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1. INTRODUCTION

An impressive amount of data has been accumulated over the past three
years which support strongly the idea that elementary particles are composed
of four quarks instead of three. A1l the predictions based on the existence of
the fourth, the charm quark, have in principal been born out by experiments and
from detailed investigations very interesting results could be obtained for the
strong and the weak interaction. Most of these results have been obtained with
electron-positron storage rings, and only these will be discussed in this re-
port. Additional data from hadronic or neutrino interactions are in general agree-
ment with the e'e” data and will not be discussed here. This series of lectures
will be entirely devoted to a discussion of mesons, i.e. quark - antiquark
systems. Although some indications have been found for the existence of charmed
baryons, these data are still rather scanty. In the last chapter we shall also
discuss the upsilon particle.

1.1 Experimental techniques

Most of the data have been obtained at SPEAR in Stanford, California, and
DORIS at DESY, Hamburg. SPEAR is a single ring machine in which electrons and
positrons circulate in the same vacuum chamber in opposite directions. The stored
particles are concentrated in one bunch per beam thus colliding only at the two
intersection regions. DORIS on the other hand, consists of two rings, one on top
of each other. The beams are crossing at an angle of 24 mrad. As a consequence,
each beam can contain up to 480 bunches, yielding higher luminosities at lower
energies where the luminosity is limited by space charge effects. At higher ener-
gies where the rf power is the limitation, the single ring operation is more
favourable.

The two rings of DORIS would make it possible also to study electron-electron
and electron-proton collisions. These options have not been used so far, because
of the strong interest in e'e” physics.

The lay-out of DORIS and injection scheme is shown in fig. 1.1. So far DORIS mostly
has been operated at energies between 2 x 1.5 and 2 x 3 GeV. The electron and
positron currents are usually about 200 mA and the beam lifetime is varying

between 5 and 12 hours. Currents between 0.5 and 0.8 A have been achieved, but
beam lifetime then became short and the momentum smearing in the beam gets

bigger than 1 MeV. In October 1977 DORIS has been converted to single ring opera-
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Fig. 1.1: Tayout of DORIS and injection scheme

tion and energies of 2 x 4 GeV have been achieved. The 1imi-

tation is then given by the rf-power. It is planned to add two more PETRA
cavities in DORIS which should make it possible to push the energy up to
2 x5 GeV. This shall be tried during 1978.
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Fig.1.3 shows the average luminosities per week obtained during '76 and beginning
of '77. It is the average luminosity which is really important for the experi-
ments. The continuous increase of the average luminosity is mainly due to im-
provements in the stability and reliability of the machine. With a total cross
section of about 40 nb several hundred events can be observed per day.

. R -
In order to observe and analyze the particles produced in e e annihila-
tion magnetic spectrometers are used in most experiments.

Fig.1.4 shows a blow-up diagram of the magnetic detector at SPEAR. A coil
with about 3 m diameter produces a longitudinal field parallel to the incident
beams. Cylindrical chambers permit the detection of charged particles providing
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very good momentum analysis which is one of the strengths of this spectrometer.
A solid angle of about 65 % of 4rn is covered. Electrons and y-rays can be ob-
servgd by shower counters, which are placed outside the coil. Time of flight
measurements with scintillation counters make it possible to identify particles
and in particular the separation of K and ='s turned out to be very important
for the discovery of charmed particles. Large spark chambers located outside
the iron yoke allow the detection of muons. Since the iron yoke is not very
thick, there is however some punch trough from hadrons. In order to provide

a cleaner muon detection for at least a limited solid angle, additional concrete
absorbers have been added later on top of the detector ("muon tower"). Very
recently a lead glass wall with an active converter has been added which has
proved to be very important for the clean detection of electrons.

Fig.l.5 shows the PLUTO spectrometer at DORIS. PLUTO also uses a longitudinal
magnetic field which, however, is produced by a superconducting coil giving a
field of about 2 Tesla. Since the diameter of the coil is only about 1 m, the
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momentum resolution is lower than that of SPEAR and time-of-flight measurements
cannot be used to identify particles. On the other hand the cylindrical chambers
inside the coil cover about 86 % of 4w. The cylindrical chambers are interspersed
with two lead converters (0.4 and 1.7 radiation lengths thick, respectively)



which allow the detection of y's and the identification of electrons. Large
chambers outside the iron yoke are used to detect muons. Since the iron yoke
provides a hadron absorber more than 60 cm thick in all directions, a very good
muon identification can be obtained. Indeed, the mis-interpretation of a hadron
for a muon is less than about 3 %. Also electrons can be identified quite re-
liably, again with a mis-identification probability of only a few percent. These
properties have been very important in verifying the existence of a heavy
Tepton.

