;) and y-(*P2) resonances and the
discovery of the h.('P;) are presented in Sections 4.3 and 4.4. We
conclude this review of the experimental results with a description of
(a) the measurements performed at the 7. and y» formation energy by
studying the reaction pp — vy and (b) a search for the 7. in the same
channel.

4.1 The J/y and the '

Figure 5 shows an example of an excitation curve obtained from the
measurement of the cross section for the inclusive process pp — J/y
+ - —> e*e~ + --- and for the exclusive process pp — e*e~ at the
¢’ formation energy (22). The data are from a single store of antiprotons
(f L(z)dr ~ 1 pbarn~"'). The dashed line represents the center-of-mass
energy (E..) distribution during the data taking, which had to be un-
folded from the excitation curve to obtain the resonance profile. For
states such as the J/¢and ¢’ in which the resonance widths are compa-
rable to or smaller than the width of the center-of-mass energy distribu-
tion, the high level of precision obtained from the double-scan method
(23) is necessary to determine the beam energy profile.

In a double scan, a resonance is scanned twice, once with the beam
on the central orbit and once with the beam on a side orbit radially
displaced from the central one. The frequency difference maintained
between the two orbits is approximately one o of the beam frequency
spread. If the energy difference between the two orbits is known, dE/df
can be readily calculated. Because the peak of the resonance defines
the energy of the beam, it can be used as a marker to measure the
energy difference between the two orbits.

The double-scan procedure is schematically illustrated in Figure 6.
Data are first taken with the beam on the central orbit. The beam is
then decelerated to the side orbit, where more data are taken. The
energy and frequency of the beam change, but the B field remains the
same. Finally, the beam is returned to the central orbit by changing
the B field but keeping the energy constant. This procedure is repeated
several times across the resonance. The resulting cross-section mea-
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Figure 5 Events per unit luminosity for the energy scan near the ¢'. The dashed line
illustrates the center-of-mass energy resolution (32).

surements can be plotted against the B field, thereby producing two
excitation curves shifted withrespecttoeachother, as shownin Figure 6.

To obtain the quantity dE/df, where E is the beam energy at constant
B, one considers sets of points taken at the same magnetic field but on
different orbits. 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.
More specifically, consider the data points of Figure 6. Points 2 and 3
are taken at the same B, and points 1 and 2 are the peaks of the two
excitation curves. We have

(Es — ) = j—f s = £3) 2,
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Figure 6 Schematic depicting the measurement sequence of the double scan.
and
(E, - E5) = B2y*m, (f'f;m 25.
3
Because E; and E; are equal, Equations 24 and 25 yield
dE 1 (fi = f3)
26.
& = P = )
Equivalently, 7, as defined in Equation 21, is
1 (f2 — f3) 3) :
== 27.
Y (fr = f 3) 7

We see from Equations 26 and 27 that dE/df or n can be determined
accurately by this method because it depends only on frequency mea-
surements; the parameters in the equations (8 and y) are known accu-
rately because the resonance masses of J/y and ¢' are known accurately
(20). Variations in orbit length for the data points on the same (central
or side) orbits introduce a negligible uncertainty.

For the analysis of these narrow resonances, agw in Equation 14 has
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been modified to include the effect of radiation from the initial pp state
(24). Although =mall, this correction decreases the measured width at
the J/¢y and ' by ~10 and 2 keV, respectively. The resonance mass
Mg is not affected. For the J/, the interference between the resonant
and the continuum amplitude (25) for pp — e* e~ is also considered
but does not change the results significantly. The background for the
resonance fitting procedure is determined from off-resonance data.

Figure 7 shows the results of the double-scan running for the J/y and
Y’ from E760. From the fit to these data, the mass of the J/iy and the
total widths and product of branching ratios to pp and e* e~ for both
theJ/rand ' weredetermined. These results are summarized in Table 2.

The mass of the J/yy was determined by E760 to be M,,, = 3096.87
+ 0.03(stat.) = 0.03(sys.)MeV/c2. This value represents a small im-
provement over earlier measurements. To determine the branching ra-
tios the experimenters unfolded the effects of detector efficiency and
geometrical acceptance of their apparatus; this last measurement also
depends on the absolute value of the luminosity.

4.2 The Proton Electromagnetic Form Factor

To measure the proton’s electromagnetic form factor in the time-like
region, the reaction pp — e e~ was also studied at other energies at
which no resonant production of the e * e~ state is present. The differ-
ential cross-section for this process is given in terms of the proton
magnetic and electric form factors:

do ma(fic)?

4m?

