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Abstract

The state of charmonium spectroscopy is reviewed.
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The charmonium system has been studied in enormous detail both theoretically and ex-
perimentally. Excellent reviews from SLAC Summer Schools exist from as early as 1976! and
as late as 1986.2 All analyses proceed from a spin—dependent, non-relativistic Schrédinger

equation:

[ 1 & LE+1)

—2m,.,4 dr? 2Mypeqr? + %(r)

+ Vipin—epin(r)S1 + 52 + Vis(r)L - § + Viensor (1) S1a2] ue(r) = Eue(r) (1)
Here u is the radial wave function so
» = 20
r

= Ry(r)Yem X spin wavefunction , (2) |

Y:n X spin wavefunction

The reduced mass is M, eq = %mc, §1 and 5'; represent the quark spins, L the orbital angular

momentum and S;; the tensor-force operator

512 = 331 1';(.7.2 -F—&’l . 32 = 4(3§1 * 7“'5'1» 7‘: —§1 . §2)
=2[3(5 - #)? - §7 (3)

where § = (&, + &,).

Let us at first ignore the spin—dependent forces. Qualitatively, the potential lies between
Coulombic and harmonic oscillator since the lowest p—wave states (center—of-gravity 3525
MeV) lie between the mid—point of 135, and 23S, (3391 MeV) and the second s-wave state
(3685 MeV). A variety of functional forms have been obtained that yield the proper spectrum
for the observed states. "

More detailed testing of the model is possible by examining electromagnetic transitions
and hadronic decays, the latter using the perturbative QCD ansatz. The standard results
are, specifically for the cZ system®
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where M = M, = 3096 MeV etc. and k is the photon energy in the decay rest frame. The
pertinent decay rates gleaned from the Review of Particle Properties® and other sources are
given in Tables I, II, and III. The hadronic decay widths are deduced by combining a number
of measurements. For the %(3096) the branching ratio to e*e™ and u*u~ together is 14%
while there is a 17% branching ratio for ¢ — 4* — hadrons. In addition, there is a 6% rate
to y+hadrons.4 Altogether I'() — hadrons) = 63 keV- (1 —0.14~0.17 —0.06) = 40 keV. For
the ¢’ we must subtract 50% for ¥/ — ¢nm, 3% for ¢ — y¥n, 9.35% for ¥ — xov, 8.65%
for ¥’ — x17, 7.83% for ¢’ — x2v, 2.9% for 3/ — 4* —hadrons, 1.7% for ¥’ — ete~, u*u",
0.3% for ¢’ — nev, 0.2 - 1.3% for ¥/ — n§v, and about 2% for ¥’ — y+hadrons. With
I'(y¥’) = 215 keV we find I'(yy’ —hadrons) = 29 keV. We expect '

(¥ — had) - I'(¢/ — had) : (8)
[(p —ete~) T(Y —ete) ‘

~ and find the left hand side is 8.4 while the right hand side is 14, in qua.lité.tive agreement
only. A -

TP = 7y) = R, (O)] | (60)

For the 235; —3 Py~ transitions we expect J=2:J=1:J=0=1:1.4:1.7 and find
1: 1.1: 1.2 from the numbers in the Review of Particle Properties 1986 Edition.

For the 3P; — 1351+~ transitions we have the theoretical predictions J=2:J=1:J =
0=1:0.75 : 0.35. Taking®® I'®P, — 135;v) ~ 120 keV, we predict ['(3P; — 135;7) =~ 340
keV and I'3P, — 13S5,v) = 260 keV. The former is in agreement with the poorly known
value (see Table III). The latter does not contradict the limit set by experiment.

While it is possible to adopt an explicit model and calculate theoretical predictions from

Egs. (4)-(7) we content ourselves with a few comparisons chosen so that the wave functions

cancel in the predictions. Thus for example

T(x0) _TCP—gg) _15
F(xa) TGP —gg) 4

3.75 (9)
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while experimentally

T(xo) 13-—21 |
| o) =162 =3B 13 (10)
so that the test is not very exacting. From Egs. (5) and (6a)
PGS —ete?) 3 1
L(1So—71y) 4 o 1)
while experimentally
T(3S; —ete”) 4.75 keV 12)

T(1So — vv) 4383 +24keV
using the v width obtained in the ISR experiment R704 which studied pp annihilation using
a hydrogen gas jet target.®

The prediction

TGP — ) _ LS —7) (13)
TGP —g9) T(*S— g9)

can be tested crudely with the data:

29113424 keV 43337+ 24 keV
2.6 14 MeV =~ 11.5+4.3 MeV

(14)

Again, there is qualitative agreement.