Fig.1.6 shows a schematical view of the double arm spectrometer DASP at
DORIS. Here two big magnets provide a transverse field outside the interaction
region. Particles entering the gap of the two magnets can be analyzed very pre-
cisely (momentum resolution better than 2 %). Since long distances are involved,
particle identification by time-of-flight is possible. Electrons and y are again
identified with shower counters and u are observed behind iron absorbers. Thus
very good identification and momentum analysis of hadrons is achieved
over a solid angle of 0.9 sr. Two cerenkov-counters have been installed covering
the magnet gaps which allows a very clean electron identification. A central de-
tector consisting of proportional tubes and shower counters but without magnetic
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analysis covers about 70 % of 4wn. This central detector allows the determination
of the direction of y's and charged particles with an accuracy of about 2%, which
has been very essential in some of the experiments.

Several non-magnetic detectors using NaJ crystals, lead glass counters or
large neutron counters, have been used at SPEAR as well as at DORIS. Unfortuna-
tely, there is not enough room here to describe all the experiments.

If an electron and a positron annihilate, a virtual photon is produced
which then decays either again into a Tepton pair or into hadrons (fig. 1.7).
The total final state must have the quan-
tum numbers of the photon 3P = 17, Most

e "
Ee"e’ =Mmg c2

al ¢ fireball -
- iy inclusive spectra of the experiments which have been per-
P=r . 3 @ formed and which will be described later
ﬂ ’\ fall into the following three classes:
b ¢ R ! 1. Non-resonant hadron production (fig. 1.7a).
E

Here one might ask questions 1like what is

mpe2  Eete  the multiplicity of produced hadrons, how
N ‘
’ varies the total cross section as a func-
}A\ tion of energy (excluding resonances),
|

what are the inclusive spectra of diffe-

Mg Minv rent kinds of particles like, etc.
2. If the energy of the virtual photon

JQ coincides with the rest energy of a

vector particle having the quantum num-

Mback
bers of the photon, the hadron production

Fig. 1.7 will be enhanced. Measuring the total

cross section or special channels one will notice a resonance-1like structure

if plotting the data as function of the ete” energy (fig. 1.7b). This is a

very powerful method to detect new particles, however, only particles with

the quantum numbers of the photon can be discovered in this way.

3. Other states can be found in the following way: assume that the virtual

photon decays into two resonances (fig. 1.7c) which in turn decay into

other hadrons. If the momenta of the final particles are measured, then

one can combine two or more particles and calculate from the relativistic kinema-



tics the invariant mass of the object from whose decay they originate. Since
one does not know a priori which particles come from the decay of the resonance,
many wrong combinations of course are taken, which produce a smooth background.
The right combinations of particles on the other hand, produce a sharp peak on
top of this background. In this way states with other quantum numbers can be
found; of course it is necessary to measure all decay particles in order to
determine the invariant mass.

4. The kinematic allows to calculate also the mass of the system recoiling
against the invariant mass determined as described. If the recoiling state also
contains well defined resonances, peaks in the distribution of the recoil mass
will be found. Since the recoil mass can be calculated from the momentum of
the first resonance and the initial state, it is not necessary to observe the de-
cay products of the recoiling resonance.

1.2 -Phenomenological Models

The purpose of this review is to summarize the experimental facts and not
to discuss various theories. To interprete the data phenomenological models
will be used which have been developed over the past years and which are based
on simple concepts. Most of these models are lacking a rigorous foundation and
hence they are criticized by many theorists. On the other hand, these models
have exhibited a surprising and extremely successful predictive power and there-
fore the usefulness of such models is beyond any doubt. Before discussing these
models, it might be useful to recall some generally accepted ideas.

The following discussions will be based on a SU(4) x SU(3) quark model im-
plying that quarks have 4 flavours (u,d,s,c) and 3 colours (blue, red, yellow).
One of the main questions will be to clarify if the experimental results are in

agreement with the existence of a charm quark, which has been requested to

restore quark-lepton symmetrielOG)

107) and to explain the absence of neutral currents
0

in K decay

The colour SU(3) is supposed to be a perfect local symmetry implying that
only colour neutral (white) particles can be observed. The following arguments
support the existence of a colour-degree of freedom:



1) to explain the spin-statistics of baryons consisting of 3 quarks,
- 2) to obtain a non-Abelian group,
3) to explain some experimental results, e.g. decay probability of
0> vy (factor 32) and the
ratio R = (e'e” > hadrons) / (e'e” u+u')(factor 3),
4) to understand why particles consist only of qlaz (mesons)
or q;0,4, (baryons).