= 2 29* P 2.in2g%
d(cos %) REP X |:|GM| (1 + cos®6*) + p |Gel?sin?6 ]’
28.

where E and P are the center-of-mass energy and momentum of the
antiproton, respectively, and 6* is the angle between the e~ and the p
in the center-of-mass system. Because the data samples used in such

Table 2 J/iy and ¢' results from E760

Width (KCV) Bindlou® H(PPJ"'
Jyp 99 = (1.142:18 = .10) x 10-*  (1.82+:% = .16 = .06) x 1073
v 306 = (1.17*:13 = .08) x 10~% (26153 + 17 = .17) x 10~*

2 BinBow = B(Jy — pp) B(J/y— e* e~ ) forthe J/yy, and BinBowr = B(y' — pp) [B(yp' — e*e™) +
B(y' — JIWX)B(JWs— e* e~ )] for the ¢'. The errors, in the order shown., are statistical and systematic.
> Using B(j/y — e*e™), B(W’ — e*e™), and B(y' — J/y + X) from Ref. 20. The errors, in the
order shown, are statistical, systematic, and due to the errors in the branching ratios from Ref. 20.
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a study are small and cover a limited angular range, the value of |G|
is obtained under the assumption that |Gg| = |Gyl

E760 has reported measurements (25) of the proton form factor at
E.n = 3.0, 3.5, and 3.6 GeV, whereas R704 was able to set only upper
limits (26) in the same energy range. These results, together with mea-
surements at lower energies, are shown in Figure 8 in the form of
q*|Gumllp, vs —q? = sic? (m, = 2.793 is the magnitude of the proton’s
magnetic moment expressed in units of nuclear magnetons). We see
that the data for — g2 > 5(GeV/c)? follow the perturbative QCD predic-
tion (27) for large momentum transfers, i.e. Gar(g?) « g~ *a?(q?), where
the running strong coupling constant a; is proportional to 1/In(g%/A?),
with A = 0.2 GeV.

From the fit shown in Figure 8, one can deduce the value of the cross
section for thc proccss o(e*e™ — y* — pp) at energies near the J/y
and ¢’ mass. From experiments carried out in e* e~ colliders (28) one
can also determine the cross-section for the similar process o(e* e~ —
v* — hadrons). Thus, the branching fractions

ole*e” > y*— pp)

*) == 29.
For®) g(ete” — y* — hadrons)
—~ 4 3
% Y op —re's”
83.5 - & E7BG
3 i ® LEARPS170
< 3 :_ & PS5 CERN
o r ete”—>pp
a3y 5L & DCIoMZ
(@) F O DBCI DM
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4 6 B 10 =2_q2 (GeVz)

Figure 8 Variation of ¢*|Gwm|/p, with — g2. The dashed curve shows a perturbative QCD
fit [¢*|Gm|* a2(q?) = 1/In(g%/A?), with A = 0.2 GeV] for —q? = 5(GeV/c)>. From Ref.
25.
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are found to be (2.6 =.0.5) x 10~ at the J/iy and (0.52 + 0.09) x
10~ at the ¢'. The equivalent fractions for gluonic decays of the J/iy
and /', where the decay proceeds through an intermediate three-gluon
state, i.e.

I'CS\— ggg — pp)
'S, — ggg — hadrons)’

f(ggg) = 30.

are estimated tobe (31 = 2) x 10~ *for the J/if, and (12 = 4) x 10~*
for the ¢'. This estimate leads to the purely experimental result that
hadronization via gluons favors the pp channel by approximately one
order of magnitude compared with hadronization via one photon.

4.3 The 1’ Py Triplet

The study of the production of the .1 and x.» charmonium states was
conducted in a fashion similar to that used in the study of the J/iy and
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Figure 9 Comparison of the distribution of x. and y.» events vs center-of-mass energy
from (a) the Crystal Ball experiment (30), with (h) the excitation curves for x.., and x..,
measured by the R704 collaboration (29).
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' resonances. The reactions studied are
pP = xc12 > JIpy—> eTeTy. 31.

Figure 9 shows the excitation curves obtained by the R704 experiment
(29) as well as the mass spectra obtained by the Crystal Ball experiment
at SPEAR (30). This figure graphically illustrates the advantage of the
pp annihilation technique. The resolution of R704, determined only by
the beam-energy resolution, is far superior to that of the Crystal Ball
detector. Figure 10 depicts the excitation curves obtained by E760. As
in Figure 5, the center-of-mass energy resolution is indicated as a dotted
line (31, 32).

A fit to the excitation curves yields the values of the masses and
total widths shownin Table 3 and, after correcting for detector efficien-
cies and geometrical acceptances, the values for the product I'(x.;,—
pP)B(xc1,2— JIY y)B(JIy— e* e~ ). The widths measured by E760 are
more accurate than the R704 measurement because of the higher num-
ber of events (e.g. 559 events at the y.. for E760 as compared to 50
events for R704). Both masses measured by R704 are 0.8 MeV/c? higher
than those measured by E760; this discrepancy could indicate a small

214 1.4
> | :
S 1.2 | ‘ 1.2 -
(o] -
= “ : I
£ 1 J[, X1 1 ﬁ X2
J
< ; -
£0.8 | 0.8 )
c - I, ] e
2 1£|"1“ ! & r,r ‘
W 0.6 |- E% 06 - | .[
; a3
: ' S
0.4 - b 04 I
§ N '_ "
. | . z 9
0.2 %iﬁ 02 - [~ '%\ .
; g (’i‘\\x » / 4 -
O i | il N O A A TR
3502.53507.83513.23518.5 3551 3556.33561.7 3567