The splittings among the 3P states are due to the spin-orbit and tensor forces. Using
the standard matrix elements for S;2 we find

m(P) —m(P) =45MeV = [< Vis > —(2/5) < Viensor >]
— [~ < Vis > +2 < Viensor >] (15a)

m(CP) —m(PPh) =96 MeV = [— < Vs > 42 < Viensor >]

whence < Vs >= 35 MeV, < Viensor >= 10 MeV. It is possible to relate Vis and Viengor to
Vo if one assumes that all the forces arise as exchanges of vectors (gluons?) or scalars. The
theoretical predictions using a pure vector exchange are not in agreement with the above
figures. A mixture of scalar and vector of course is capable of fitting the two numbers.

In addition to the S and P states, there is the ¥(3770), which is primarily 3D,. Because
it has the same JPC as a 35, state, mixing is possible. Indeed, the tensor force contributes
a AL = 2 operator to the Hamiltonian so mixing is expected. Without mixing the coupling

g



of the 3D, state to ¥* would be proportioqa.l to the second derivative of R at the origin and
- thus quite small:1® |

NG oy 4? 250 _,

ICDy = ete)) = 1 (3) o 1RO @
The behavior of R; can be found in Ref. 11. Using a linear plus Coulomb potential they
write a Schrédinger equation

@ YL+1) A ) |
- —p+—+C|ue=0 17
(dp’ A Pt rl)uw=0 (17)
where p is a scaled radial variable
r = a(mea)~3p
¢ is a scaled energy variable o '
E = m(mea)™3¢ (18)
A = (m.a)?3. (19)
Here the potential is
=2+ (20)
r a

Typical values are m. = 1.37 GeV, a = 2.2 GeV~?, x = (4/3)(0.19) = 0.25 so A = 0.52.
From Table III of Ref. 11, we find for small p

ug = 0.23p° (21)
so .
Ra~0.23 ("‘) 2 (22)
and
R;(0) = 0.10 GeV™/2, (23)
This would give
e 800a3 | _,
DED; = e¥e”) =5 l&(on
=16 eV. - (24)

The measured partial width of the %(3770) is!?
T((3770) — e*e™) = 276 £ 50 eV (25)

so the %(3770) is not purely 3D;.

~f



Let us suppose that

|¥(3770) >= cos6|°D; > +sin 035, > - (26)

Then!? . . ,
[($(3770) — e*e™) = X (g) [cosoﬁo_m)-smoimm)} (27)

where corrections like 335 Rg(0) have been dropped. If we suppose that the 3S; component

is essentially the near-lying 1(3685) whose width into ete™ is 2.1 keV we have

) 2
T($(3770) — e*e™) = ,cosG\/F(le) — sindy/T(Sy)
276 keV = |4 cos @ — 46 sind|* keV
8 = —16° or + 26°. (28)

Within the context of a model for the spin dependent forces,  can be calculated treating
configuration mixing as a consequence of the tensor force.!® Using perturbation theory

|351 ><3 51|5'12Vtmor| D, >

770) >= |3
[$(3770) >= |°D, > + Eop, — Ess, | (29)
and _ _
<J=1L=08S=1M;S;2|lJ=1L=2S=1M;>=2/2 (30)
we see that
< Sl n/tensorl Dl >
sin 8 ~ 2v2—=— Bop, — Esg, . (31) ,

Now if the spin—dependent forces arise from vector and scalar exchanges, Vienqor is due entirely
to the vector exchange. If the spin-independent potential due to the vector exchange is v(r)
then

1 (ldv d%
Vimar) = 3z (5 = 7). &)
This is, in fact, positive for reasonable potentials since if v = ArY, Viensor

= Av(2—v)/(12m?) and typical potentials of this form have 0 < v < 1. Unfortunately, this
doesn’t tell us much since the 235, radial wave function has a node and there will be some
cancellation in the overlap. Indeed, mixing with the 13S; may be as important.!®

In addition to its interesting dynamical issues, the ¥(3770) is important for its role in the
determination of the branching ratios of the D mesons. The Mark II branching ratios were
obtained by reconstructing exclusive decays and dividing by the number of produced D’s.
The numbers of D’s produced was inferred from the cross section ascribed to the 3(3770)
resonance, assuming the (3770) decays exclusively to DD. The Mark III measurements
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compared events with one reconstructed D to events with two reconstructed D’s. This yields
the b;'anching ratios directly. From the brahching ratios and the numbers of observed D’s,
the total number of D’s produced could be inferred. The Mark III found branching ratios
about twice as big as those measured by Mark II and accordingly found about one-half as
big as D meson production cross section. Although the discrepancy may be slightly less than
| originally believed, the discrepancy remains and warrants additional study.