The quantum numbers of the quarks are

flavour Q 13 S C Y
u 2/3 1/2 0 0 1/3
d - 1/3 - 1/2 0 1/3
S - 1/3 0 -1 0 -2/3
c 2/3 0 0 1 - 2/3
1

and baryon number B = 1/3, spin = 1/2 for all quarks with Q = 13 + ?-(B+S+C).
The SU(4) flavour symmetry is broken by the different quark masses.

Since experimental results on charmed baryons are still rather scarce,
only mesons will be discussed. They consist of a quark and an antiquark. This
leads to the group theoretical reduction

O®

with C

8+1+3+3+1

0, 0, -1,+1, O.

The octett and singlett with charm charge C = 0 correspond to the old SU(3)

symmetry. The two tripletts require the existence of 3 particle states with
charm C = +1 and -1, respectively. Finally the last singlett is associated

with a state cc, the two charm charges cancel and hence C = 0 ("hidden charm").

QED can be generalized to a gauge field theory with local SU(3) colour
symmetryll The interaction between quarks is mediated by gluons in analogy to

photons in the electromagnetic case.
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The main differences are:

a) there are 8 massless neutral gluons with a quantum number colour
(compared to only one neutral, colourless photon);

b) the coupling constant a_ is a function of the interaction energy E

S
(instead of being a universal constant).

On the basis of very general assumptions one obtainsz)

- (1.1)
75 (Eg) T (E/E )

where EO is an arbitrarily chosen normalization energy. The factor 25/12n is
derived from dimensional counting*) and this particular value is associated to
4 quarks. The In-term corresponds to vacuum polarization in QED.

Equation (1.1) implies that ag becomes small at high energies (corresponding
to small distances) and gets big at low energies (large distances). This has
important consequences:

Qs a) Asymptotic freedom: If the distance

between two interacting quarks gets very
small (the interaction energy is high)

as (Eo)
the coupling constant ag <1 and one

E has a similar situation as in QED. One

Eo gluon exchange prevails and perturbation
theory can be used. Many of the formulae developed for the hydrogen atom or
positronium are applicable.

*) 33 - 2N where N is the number of flavours.
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b) Quark confinement (infrared slavery):

At Targe distances the interaction energy is small and according to (1.1)
&s gets large. The strong coupling might prevent the liberation of quarks
since the production of qq pairs is more 1ikely. However, it is not yet well
understood how this confinement mechanism works and in particular it is

not clear whether it can be understood in terms of many gluon exchanges.
In the frame work of a locally broken but globally conserved SU(3) colour
symmetry free quarksand gluons might exist with quite strange proper-

ties3a).

1.23 Potential models

For the interpretation of the experimental results various potential models
have been developed. The choice of the q-q potential is based on the general ar-
guments given above. In particular the Hamiltonian constists of 3 parts 4)

_ 2 2
Ho=mp +my + py/my + pp /my
+(a Q)0 - ka) S, + (1.2)
+ L(r)

The first Tine is, of course, the free particle term where my and Py stand for
the masses and momenta of the 2 quarks. The second line is associated to the
short range interaction whose radial and spin dependence expressed by 512 are
assumed to be the same for the Coulomb force and the strong interaction. The
only difference is the replacement of the fine structure constant o by og of
(1.1) and of the electric charges Q1Q2 by a colour factor k which is

k =-4/3 for a qq system and k = - 2/3 for a three quark state.

The third Tine of (1.2) stands for the long range binding potential. A
preferred guess for L(r) is9)

L(r) =ar (1.3)

i.e. a linear dependence on r and the constant a has to be determined from
experiments. SometimesG) a harmonic osciallator potential L(r) = a rZ is used in-
stead of (1.3). Practically nothing is known from a theoretical point of view

on the spin dependence of L(r) and on the influence of the quark masses. Also
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the properties under Lorentz transformations are under question. A first guess
might be that L(r) transforms like a Lorentz vector but scalar contributions are
possible. Various models differ by the assumptions made for L(r). Recently also

Togarithmic potentials have been considered

134)135)

1.231 Standard model3>>)

o - ——— - - -

The simplest model is based on the following assumptions:

a) non-relativistic potential (relativistic corrections up to
(v/c)?),

b) 512 is Coulomb-1ike, i.e. 1/r-behaviour, spin-spin, L:S and
tensor couplings,

c) L(r) = ar, Lorentz vector.