Een [ MeV ]

Figure 10 Excitation curves for y.1 and y.» measured by the E760 collaboration (31).
The dotted curve shows the resolution in the center-of-mass energy.
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Table 3 y. and . masses, widths, and branching ratios®

Parameter R704 result E760 result World average®
M(xa) (MeV/c?) 3511.3 = 04 £ 04 3510.53 + 0.04 £ 0.12 3510.53 = 0.12
Fota(xc1) (MeV) <l1.3 0.88 = 0.11 + 0.08 0.88 + 0.14
T(xa — pp) %

B(xer = Jy) x 1.18+8:38 1.29 = 0.09 =+ 0.13

B(Jly — e*e™) (eV)
I(xa1 = pp) (eV) 74+ 9
B(xci — pp) x 10* 0.86 = 0.12
M(x.2) MeV/c?) 3556.9 + 0.4 = 0.5 3556.15 = 0.07 = 0.12 3556.17 = 0.13
Totalxc2) (MeV) 26418 1.98 = 0.17 = 0.07 2.00 = 0.18
I'(Xc2 — pp)

X B(xc2— JlPy) x 2.1428i41 1.67 = 0.09 = 0.1

B(Jlp — e*e”) (eV)
I(xc2 = pp) (eV) 206 + 22
B(x.> — pp) x 10° 1.0 + 0.1

2 Where two errors are shown, the first is statistical and the second systematic.
b Using the values from Ref. 20.

difference in the absolute mass scale. E760 has used both the J/y and
the ¢/ masses as energy calibration points, thus spanning the range of
the x. masses, whereas R704 used only the J/iy mass for calibration.

The width of the x.o is a quantity of considerable interest because
perturbative QCD calculations directly relate it to the width of the y..
Unfortunately, the y.o has not been studied by either of the two experi-
ments because this state does not decay readily into J/i [B(x.o— yJIW)
= (6.6 = 1.8) x 1073] (20).

4.3.1 ANGULAR DISTRIBUTIONS IN X.2 DECAYS The study of the angu-
lar distributions for the process

PP X2 > I y—>ete y 32.

allows for an evaluation of the contributions of quadrupole and octupole
transitions to this radiative decay. The angular distributions are de-
scribed in terms of five helicity amplitudes: By, B, ai, a2, and as.
Unitarity constraints allow for only three independent amplitudes.
These are taken to be By, which describes the dynamics of .. forma-
tion, and a», and as, which correspond to the contribution of magnetic
quadrupole and electric octupole transitions in the x.. decay, respec-
tively. a; characterizes the electric dipole component of the decay.
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By is expected to be zero in the massless QCD limit, and a3 is ex-
pected to be zero under the hypothesis that a single quark is involved
in the radiative transition. Indeed, both the E760 (33) and R704 (34)
analyses yield nonzero values only for a,, but of opposite signs. The
E760 result (—0.14 = 0.06) thus resolves the outstanding discrepancy
in the sign of a, between the measurement of R704 (+0.46*9:12) and
the value obtained from the study of e* e = — x.2— J/{y y by the Crystal
Ball experiment (35) (—0.33%3:33). Given the value of a, obtained by
E760, one extracts a value for the anomalous magnetic moment of the
charmed quark: k. = 0.46 = 0.62 = 0.37, where the first error reflects
the measurement uncertainties in a, while the second reflects theoreti-
cal uncertainties in relating a, to k..

4.4 The “Missing’”’ 1'P,

The singlet states of charmonium [e.g. the n.(1'Sy, JP¢ = 0~ ),
7¢(2'So, JF€ =0~ 7%),and h.(1'P,,JPC = 1 ~)] pose an unusual exper-
imental challenge because they can be necither resonantly produced in
et e~ annihilation (JP¢ = 1~ ~)norbe produced by El radiative decays
of the 38, states [i.e. J/y (1381, JPC = 1~ ") and ¢'(23S;, JPC = 1~ 7)].
Indeed, until quite recently only the 5. had been positively identified.
One of the major objectives of the experiments studying charmonium
production in pp annihilation has been to study these elusive states,
and in particular to search for the A.. The observation of this state is
important not only because it is the last unidentified n = 1 state of
charmonium but also because a comparison of its mass with the center-
of-gravity mass of the three triplet *P states

2,27 + Dmy,
20+ 1)

provides a measurement of the deviation of the vector part of the quark-
antiquark interaction from pure one-gluon exchange. In addition, the
branching ratios of the k. hadronic decays relate to the QCD helicity
selection rules, QCD multipole expansion models, and isospin conser-
vation.

The h. can be formed in pp through the annihilation of the initial-
state particles into three gluons. It is expected to have a small width
(<1 MeV) and decay with comparable rates to hadrons, and through
an electric dipole transition to the 7.y final state. The cross section at
the peak of the resonance for the process pp — h. is expected to be
<10~ of the total cross section for pp — hadrons.

To find the A, the R704 investigators searched for the inclusive
decays

33.