The discrepancy would disappear if it were shown that the 1(3770) has important decays
other than to DD. This would invalidate the Mark II assumption. Alas, it is quite improbable
that this is the case.!5 There are three decays to consider:

%(3770) — (3096)x | | | ~ (a)
%(3770) — 1(3096)n (b)
%(3770) — n(2980)w(783). ‘ (¢

The last can be disregarded because of the preposterously small phase space: 2980 +
783=3763, leaving only 7 MeV of kinetic energy. The Y — n decay has much more
phase space, is also a p~wave decay and has a pa.rtla.l width of 5.8 keV while the full width
of the ¥(3770) is about 25 MeV.

The %(3770) — 1(3096)n partial width can be estimated by correcting for phase space:

[((3770) — (3096)7) _ 353 MeV) o6
T((3685) — ¢(3096)7)  \196 MeV)

‘This gives ['(1(3770) — %(3096)n) ~ 35 keV, an insignificant contribution. Finally we turn
to ¥(3770) — %(3096)7r. The (3685) — (3096)7n spectrum has the form!®

= o (mE)[md, = (my + Man)’]
RS (M) [mys = (My + My )]
I''x v

2me

x (my —my)”

dmiea iy ligs = oy = ]

Thus, very crudely, we estimate

T((3770) — $(3096)7m) _ (3770 ~ 3096 )7 Yy
T(4(3686) — 9(3096)7r)  \3685 — 3096 °

and thus
T((3770) — ¥(3096)mr) = 275 keV.
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Even this is far too small to have an impact on the 'bra.nching ratio for ¥(3770) — DD in
view of the 25 MeV total width.

There are other D states that may be of interest. The 1D, JFC = 9=+ and 3D, JPC = 2--
states cannot decay strongly into DD. Since these states should have masses near 3.8 Gev,
they will be below the threshold for DD*, and thus will be narrow.!” The 3D, can decay
radiatively by an El transition to 3P;(x2) or 3Py(x1). The decay 3D, — yrm with 77 in
0** requires that the ¥ and the == system be in a relative d-wave. The !D; can decay by
an E1 radiative transition to !P;. Of these, the best bet is resonant production of the 3D,

signalled by the decay sequence 3D; — 3Py, 3P — ¢y,¢p — ete, utu~.

The study of charmonium in resonant pp annihilation carried out by R704 at the ISR
was very successful. In addition to measurements of the x states and the 7.(2980), they
appear to have established the existence of the * P,.® The sequence observed is pp — P, —
¥ X,Y — ete~. Although only five events were seen, the background is small and the mass
found agreed perfectly with the center—of-gravity of the 3P states, 3525 MeV.

Nearly twelve years after the discovery of the v, its associated spectroscopy is still of
great interest. It provides a laboratory for the study of hadron dynamics in as controlled an

environment as we are ever likely to have.

This work was supported in part by the Director, Office of Energy Research, Office of
High Energy and Nuclear Physics, Division of High Energy Physics of the U.S. Department
of Energy under Contract DE-AC03-76SF00098.



Table I

Hadronic widths of charmonium states. The P state widths include the ra-
diative decays. The S wave state widths do not.

State [(hadronic)  Ref.
135, (3096) 40 keV (3)
25, (3685) Wkev  (3)

1'So 7.(2980) 11.5+ 4.3 MeV (3)
2!S0  1.(3590) <8 MeV (3)
3Po XQ(3415) 13-21 MeV (6)
P x1(3510) <13MeV  (5)
3P, x2(3555) 2.67}5MeV  (5)



Table II
Fully electromagnetic decays of charmonium states.

State & Decay _ r Ref.
135, %(3096) — ete~  4.75%0.51 keV (3)
PG, ¥(3685) — ete~  2.05+021keV  (3)
3D, (3770) — ete~  0.257 £0.046 keV  (3)

1'So 7:(2980) — vy 8.0+5.042.0keV (7)
| 43+34424keV  (8)

3Py x2(3555) = vy 2912+ 17keV  (8)
2.8 + 2.0 keV (9)



Table III

Radiative transitions in the charmonium system.

Transition =~ Photon momentum BR r Ref. for BR
235, — 3Pyy 261 MeV - 9.35% 20 keV (3)
238, — 3Py 172 MeV 8.65% 19 keV (3)
235, — 3Py 128 MeV 7.83% 17 keV (3)
235, — 11Sxy 638 MeV (0.28+0.06)% 0.6 keV (3)
238, — 2154y 90 MeV (02-1.3)% 0.4 -28keV (3)
3P, — 1357 303 MeV (0.70% 0.23)% 91 - 147 keV 3)

(0.60+ 0.18)% 78 - 126 keV (6)

3p, » 135,y - 389 MeV 25.8+2.5% <335 keV (3)
| 284+ 2.1% <369 keV (6)

3P, — 135y 429 MeV 14.8+1.7% 237 - 600 keV (3)

12.4% 1.5% 198 - 496 keV (6)
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