The explicit form of S, ig3,4)

3 3(s1-7) (5p°7)
D R R I ) S S 2 syes, 4
S22 28 ()3 G " ams (T 1%
+ (Fxpy) - 32 - (-':XE2 csbo- (1.4)
. (31 LBy (PR (F P2),
- + -
3

2m1 m, r r

1 > > > 1 > i 3> 1 1
-y *l? (FrxPy) » 5y - =5 (FxBy) " s,} =5 6(F) (5 +—)

2r3 my m, b B

The second term in the first 1ine describes the spin-spin interaction
giving rise to the hyperfine splitting, the third term gives the tensor
and the second line the L xS coupling. The third line originates from re-
lativistic corrections of order (v/c)z. The last Tine has no classical
analog, its origin is the reduction of the relativistic ai-matrices to
the Pauli oF spinors.

a) General potential V(r)

7:8)consider a more general r-dependence of the potential

Some authors
V(r) than the Coulomb 1ike 1/r. In this case the gluon propagator has
to be modified

Y1y \v8 "%z —- Y, Y, v(Kk%)

where v(kz) is the Fourier transform of V(r).
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For simplicity $;, is given only for the case of equal masses of the two
interacting quarks:

4 1 ,d2v 1dv T 7 > o7
- = oo Sy, = — (& —————-)[s-s =3 (sq9°1) (s-r)]
3 s Tl2 3m2 dr r dr 172 ! 2
2 > > 5
+ g—; (s155) v2 V(r) (1.5)
m
3 1dV > = 27 >
+ E;Z QF'—F (r x p) (51 + 32)

+ spin independent terms

The spin independent terms are the same as in (1.4), Tast two lines.

For V(r) = - og/r equ. (1.5) is transformed into (1.4). If the "naive"
potential V(r) = - ag/r + ar is chosen then the confining potential contributes

automatically to spin dependent effects.

The level ordering for quite general classes of potentials has been studied
by Grosse and Martingb).

b) Lorentz properties of L(r)

Since very little is known about the long range potential L(r) it cannot
be taken for granted that it behaves Tike a Lorentz vector. A more general an-
satz is a mixture between vector and scalar 9,10)

L(r) = Ly(r) vy, o'+ L) T -1, (1.6)

where ﬂﬁ are unit matrices.

For a linear potential

v Y2t K 1,1, (1.7)

where the constants Kv and KS determine the mixing ratio.

c) Anomalous Pauli coupling
In analogy to the anomalous magnetic moment it might be considered that
quarks possess anomalous gluon coup]ingsll). This implies that one makes the
following substitution

x k

-> + =
Yu 7 Yu 2m quv v
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where & is the anomalous moment. As a result expression (1.5) has to be modi-
fied in the following way: '

2
--% ag Sy, = a5, (tensor term)
3m?
2
+ £ 1; + (spin-spin term) (1.8)

+72%z (1 +Z3§) + (L-S-term)

*+ unchanged term.

From these coefficients it follows immediately that an anomalous coupling 2€ has
a larger influence on the tensor and spin-spin terms than on the L-S-coupling.

Some people question why a fundamental structureless particle like a quark
should have anomalous couplings. It does not seem clear if they could arise from
higher order gluon termslz). However, some confinement mechanisms seem to require
2 # 0. For example the MIT bagl3) requires (1+7) - 0 if the quark mass m » O.

d) Coupled decay channels

For a bound system like charmonium the decay channels above the binding
energy (e.g. cc > cu + uc) are neglected in the first approximation. However,
just below the dissociation threshold the virtual channels can modify the

bound state. Such corrections have been ca]cu]ateds’1 )-

e) Annihilation graphs

In the charmonium system virtual transition cc + y + qi'E; are possible,
where q, are other than c-quarks. These virtual transitions effect the bound
cc state and lead to non-negligible correctionsl4).

The influence of the improvements of the standard model will be discussed
below for particular measurable quantities like level splittings, transition
probabilities, etc.
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Since the potential models are not relativistically invariant, even
if relatjvistic corrections are included, some authors derive level schemes
from group theoretical models. The group 0(4) for example corresponds to the
relativistic dynamics of charmoniumls). Also broken SU(4) has been in-
vestigatele).