Meop =
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he—=Jy X —>ete X, 34.

while the E760 investigators searched (36) for this state by focusing on
the decays

he=>n.7—> 7y v 35.
he—=>Jlpa°—>ere™ 7°, 36.
and

he—> I 2m — ete 2. 37.

E760 collected data in 0.5-MeV steps near the center of gravity of the
x states. The final state for the process of Equation 35 is hard to detect
because of the very small branching ratio of the decay 7. — yy. No
significant signal was found for this modein E760. The othertwo modes

120 -
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Figure 11 Invariant mass distribution of e* e~ pairs for events collected during the 1'P,
search (36) of E760.
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are also expected to have small branching ratios, but the J/i in the
final state provides a very distinctive signature. Figure 11 shows the
invariant mass distributionfor e * e~ pairs for all data taken during their
h. scan. A clear peak at the J/iy mass shows that events of the type pp
— J/y X were indeed produced.

Events with m.+.- >2.9 GeV/c? were fitted to the reactions pp —
JIy w°, pp — JI 27, pp — J/Y vy, and pp — e e~ provided the event
topology was compatible with the final-state hypothesis. Most of the
events could be unambiguously identified as either J/y y (cross-hatched
area in Figure 11) or J/¢ w° (solid area), although a few events were
identified as pp — e "e ™ (vertically striped area). No events were found
that fit the final states J/¢ 7° #° or J/¢y w* . The J/i ¥ events can
be explained as background expected from the tails of the nearby x.:
and y., resonances.

~ 0.6
g .
~ 05:E760 pp >V + 7 & a)
204} a
. .
" 0.3 | I et *
[ [ ! |
S 0.2Ff | Vo«
O r * +*
0.1 F ) l # #
0" &
—~ | -
212 "R704  ppoV 4 ... b)
g °: ¢
0 67 |
° 4= v
s M ' ‘L
2 ( .
O L -- |.l .| 1 . . ' [ . . .....|_.__!
3520 3522 3524 3526 3528 3530
E..[MeV]

Figure 12 Cross section vs center-of-mass energy for pp — ¢ + 7" measured by the
E760 collaboration (36), and cross section vs center-of-mass energy forpp — ¢ + . ..
measured by the R704 collaboration (37). The data are corrected for acceptance and
reconstruction efficiencies to permit direct comparison.
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Figure 12a shows the cross section as a function of center-of-mass
energy for the reaction pp — J/y #° — (e*e~) #°. The data, binned
in intervals of 150 keV in the center-of-mass energy, show for energies
below E..e a uniform level of cross section of o(pp — J/ym®) = 99 =
40 pbarn, which is in reasonable agreement with the prediction for this
nonresonant process (38). Above E s, an enhancement is observed
near 3526 MeV that can be fitted to a resonance of mass M = 3526.2
+ 0.15 = 0.20 MeV/c? and has a width compatible with the beam-
energy resolution. The upper limit for the width is I' < 1.1 MeV at 90%
confidence level (c.l.)®. The probability that this peak is a fluctuation
of the continuum is 1/400. The E760 investigators interpreted this struc-
ture to be the h.(1'P,) state of charmonium, a presumptive identifica-
tion supported by the decay mode and by the close proximity of the
mass to Mco, = 3525.27 = 0.12 MeV.

The branching-ratio product B(h. — pp)B(h. — J/ym®) can range
from (1.7 = 0.4) x 1077 to (2.3 = 0.6) x 10~7. The lack of any
candidates for the reaction pp — J/iy 27 sets a limit to the ratio B(h,.
— JIy 27)/B(h. — JIy 7% < 0.18 at 90% c.l.

The R704 investigators observed (37) five events consistent with pro-
cess (34) at a mass of 3525.4 = 0.8 = 0.5 MeV/c2 They obtained a
value for I',, x B(h. — pp) X B(h.— JIfp X) X B(JIyp— ete™) =
0.1353:4288 eV, while the E760 investigators determined the same quan-
tity to be 0.010 = 0.003 eV. The data from the two experiments are
compared in Figure 12, in which thc R704 data have been shifted in
energy by —0.8 MeV to account for the systematic energy-scale differ-
ence between the two experiments noted in Section 4.3. The R704
events correspond to a rate 10 times higher than the cross section mea-
sured by E760 and are presumably dominated by background.

4.5 The pp — (Cc) — yy Process

Both the R704 and the E760 collaborations studied the %.(1'S,) and
the x.2(1°P,) states via the reaction

p+p—>(Cec)—>y+ v 38.

The study of this process allows the determination of Iy, X B(R —
pp) and B(R — pp) X B(R — vy). The derived values for B(R — yy)
and for I, the resonance partial width into two photons, probe the
physics of short-distance annihilation processes. The E760 collabora-
tion also searched for the formation of the 1.(2'So) resonance in the
same process.

% Because of limited statistics, the analysis ignored the effects of possible interference
between the resonance and the continuum.
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4.5.1 STUDYOFTHET. Figure 13 shows the eventrate for the process
pp — 7vv as a function of the center-of-mass energy in the 7. region as
measured (39) by E760. A structure is seen near 2990 MeV/c? above a
background of comparable magnitude.

