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Precision measurements of charmonium spectroscopy are obtained study-
ing charmonium formed in pp annihilation. Two experiments at FNAL,
E760 and E835, adopted this technique. Some of their results are briefly
discussed.
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1. Introduction

Charmonium spectroscopy in pp annihilation is a powerful technique to
perform precision measurement of charmonium spectroscopy for the narrow
states with mass below the open charm threshold (3729 MeV).

The first experiment studying the charmonium spectroscopy in pp anni-
hilation was R704 at CERN in 1984 [1, 2], that collected 3 pb−1 of data at
the J/ψ, χ1 and χ2 to measure their mass and width, proving the feasibility
of the experiment.

The two experiments E760 (in 1990-91) and E835 (in 1996-97 and 2000)
at FNAL applied this technique installing a hydrogen Gas-Jet target on
the Antiproton Accumulator, realizing a wide program of charmonium spec-
troscopy.

The pp center of mass energy distribution obtained in these experiments
is very narrow if compared with the widths of most cc mesons and can
be precisely controlled through the p beam parameters. The resonances
are then scanned moving the beam energy across them. Details about the
experiment and the detector can be found elsewhere [3].

∗ Presented at the XXXIII International Symposium on Multiparticle Dynamics,

Kraków, Poland, September 5–11, 2003.

(91)



92 M. Negrini

2. ηc, η
′

c
(1S0)

The mass and the width of the ηc were measured by all the pp experi-
ments detecting its γγ decay, their results are summarized in Table I.

TABLE I

Mass and width measurements of charmonium states obtained by pp annihilation
experiments. E835-I and E835-II are results obtained in the first (1996-97) and the
second (2000) data taking period.

Experiment M (MeV) Γ (MeV)

ηc E835 [4] 2984.1± 2.1 ± 1.0 20.4+7.7
−6.7 ± 2.0

E760 [5] 2988.3+3.3

−3.1 23.9+12.6

−7.1

R704 [6] 2982.6+2.7

−2.3 7.0+7.5

−7.0

J/ψ E760 [7] 3096.87± 0.03 ± 0.03 (99 ± 12 ± 6) × 10−3

R704 [1] 3096.95± 0.1 ± 0.3 -

ψ′ E760 [7] 3686.02± 0.09 ± 0.27 (306 ± 36 ± 16)× 10−3

χc0 E835-II [8] 3415.4± 0.4 ± 0.2 9.8 ± 1.0 ± 0.1

E835-I [9] 3417.4+1.8

−1.9 ± 0.2 16.6+5.2

−3.7 ± 0.1

χc1 E835-II (Prelim.) 3510.64± 0.12 0.88 ± 0.09

E760 [10] 3510.53± 0.04 ± 0.12 0.88 ± 0.11 ± 0.08

R704 [2] 3511.3± 0.4 ± 0.4 < 1.3 (95% C.L.)

χc2 E835-II (Prelim.) 3556.10± 0.17 1.93 ± 0.22

E760 [10] 3556.15± 0.07 ± 0.12 1.98 ± 0.17 ± 0.07

R704 [2] 3556.9± 0.4 ± 0.5 2.6+1.4

−1.0

hc E760 [11] 3526.20± 0.15 ± 0.20 < 1.1 (90% C.L.)

R704 [12] 3525.4± 0.8 ± 0.4 -

Recently the η′c have been observed by Belle at Mη′c = 3654 ± 6 ± 8 MeV
[13], this have been confirmed by BaBar and CLEO. E760 and E835 searched
for the η′c in the γγ decay channel in the Crystal Ball energy region (Mη′c =
3594 ± 5 MeV) without observing any signal [5, 14].

3. J/ψ, ψ′ (3S1)

A clean sample of J/ψ and ψ′ events is obtained looking for their decay
to e+e−. E760 measured directly the J/ψ and ψ′ mass and width [7]. The
results obtained are summarized in Table I.



Charmonium Production with Antiproton Gas-Jet Interactions at FNAL 93

4. χcJ (3PJ, J = 0, 1, 2)

The mass and widths of the χcJ states have been measured with the
highest accuracy in pp annihilation. In particular, the E760 measurement of
Γχ1

is still the only one available in the world. Preliminary results by E835
confirm these measurements, as shown in Table I.

E835 collected a large integrated luminosity on the χ0, obtaining the
most precise measurement of its mass and width [8]. The value obtained
for Γχ0

is in disagreement with previous measurements; however the partial
widths for the χcJ electric dipole radiative decay, obtained as ΓχJ→J/ψγ =
ΓχJ

BχJ→J/ψγ are now in agreement with the theoretical expectations:

ΓχJ→J/ψγ ∝ k3
J |Eif |

2 , (1)

where kJ = (MχJ
−MJ/ψ)/(2MχJ

) and |Eif | =
∫

Rχ(r)r
2RJ/ψ(r)dr where

R(r) are the radial wave function of the charmonium states.
The χc0 have been studied also in π0π0 decay [15]. In the pp→ π0π0 re-

action, the χc0 resonance is superimposed on a continuum so the differential
cross section for the process can be written as:
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Fig. 1. Measured angular distribution (a) and cross section (b) of the reaction

pp → π0π0 in the χc0 energy region. The observed cross section enhancement

due to the interference is compared with the one of the resonance if there was no

interference, multiplied by a factor 20.
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where x = 2(E−Mχc0
)/Γχc0

, z = | cos θ∗| and θ∗ is the direction of π0π0 with
respect to the pp axis in the center of mass, AR is the Breit–Wigner resonant
amplitude coefficient, A and δA are the amplitude and phase for the helicity 0
part of the continuum, that can interfere with the resonance, B and δB the
ones for helicity 1 continuum production, which do not interfere with the
resonance. The ARA term in (2) shows that when the interfering continuum
cross section is much higher than the resonant contribution, as it happens
in this case, the resonance signal is enhanced by the interference. Figure 1
shows the measured angular distribution and cross section for pp → π0π0,
fitted with the contributions in (2).

5. hc (1P1)

A hc candidate was observed by R704 with Mhc
= 3525.4 ± 0.9 MeV in

its J/ψ inclusive decay [12] and by E760, in the hc → J/ψπ0 channel at
Mhc

= 3526.20 ± 0.25 [11] but still need confirmation.
Data for hc confirmation have been collected by E835; the analysis of

the data is still under way.

6. Proton form factor in the time-like region

By selecting exclusive pp → e+e− events far from resonances E760 [16]
and E835 [17, 18] performed the measurement of the proton magnetic form
factor in the time-like region at large momentum transfer 8.9 <s <14.4 GeV2.

The differential cross section of the process pp→ e+e− can be expressed
in term of the magnetic and electric proton form factors GM and GE as:

dσ

dΩ
=

α2

4βps

[

|GM|2(1 + cos2 θ∗) +
4m2

p

s
|GE|

2 sin2 θ∗

]

. (3)

Integrating (3) over the solid angle and using one of the two approxi-
mation |GE| = 0 or |GE| = |GM| respectively for high and low momentum
transfer, it is possible to measure |GM| as a function of s. The results, to-
gether with the ones at lower s2 obtained at e+e− machines, are shown in
figure 2.
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Fig. 2. Measurements of the proton magnetic form factor in the time-like region.

The dashed line is the fit with the QCD asymptotic behavior prediction.
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