These models yield level schemes with quantum numbers which differ from
the standard model. However, it seems that they did not really help to solve
some of the difficulties which will be discussed below and hence these models
will not be discussed further.
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2.  MASS SPECTRA

Experimentally the masses of the new particles are determined by three
classes of measurements (chap. 1.13):

1. Peaks in thecross section for e’e” > hadrons as function of the c.m.
energy (fig. 8b). Since in this case the virtual photon is con-
verted into the resonance, its quantum numbers must be the same, i.e.
only JP = 1 -particles can be detected in this way. As is well known,
the J/y, ¢' and the masses of higher excited states where determined
in this way. For bound states the resonances are very narrow (narrower
than the experimental resolution of a few MeV), whereas above the DD
production threshold the resonances are several hundred MeV wide.

2. The masses of particles with other quantum numbers can be found as
invariant masses calculated from the momenta of their (charged) decay
products (fig. 1l.7c).

If the resonance decays into the particles 1 and 2 whose momenta en-
close the angle © one finds the invariant mass of the resonance from

Mipy = M+ m5 + 2 {E4E, - |py| |p,| coso} (2.1)

Since a priori it is not known which particles in the final state ori-
ginate from one resonance, one has to try all possible combinations.
The wrong combinations and pure phase space decays produce a slowly
varying background in the distribution of the invariant mass. Ex-
perimentally mass resolutions of the order of 20 MeV can be obtained.
Sometimes the identification of the particles in the final state is
not or only partially possible (e.g. m-K separation). In such a

case the wrong assignment of a particle mass to a certain track

leads to "kinematic reflections" in the distribution of invariant
masses.
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A few special cases are of particular interest. If the decaying system
with mass My 1s at rest El = -32 = 3 hence the Q-value of the decay is given
by .

- 2 1 1
Q=M _-m -m, =p~ { - +
1 2 my + /pe o+ &124 m, + /pz +m

) (2.1a)

%

For p <<my, m, the Q value is proportional to p2 and hence a comparatively
crude measurement of the momentum yields quite accurate values of Mo‘ This
procedure is useful if particles are produced just above threshold, e.g.
efe” > y(3.77) - DD.

If a particle moving with momentum E decays into 2 photons the most
1ikely decay is the symmetrical one where the 2 photons have the same energy

17)

k and the angle between each photon and p is the same™" /. For this case one

finds
cos0 /2 = p/2k = (p/2) - ¥m? + p? (2.2)

where p and m are the momentum and mass of the decaying particle. The symmetri-
cal decay angle © is also the minimum angle associated to a particular m and p.
A cutt-off in the angle can therefore help to distinguish between different
particles.

A special case are decays with 3 photons in the final state, e.g.
J/v > yX > y(X »yy). Combining (2.1) and{2.2) one obtains for the invariant
mass of the X-state '

M = E, sin®(6/2) / (1 + cose/2), (2.3)
where Eo is the total energy.
This implies that the mass can be determined from a measurement of the direction
of the photons alone and this is still true in the general case of an asymmetric
X-decay.

3. If not all of the decay products of a resonance can be detected (either be-
cause they are neutral or do not fall into the acceptance of the spectro-
meter), it is still possible to determine its mass if the resonance in question
R2 (fig.1.7c)is produced together with one other resonance R1 or particle.

From the masses m. and momenta P; of the decay products of R1 the recoiling
mass can be calculated.
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M .
recoi

1

= (E, - I /pi2+ m;}z - (T p.

17

)2

i

(2.4)

If the recoiling mass is associated to a resonance, one finds a peak in the

" recoil mass distribution.

The results of such experiments are summarized in Table 1. The way how masses

and the quantum numbers were determined, will be discussed below when the produc-

tion and decay mechanisms of the new particles will be described.

Table la: Masses of charmonium states
Name State Mass (MeV) Name State Mass (MeV)
3/ 1 351 3096 + 2 Kene 7|1 1sO 7 | 2830 =+ 30
. 3 . 1
1] 2 S1 3684 + 5 n'e ? 2 SO ? 3454 + 7
X 1%, 314+ 4
3
PC 1 P1 3508 + 4
y 1, 3552 + 6
(W] 3 3
1] 3 S1 ? 4028 1 D1 3.772 £ 3
~ 4150
4414 + 5
Table 1b: Masses of charmed particles
Name State Mass (MeV)
p° 1s0 1863.3 + (.9
+ 1
D SO 1868.3 + 0.9 MARK 1104)
pO* %, 2006 + 1.5
p** %, 2008.6 + 1.0
Ft 1 2030  + 60
o 3 0 DASD105)
F S1 2140 + 60