The data were fitted with the maximum likelihood method to a
smooth background plus a Breit-Wigner line shape. The background
cross section was adequately parametrized with a power law:

Oback = A X Ec_mB- 39,

Although this background is predominantly due to misidentified 7%#¢

i
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Figure 13 Measured (39) event rate for pp — vyy vs center-of-mass energy at 7.. To
optimize the signal to background ratio the events were selected with |cos(8%)| < 0.25
for the yp angle in the center-of-mass system.
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and 7% events, the presence of a small component of genuine nonreso-
nant pp — yy events cannot be ruled out. The analysis of the data
assumes complete incoherence between signal and background and
thus could yield misleading results in the presence of interference ef-
fects between the amplitude for resonant production and the amplitude
for the nonresonant continuum. Unfortunately, the data sample is too
small to allow for a more global analysis.

The values for M, obtained by E760 and R704 (40) are 2987.5*33
MeV/c? and 2982.6%27 MeV/c?, respectively. One can compare these
values with the world average (20) of 2978.8 + 1.9 MeV/c2. In Table
4 we compare values for I'y,, B(n.— pp) and B(9. — vyy) x B(y.—
pp) from E760 (preliminary values) and R704 with results from other
recent experiments and with theoretical predictions.

4.5.2 MEASUREMENT OF THE DECAY RATE FOR )2 —> Yy AND A SEARCH
FOR THE 7. Figure 14 shows the yield of pp — yvy events collected
(39, 50) by the E760 collaborationin the range 3520 = E.,, = 3690 MeV,
where 1P and 2S charmonium resonances are formed. A 40 excess over
background is evident at 3556 MeV, the mass of the y... This excess
of events, fitted with a Breit-Wigner distribution for the y.. mass and
width, gives for the product of branching ratios B(x2— pp) X B(x2—

Table 4 1. widths and branching ratios
B(n. = yy) X B(n. — pp) B(nc — yy) in Ine — yy)
in units of 1078 units of 10 ¢ (keV)

Experitnenl

E760 (39) 354 = 7.6 3.0 £ 0.7 = 1.0°  7.0%33 + 2.3°
R704 (40) 68+43

CLEO (41) 5.7 +
TPC (42) 6.
PLUTO (43) 33:83
TASSO (44) 19.9 + 6.
ARGUS (45) 1

L3 (46) 8.0 =
Theory

PQCD (47)° 3.1:85

B.A. (48, 49) 3-5

2 Usingthe Particle Data Group (20) value B(n.— pp) = (12 = 4) x 10~*. Thefirst errors quoted
come from the E760 measurement, whereas the second ones reflect the uncertainties in the values
taken from other experiments.

® Value calculated from the PLUTO measurement of B(n. — KsK*7~) x B(n.-> yy), using the
Particle Data Group (20) value B(n. -> KKm) = (6.6 = 1.8) x 10~2. The first error quoted comes
from the PLUTO measurement, whereas the second one reflect the uncertainties in B(n.-> KKw)

¢ Using the value a,(m.) = 0.276 + 0.014 (47). The error quoted is due only to the uncertainty in
the value of as.
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Figure 14 Measured (39, 50) event rate for pp — yv vs center-of-mass energy near the
1P and 2S states. These events were selected cutting at |cos(83)] < 0.4.

vy) = (1.60 = 0.39 + 0.16) x 10~ 8 Using the values of I',» and B(x2
— pp) from the same experiment, one derives the values of B(y, —
vy) and of the partial decay width to yy. These values are compared
with results from e*e~ experiments in Table S, which also includes
the results obtained by 2704 (40).

The energy range spanned by these data overlaps the mass region
where the 7. was observed in the Crystal Ball experiment (55). The
lack of any enhancement in that region is taken as an indication that a
more systematic and higher sensitivity search for the ». must be per-
formed. In this respect we can look with some optimism to the future
data from the E835 experiment, a continuation of E760.
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['(x2 = yy)IkeV) Blyor = yy)l07%)

Experiment

E760 (50) 0.32 = 0.08 = 0.05 1.6 + 0.4 =0.2
R704 (40) 29+13 + 1L.7# 13 = 4
CLEO (41) <1.0 95% c.l.)

VENUS (51) <4.2 (95% c.l.)

TPC (42) <4.2 95% c.l.)

Crystal Ball (52) 28 2.0

DASP (20, 53) <1.6 (90% c.1.)

Theory

PQCD (47) 0.81 + 0.15°

B.A. (49) 0.56

B.B.1.. (54) 4.1 = 1.1 (=36%)

“ Assuming isotropic angular distribution and I'(x.2) = 2.6*{:§ MeV.
b Using I'(x.2 > gg) = 1.71 = 0.21 MeV and a, = 0.276 + 0.014.

