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Quarks in Hadrons

Charmonium states

In the 1970s, very massive meson states were observed as sharp resonances in e+e− an-
nililation at high energy. Their fine structure in several levels of energy had similar structure
as in the levels of positronium, a non-relativistic bound state of e+ and e− that decays two
two or three γ rays. Therefore, we naturally infer that if positronium were a bound state of
particle and antiparticle, these heavy mesons must be evidence of bound states of massive
fundamental fermion-antifermion pairs.

The cc̄ system was first observed in 1974 in e+e− collisions at SLAC using the e+e− collider
SPEAR (PRL 33, 1406 (1974)) and at the Brookhaven alternating gradient synchrotron
(AGS) in collisions of 28 GeV protons on a beryllium target (PRL 33, 1404 (1974)).

These two experiments are equally important as one of them is a fixed target experiment
and the other is the collider experiment, both yielding a new massive resonance state. In the
SLAC experiment, they collected the decays of ψ →, hadrons, e+e− and µ+µ− separately.
The ψ particles decay mostly to hadrons but non-negligible portion decay to e+e− or to
µ+µ− as shown in 1. Now, results of the SLAC experiment are shown in Fig. 2. All the
cross sections were normalized to Bhabha scattering (the usual technique). For the figure 2

Figure 1: The modern view on the branching fractions of J/ψ particle, from PDG2005
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Figure 2: Cross section versus energy for (a) multi-hadron final states, (b) e+e− final states, and (c) µ+µ− ,
π+π−, and K+K− final states. The curve in (a) is the expected shape of a δ-function resonance folded with
the Gaussian energy spread of the beams and including radiative processes. The cross section shown in (b)
and (c) are integrated over the detector acceptance. The total hadron cross section, (a), has been corrected
for detection efficiency. Extracted from PRL 33, 1406 (1974).
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Figure 3: Mass spectrum showing the existence of J . Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer currents. The run at reduced current was taken two
month later than the normal run. Taken from PRL 33 1404, (1974).

(c), they collected collinear pairs of particles, excluding electrons. At that time, their muon
identificaion system was not functioning and they therefore cannot separate muons from
strongly interacting particles (large ππ or KK branching ratio would be unexpected). On
the other hand, the AGS experiment looks for new particles which decay into e+e− and
µ+µ− pairs from the interaction p + p → e+ + e− +X. In this experiment, we cannot take
adavantage of utilizing the decay mode J/ψ → µ+µ− or hadrons as they are not separable
from the non-resonant decay modes. Figure 3 shows the mass spectrum of the e+e− system.

The observed widths of the peaks in Figures 2 and 3 are dominated by the experimental
resolution, on the secondary-electron momentum in the Brookhaven experiment and on the
circulating-beam momentum in the SLAC experiment. The true width of the J/ψ is much
smaller and can be determined from the total reaction rate and the leptonic branching ratio,
bothe of which have been measured. Recalling the Breit-Wigner formula we discussed in the
last fall:

σ(E)e+e−→ψ→e+e− = 4π/λ2

[
(2J + 1)

(2se + 1)(2se + 1)

]
Γ2
ee/4

(E − ER)2 + Γ2/4

where J is the total spin of the resonance, se refers to the spin of electrons, ,ER is the energy
at the resonance peak, Γee is the partial width for J/ψ → e+e−, and Γ is the total width.
We assume J=1 for the moment, and put se = 1/2 for the electron spin value. Then the
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integrated cross section becomes∫ ∞
0

σ(E) dE = 4π/λ2 3

2× 2

Γ2
ee

4

∫ ∞
0

dE

(E − ER)2 + Γ2/4

= 4π/λ2 3

2× 2

Γ2
ee

4
× 2

∫ ∞
ER

dE

(E − ER)2 + Γ2/4

With the substitution tan θ = 2(E − ER)/Γ (sec2 θ dθ = 2/Γ dE), we get

∫ ∞
0

σ(E) dE =
3π2/λ2

2

(
Γee
Γ

)2

Γ.

The branching ratio Γee/Γ = 0.06, /λ = /hc/pc where pc = 1500 MeV and /hc = 197 MeV fm.
The experimental measurement of the integral of the total cross section was approximately
800 nb MeV. Inserting these numbers in the equation above, we get

800 nb MeV =
3π2

2

(
1500

197

)2

(fm)2 (0.06)2 Γ.

Solving for Γ (1 barn = 10−28m2),

Γ = 800× 10−9 × 10−28 m2 2

3π2

(
197

1500

)2 104

36
× 1030

m2
MeV

∼ 0.0871 MeV.

Therefore Γ = 0.087 MeV, for the true width of the J/ψ particle. In comparison with other
vector mesons formed from light (u, d or s) quarks such as the ρ (776 MeV) with Γ = 150
MeV or ω (784 MeV) with Γ = 8.4 MeV, the J/ψ (3100 MeV) has in extremely small width,
indicating that it may consist of two (new) heavy quark and anti-quark.

In addition to the particl J/ψ a second resonance ψ(2S) of mass 3.7 GeV was also found
in this first SPEAR experiment (PRL 33, 1453 (1974)). Figure 4 shows the result from the
experiment.

The natural width of J/ψ meson is significantly narrower than those of light quark mesons.
One way to understand this is as follows. The binding energy of two quark system is approx-
imately a few hundred MeV (from the strong force between quarks). The light quark mesons
are essentially relativistic and are spread in energy. So, it has wide width (large ∆E). On
the other hand, cc̄ system is non-relativistic and two quarks are moving slowly each other.
We can conceive it as the case with the system with a small ∆E, which gives smaller natural
width.
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Figure 4: Total cross section for e+e− → hadrons corrected for detection efficiency. The dashed curve is the
expected resolution folded with the radiative corrections. The errors shown are statistical only. Extracted
from PRL 33 1453 (1974).
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