18

P

2.1 Masses of J' = 17 cc states

We now want to compare the experimental mass spectrum of the cc system
with the theoretical expectations based on the simple models described in
chapter 1.2. For the hamiltonian (1.2) one expects a hydrogen (or positronium)
-1ike level scheme, as shown in fig.2.1. One has different ladders for diffe-
rent angular momenta £ and the levels are split due to hyperfine splitting,
spin orbit and tensor couplings. For a pure Coulomb potential the 2s and 1lp
states would be degenerate. Because of the confining term (1.3) in (1.2) the p
and d-states are shifted to lower energies. Indeed for a r2.potentia1 (harmonic
oscillator) the lp-state would 1ie in the middle between the 1ls and 2s-state.
The Towest d-state has JF = 17 and hence could interfere with the 251-State,
if the shift is Targe enough.

ortho tt Para ty

-0 S-
—— 0"‘ S:] =
S=0 -
]:1+ ]d S-—O—- %_
]:‘l-(q)') ];2- -

E—C— S }=2*

Fig. 2.1: Niveau scheme for charmonium
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Soon after the discovery of the J/v and y' particles several authors
solved the non-relativistic Schrodinger equation with the potential

V(ry = -2 41 - ({;)2} (2.5)

Identifying J/v with the 1S, and v' with 2°S

were founds):

state the following parameters

1 1

) ) ) 2
ag(3.1 GeV) = 0.2, r_ = 0.2f, m_ = 1.6 GeV/c

These values justify qualitatively the assumptions on which the naive model

was based: the coulomb-1ike part is indeed short range, the coupling constant

is smaller than 1 and the c-quark mass is large (non relativistic Schriodinger
equation). On the basis of these parameters the masses of higher lying non-bound

resonances were predi (;‘t;edl4 )
state prediction exp. (Table la)
1, 3.75 3.77
3%, 4.2 4.15
3%, 4.6 4.41

Keeping in mind the simplicity of the model, these predictions are extraordinary
impressive. The difference between prediction and epxeriment for the two highest
states can be attributed to neglecting coupled channelsl4) (see 1.232).

2.2 HFS-Splitting of S-levels

Because of the spin-spin coupling the states with opposite and parallel spins
are split. If the X-particle found by DASP is identified with the 115 state (usu-

ally called n ) and the resonance at 3.45 GeV with the 215 state (nC ) (table 1a)
one finds the sp11tt1ngs

MY - n) = 266 MeV, A (y' - n' ) = 230 MeV.

c)

These large splittings have been considered for quite some time as a major diffi-

culty for the charm of model, since most calculations produced much smaller
splittings.
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If the spin-spin coupling is associated only to the short range part of the
potential, one finds

a) for Cou]omb-potentia17’8) V(r) = -3 a/r

3
short _ 32n O

AM - 0) |2 | (2.6)
ws -y | V(0]

where my,m, are the masses of the bound quarks and ¥ (0) is the wave
function at the origin.

b) for general short range potential V(r)7’8)
short _ 2 2 2.7
Mipe = = e U < V3V(r)> (2.7)

c) If spin-spin coupling is assumed to exist also for the long range part
of the potential, one obtainsls) for V(r) = ar

Tong _ 4 (1 +¥) (1 +%2) 1

et 2.8
AMHFS 3 mym, a <> (2.8)

Here anomalous coup]ingsiﬁl, JZZ (see 1.232) for the long range force have been
included. The total splitting is

MM, = amShort . awlong (2.9)

HFS HFS HFS

The experimental ratio RHFS = A(w-nc) /A0 - nc') = 1.2. According to (2.6)
one has RHFS=Iw(O)I$/’w(O)l$" The functions at the origin of the J/y and y'
particlescan be inferred from their leptonic decay widths and one finds
RHFS=Fw(e+e-)/Fw.)e+e_)=3.9/2.4=1.6. The agreement is not so bad and supports
the simple model.

For the absolute values of AMHFS on the other hand one calculates much
too small numbers on the basis of the standard model. Splittings of about 30
to 80 MeV were obtained2’3’4’7) depending on various assumptions and on diffe-
rent values of y(0). Using a more general potential V(r) the splitting could be
1ncreased8) to Ay - ”c) = 120 MeV and A(y' - né) = 92 MeV, still factors of 2
too small. With special potentials the right values could be derived but this

leads to unnatural conditions for the leptonic decayslg).