5. INTERPRETATION OF THE EXPERIMENTAL
RESULTS

Precise measurements of the quarkonium states can in principle lead
to the determination of the fundamental parameters of QCD, the mass
of the constituent quarks, and the coupling constant of strong interac-
tions, just as the study of positronium and of the hydrogen atom are
sufficient to derive the mass of the electron and the fine-structure coup-
ling constant.

In this section we first briefly review some aspects of charmonium
phenomenology (Sections 5.1 and 5.2) and then discuss in Scction 5.3
attempts to derive the parameters of the theory from the experimental
results presented in this review.

5.1 Charmonium Dynamics

Charmonium, the bound system of a charmed quark and its antiquark,
should in principle be completely described within the framework of
QCD. Although such a description has not yet been achieved, signifi-
cant progress has been made in two approaches: one through lattice
QCD calculations and the other through potential models.

Lattice calculations (6) start from the Lagrangian of QCD and attempt
to solve the equations of motion numerically on a discrete lattice of
space-time points and to extract physically meaningful quantities by
taking the appropriate limits (small lattice spacing and large lattice vol-
ume). In principle this approach should be exact, but in practice lattice
QCD calculations still make simplifying assumptions and do not yet
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completely describe charmonium. Nevertheless, certain quantities, e.g.
the level spacing between the 1P and 1§ states as a function of the
strong coupling constant, can be reliably calculated using this technique
(56). This calculation has been used to determine the value of the strong
coupling constant from the observed level spacing. From the mass mea-
surements for the 7., J/y, h. and the x.s from the pp and e * e~ experi-
ments, one obtains the value of a;375(5 GeV) = 0.174 = 0.012. Equiva-
lently, A%% = 160*%7 MeV or, by extrapolating to the mass of the Z,
amrs(Mz) = 0.105 = 0.004, a value comparable in accuracy to that
obtained in high-energy e*e~ experiments.

In the potential model approach (5, 57), a phenomenological potential
V(r) is used to describe the interaction between the ¢ and ¢ quarks.
Because the radius of the system (rg = (%asmc)" = 1 fermi) is large,
the effects of strong long-range binding forces must be included, i.e. the
interaction must become strong at large separation. The funnel potential
V(r) = alr + krprovides a simple example of a QCD-inspired potential.
The Coulomb-like term describes the short-distance behavior expected
for one-gluon exchange, with a = —3a,(r) proportional to the running
coupling constant. The constant k = 0.15 GeV? in the confining term
measures the string tension. Other functional forms for the potential
have been used in the literature; the spin-averaged level structure is
quite insensitive to the form used, provided some general conditions
are satisfied that are required for the correct ordering of the levels, i.e.
V2V(r) > 0 and (d/dr)(1/n)[dV(r)/dr] < 0 (58).

The potential V(r) may include terms arising from the most general
spin structure of the quark-antiquark interaction (scalar, vector, axial
vector, pseudoscalar, and tensor), but the existence of pseudoscalar
and of vector charmonium states implies that the dominant terms are
due to vector and scalar exchange. Perturbation theory shows that the
short-distance part of the potential is dominated by single-gluon—and
thus vector—exchange, whereas the level spacing of the y. states and
results from lattice QCD (59) suggest that the long-range confining po-
tential is predominantly the result of an effective scalar exchange.

Starting from a central potential V(r), one derives® the Breit-Fermi
Hamiltonian of a system of two interacting fermions of equal mass
containing relativistic corrections up to order v?/c2. This approximation
is acceptable because in the (¢C) system typical velocities for the two
quarks are v/c ~ 0.5. The Breit-Fermi Hamiltonian is

° The Breit-Fermi Hamiltonian was derived from the static nonrelativistic reduction
(60) of the Bethe-Salpeter equation with relativistic corrections to order 1/m?, or from
the Wilson loop technique (61).
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H = H, + H,
= [2m + p*m — p*(4m?) + V()] + (Hs; + Hi s + Hr + Hss),
40.
where the term H, (with H, << H,) includes, in addition to the spin-
independent part Hs,, terms that describe the spin-orbit interaction
Hys = L-(S; + Sz) lr a3v, - Vy), 41.
the tensor interaction
Hy = [(SF) $orf) — (808)/3] 5 (V. — rV3), 42.
and the spin-spin interaction
= (8¢S )—2— viv 43
S = ( 1792 3m2 v .

Here L, S;, and S, are the orbital and spin-angular momenta; V, and
Vs (with V = V, + V,) transform as the time component of a four
vector and as a Lorentz scalar, respectively; m is the quark mass; and
primed quantities stand for the derivative d/dr.

The hyperfine splittings

AEs = M(3S)) — M('So) 44.
and
AEP = Mcog(BP) - M(]PI) 45.

are completely determined by the Hss term.'® Under the hypothesis
that the vector part of the interaction is dominated by single-gluon
exchange, the hyperfine splitting reduces to

Abypx (VV.(r) ) — < -,;7‘—”—‘ V2 (;» = —;1“"' X |w(O), 46.
where the expectation value is evaluated using the unperturbed wave-
function ¢(r). Since AEs p is proportional to the square of the wave-
function at the origin, then for single-gluon exchange, L # 0 singlet
states would be degenerate with the triplet center-of-gravity. Therefore,
the observation of such a hyperfine splitting signals deviations from
the simple single-gluon exchange hypothesis.