The easiest way to explain the experimentally found HFS-splitting seems
to be anomalous gluon couplings analogous to the anomalous magnetic moments.
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Schnitzerls) assumed that this coupling is small for the 1ight quarks (ab,

a';d + 0) but appreciable for the charm quark (5ec ~ 1). With such a large *c

the HFS-splittings and also the LS-splitting of the P-Tevels come out some-
what too big't) *). A value . = 0.4 i.e. (1+ %) ~ 2 in equ. (2.8) reproduces

the experimental results better.

Recently it has been shown62) that instantons may generate a spin-spin
interaction between quarks. Here small quantum fluctuations about the per-
turbation-theoretic vacuum are replaced by a coherent superposition of vacua
with different topological character. A quantitative estimate of these effects
shows that the splitting between J/y and n. may be dominated by them and this
splitting might be a direct evidence for the existence of instantons.

It is very interesting to apply the idea of anomalous moments to the D
and F mesons. From (2.5), (2.7) and (2.8) one derives

]

(D*-D) = (100:30) MeV + (1+4&) (1+&) 114 Mev

(2.10)

A(F*-F) (65+ 20) MeV + (1+ag) (1+35) 144 Mev.
Since in the meantime the experimental HFS-splittings of the charm mesons
became known (table 1b) one can derive information on the I} from (2.10). With
*
A(D"-D) = 145.3 MeV and A(F*-F) = (120£40) MeV one finds (1+£,)/(1+X%) =~ 1 and

1+3g 1.4 as needed to explain the charmonium splittings (2.10) yields

(1+2y) =(1+)&)S 0.25. As a consequence the anomalous coupling is small for particles
consisting of light quarks since (1%{hf ~ (1+£)% S 0.06; it contributes somewhat
for the charmed mesons D and F since the mixed terms are of order (1+4y) (1+%)

v (l+kg) (14%) ~ 0.3 and it is most important for charmonium because (1+4)? ~ 2.

It seems surprising that 1+&; and 1+ should be so small. However, this fits very
nicely with some ideas about quark confinement. For the MIT bag it has been shown13)
that (14¥) > 0 if m > 0 and hence it seems plausible that 1+X is small for the
1ight quarks. Of course it would be nice if the anomalous gluon coupling could

be derived from higher oder terms in analogy to g-2 of the electron. The lowest

%) A(y-ng) = 300 MeV, A(y'-ng) = 250 MeV,
a(3p,-% ) = 125 Mev, a(3p,-%p ) = 141 Mev.
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terms givelz)

1+2=1 + (4/3)(us/2n) = 1.04 which is much too low. The matter
gets quite complicated if the Tong range behaviour is included. In that case

divergencies appear and arbitrary cut-offs have to be made.

. 2 . '
Fritzsch 0) also considered the possible existence of anomalous gluon

coupling and taking the analogy serious between colour and electromagnetic mo-
ments he derived:

BE-F) B - 3w (2.11)
- .

A(D* - D)
where the u are the total magnetic moments. With u = 2.79 and u(A) = -0.67+0.06

(

(p)
one expects for the ratio (2.10) the value 0.72 = 0.06 which is in excellent agree-

ment with the experimental ratio 120/145 = 0.82 + 0.3

Finally it should be remarked that the introduction of an ahoma]ous gluon
coupling does not change the electromagnetic transition rates since the gluons
carry no electric charge.

The splitting between the charged D* and the neutral D° meson has been esti-
mated by various authors. If the isospin breaking is calculated with a non-rela-

tivistic mode123) one finds D+-D0 ~ 15 MeV, whereas a more refined mode124)

yields
a value of 6.5 MeV in excellent agreement with the experimental value 5.1 + 2.8

(see table 1b).

2.3 Splitting of P-states

Let us now turn to the splitting of the triplett P states which is associated
to L-S and tensor couplings (see 1.23). For these states the quark spins are parallel
and therefore the total spin S = 1 couples with the orbital angular momentum % = 1
to total spins J = 0, 1, 2. From equation (1.5) one can derive the following ex-
pressions for the masses of the triplett P-states:
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,=n+B-%¢
d=A-Bt2cC (2.12)
do=A-m-ac
with B = 2%2 <-% -%¥ > LS-term
C = Ti%’ <4% %¥.- 9;& > Tensor-term

A arises from the S-S-term and the spin independent terms. It is useful to
define the ratio

3P2 _ 3P1
Rp = 33—
Pl - P
0
which assumes the following values: R
P
short range Coulomb potential (1ike positronium) 4/5
standard potential (2.4) 1.2
linear potential ' 1.4
harmonic oscillator potential (C = 0) - 2

For the potential (1.5) the possible range is 0.8 s Rp $1.4.