10 The quantity Mc.z(*P) in Equation 45 was defined in Section 4.4.
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5.2 Charmonium Decay Rates

Decays of charmonium states that proceed through the annihilation of
the quark-antiquark pair into e*e~, y7y, or multigluon final states can
be factored into two parts: one that gives the probability of finding the
quark-antiquark pair at a distance at which the annihilation can take
place (~Compton wavelength of the quark Aq = 1/m) and one describ-
ing the on-shell cc hard process. The first factor can be expressed in
terms of the wavefunctions for the c¢ system, while the second factor
is evaluated using perturbative QCD.

In the Born approximation, a nonrelativistic derivation of the width
for the decay of a singlet S state of mass M to yy gives

487eda’ 3.4
1¢ _ — < 2 _ =S
I'CSo—> vy) M lw(0)f> {1 T ) 47.
where e, = 2/3 is the c-quark charge in electron charge units and « is
the fine structure constant. The last factor includes first-order strong
radiative corrections (47).
A generalization to hadronic processes such as

18a, *Py, or 3P, — pg; 'S or P — g P — g4q, 48.

where the final-state constituents fragment into light hadrons, gives for
a state of principal quantum number »n and orbital angular momentum
[ the decay width

2
F(ay), 49.

!

d
I'{(¢c)n; — light hadrons] « 2 ,(0)

where F(a;) is a power series in a;. For P states, calculations along
these lines lead to infrared divergences at order a3, i.e. to leading order
for 3P, and 'P, states and to next-to-leading order for 3P, and 3P states.
In a recent paper Bodwin et al (54) point out that the appearance of
infrared divergences is an indication of the breakdown of the adopted
factorization scheme and suggest an alternate factorization scheme.
The hadronization process by which gluons transform into light-
quark hadrons is not well understood. For hadronization into a proton-
antiproton pair, which also determines the cross section for (c¢c) forma-
tion in the reaction pp — (cc), estimates of the coupling of (¢c) states
to pp have been obtained in the framework of massless QCD (62). The
vector coupling of QCD requires that massless quarks have opposite
helicities, a requirement that carries over to the annihilating p and p.
Thus only states of helicity +1 can be formed, and the formation of
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J = 0 states, such as the n. and the x.o, is forbidden. This rule is badly
violated, which is not surprising since, in this energy regime, the mass
of the proton is hardly a negligible quantity. An alternate model de-
scribes baryons as compound objects of quarks and diquark structures
(63), but this model predicts for the partial width for n. — pp a value
much smaller than the one measured.

Radiative (64) or gluonic (65) transitions between two states of
charmonium can be expressed in terms of multipoles of the electromag-
netic or gluonic field.

For P to S radiative decays

(Ec)n.l_) (EC)n',l' + Y, 50.

where n’ = nand !’ = [ = 1, the electric-dipole term dominates. In
the limit of large wavelengths we have

Iy = § e2akKSIoP, s1.
where kK = E; — Ey, the differences between the energies of the initial
and final state, and r = r;, — r». For charmonium, the long wavelength
limit (krg << 1) is not satisfied, and corrections of order of 10% must
be applied for P to S transitions of states with equal n. The value of
the overlap integral is sensitive to the choice of the potential used to
derive the wavefunctions for the initial and final states, and relativistic
corrections can be substantial. For example, in the decay 1'P, — 1'S,
+ v, spin effects tend to shrink the wavefunction of the 'S,, thereby
reducing the overlap with the 'P, state. Experimental values for
I'(Xc0..2 — ¢ + ) are in good agreement with predictions of recent
calculations that include such relativistic corrections (54, 66, 67). The
same authors predict I'(1'P, — 7. + y) = 400 ke V.

The evaluation of transition rates for processes that involve the emis-
sion of light quarks from the charmonium states, e.g.!'!

(ct) = (cc) + 7@°; (cc) = (cT)' + =, 52.
is more complicated. Perturbative QCD is not applicable in this case,
in which we have small energy difference and soft gluon emission, and
one must resort to phenomenological models. Two conflicting predic-

tions (68, 69) have been made for the relative decay rates of the 'P; to
yr® and to Yarar; the results of E760 will help clarify this discrepancy.

5.3 Determination of as from Charmonium Data

5.3.1 AaNNIHILATIONS The rate of charmonium decays via annihila-
tion depend on the charmed quark mass m, the wavefunction of the

I The first decay mode shown does not conserve isospin.
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system at the origin ¥(0), and the strong coupling constant a,. Ratios
of rates for two annihilation processes of the same state are largely
independent of m and y(0). In principle, one should be able to extract
from such ratios a value for a;. However, only calculations to next-
to-leading order in the perturbation series are available. These yield
results that are not unique but that depend on the precise definition of
the coupling constant (the renormalization scheme) and on the choice
of the mass w (the renormalization scale) at which a, is defined.!? These
unphysical ambiguities will disappear in calculations made to all orders.
For some processes the next-to-leading order term is comparable in
magnitude tothe leading-order term, and the convergence of the pertur-
bation seriies is in question. Without discussing this treacherous subject
further, we compare the quoted experimental results to the expressions
given in Equation 47 in which u = m = 1.5 GeV is chosen. " For the 7.,

I'(ne— vy)
I'(m. — gluons)

8a?1 — 3.4a,lm

= g;g‘l—m'v B(n.— yy) = 3.0 £ 1.2) x 1074, 53.

from which a,(u = 1.5 GeV) = 0.40*3:4) to leading order or a,(n =
1.5 GeV) = 0.28*3:3¢ to next-to-leading order.
One is tempted to apply the same method to extract a, from the ratio

F(XCZ g ‘Y‘}')

— -4
T(xes = gluons) (1.9 = 0.6) x 10 54.

to obtain «,(u = 1.5 GeV) = 0.50% 49 to leading order and a,(n =
1.5 GeV) = 0.36 = 0.04 to next-to-leading order. However, as we have
seen, the presence of infrared divergences in the next-to-leading order
corrections casts doubt on the validity of this derivation.

5.3.2 THE HYPERFINE SPLITTINGS The values for the hyperfine split-
ting are

AEs = M(J/Y) — M(n.) = 109.413:¢ MeV SS.
and
AEp = Moy — M(h:) = —0.93 = 0.28 MeV, 56.

12 The literature contains suggestions for how to choose the renormalization scale in
a way that minimizes these ambiguities (70).

13 Note that the a; used in the discussion of this section is the one defined in the
modified minimal subtraction scheme, i.e. aus.
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where we have used the masses for the J/, 0., xc1, X2, and h. obtained
by E760 and the y.o mass of 3415.1 + 1.0 MeV (20). This choice yields
Mo, = 352527 = 0.12 MeV.

The fact that A Ep is negative excludes many of the mechanisms pro-
posed to shift the £, mass from M.,z (72).1* The correct sign and magni-
tude for this shift is predicted by an approach (73) that evaluates the
hyperfine splitting to one loop in perturbative QCD. In a recent version
of this calculation (74) AEp does not depend on the mass scale (w)
and the renormalization scheme but only on the value of the coupling
constant a, and of the mass of the constituent quark m. From the mea-
sured value of A Ep one finds that o, = 0.28 + .02 for m = 1.2 GeV
ora; = 0.33 + .02 for m = 1.8 GeV. In contrast, the hyperfine splitting
of the S states as given in Ref. 74 is not independent of the renormaliza-
tion scale. For the choice p = m, one finds from the comparison with
the experimental result values of a; vs m consistent with the result
obtained for the P states. With this choice for the mass scale, the contri-
bution of the second-order corrections is much smaller than that of
the leading order, as one would expcct for a reliable application of
perturbative QCD.

5.3.3 concrLusioNs The derivation of a from charmonium data pre-
sents several problems. If one uses the ratio of the measured annihila-
tion rates of the n. into yy and light hadrons, one has to deal with
large uncertainties in the measured value of B(n. — vyy) and, more
importantly, one is limited by the poor understanding of the conver-
gence of the perturbation series and of the ambiguities introduced by
thc choice of a mass scale. The estimation of a, from the hyperfine
splitting of P states is more robust because it is based on a more precise
measurement and is less affected by such theoretical uncertainties.
However, the value derived for «, in this manner still depends on the
value of the mass of the constituent quark, a quantity that is rather
poorly defined.

The determination of «, using the 1§ — 1P mass splitting as an input
to lattice gauge calculations is one of the most reliable methods at pres-
ent. As the methods used in these calculations improve, this technique
will probably yield the best measurement for a;. The value of a,(5
GeV) = 0.174 = 0.012 of Ref. 56 extrapolated to our energy scale gives
as(1.2 GeV) = 0.27978:33 and a,(1.5 GeV) = 0.253*8:033.

14 See Ref. 72 for earlier references on evaluations of AEp.
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6. OUTLOOK

It has been 20 years since the discovery of charmonium swept the field
of particle physics, and still the study of this system remains a vital
and worthwhile endeavor. The high precision measurements achieved
through the study of charmonium produced in proton-antiproton annihi-
lations and the opportunity to discover states not accessible in electron-
positron annihilations are the major reasons for the vitality of such
experiments. It is surprising to note that with the observation of the
h(1'P,), our qualitative knowledge of the charmonium spectrum is
now more complete than our knowledge of the positronium spectrum!

Just as positronium has been one of the proving grounds of quantum
electrodynamics charmonium has provided some of the more stringent
tests of QCD. The new precise measurements from R704 and E760
make comparisons with theory even more challenging. We look forward
to the continuation of this series of experiments at Fermilab (75), where
more accurate measurements of the x.o, hc, 1c, . states as well as the
potential to observe as yet undetected states of charmonium (such as
the 3D-, 'D,) will extend the range of tests of QCD.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may he purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007; 415-259-5017; email: arpr@class.org
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