From table la one deduces from the experimental masses

o
}
o
n

44 MeV
R = 0.47.
3p. _ 3p - 94 Mev P

o
1
B
1}

This presents a serious difficulty since this value is outside the theoretically
acceptable range. From the experimental splittings and (2.12) one finds C/B = 0.3
implying that Tensor forces have to be taken into account.

Difficulties arise not only for the ratio R_ but also for the absolute values
of the splittings. Associating the spin effects only to the short range Coulomb
potential gives splittings which are more than factors 5 too sma113). Including

the long range potential one obtains3’5’14) about the right value for the 3P2-3P1
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difference but the ratio Rp comes out wrong. The coupling to decay channe]sl4) and

anomalous moments have little effect (see 1.232) and cannot explain the big dis-

crepancy in Rp.
The only way proposed so far to remedy this difficulty is the assumption that

the long range potential L(r) is not a Lorentz-vector but contains scalar contri-

21)

butions (see 1.232 equ. 1.7). In this case the ratio R_ can have any value. Indeed

for a pure scalar L(r), i.e. K = 0 in equ. (1.7) the ordgking of the 3P states is
reversed, with the 3P being the highest state, unless unreasonable values of ag
are perm1tted2 ) The experimental ratio Rp 0.5 is reproduce021) with

Ks/ (Kg + Ky) = 0.8 1mp]yjng that the long range potential is mainly scalar. It

should be noted, however, that K¢ # 0 reduces the HFS splittings.

A few additiona} remarks will close the subject of mass splittings.
The singlett P-itate P1 is expected to coincide with the center of gravity of the
P states. The P1 state has not been seen yet; since being a 1% state it cannot

be produced directly in the ete” annihilation and is also hardly accessible by de-
cays from higher states.

3 .
The31 Dl-state is expected to be suppressed by spin effects and coming close

to the 2 S1 these two states are likely to interfere. This will be discussed further
in chapter 4.1.

2.4 Summary of mass spectra

a) Experimentally almost all of the levels predicted by the charm model have
been seen. The lP1 state is still missing but this fact is easily to be
explained.

The existence of the X particle at 2.83 GeV is now well established ana
its mass value poses no serious problem. Its identification with the

115O state, hovever, creates some troubles as far as decay rates are con-

cerned (see 3.1).

The nature and existence of the state at 3.45 GeV has to be verified

and its interpretation as 2150 is in question.

b) The potential V(r) = aS/r + ar describes quite well the position of the
bound charmonium states as well as the charmed particles. Indeed, some
spectacular predictions could be made. Corrections due to coupled decay
channels and virtual transitions are not negligible.
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¢) The HFS-splitting for the charmonium states and the D and F mesons can
be understood in a common way if anomalous gluon ("magnetic") moments

are introduced for the long range force. Alternatively this splitting
might be explained in terms of instantons.

d) The experimental splitting of the triplett P-states can be reproduced
by L-.S and tensor couplings, however, the long range potential has to be
a mixture between Lorentz vector and scalar, the latter being predominant.

In conclusion it might be said that it is quite astonishing how well the

simple potential models are able to explain or at least correlate the experi-
mental data. The predictions made and verified by experiments are particularly
impressive.

Of course, many detailed questions are still to be answered. It can be
hoped that more experimental and theoretical work will provide us with very
interesting information on the forces between two quarks. In particular more
knowledge on the long range binding potential will be valuable.
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3. Hadronic and Radiative Decays of Charmonium

3.1 Possible decay modes of charmonium

The charm charge is expected to be conserved by the strong interaction
1ike isospin and strangeness. Consequently there are only 3 possibilities for
the charmonium system cc to decay.

a) The ¢ and c¢ quark separate and pick up another light quark pair to form
a pair of charm particles, e.g. cc » (cu) + (cu). The charm particle with
the Towest mass is the D, with m(DO) = 1864 MeV. The threshold for this decay
is therefore E = 3728 MeV and the decays J/y »DD and y¢'~>DD are forbidden
by energy conservation. The disintegration of higher states into charm
particles will be discussed in chap. 5.

b) Another possibility is that cc annihilates with the emission of gluons or
photons depending whether we are dealing with a strong or electkomagnetic
decay. As in the case of positronium, a system with J = 0 can decay into
2 photons or gluons. The 2 photons can be real and such decays have been
observed e.g. X(2.83 GeV)>+yy. The 2 gluons will be transformed into hadrons
and cannot be observed directly. However, for high mass states the 2 gluons are
expected to appear as 2 hadron jets.

A system with J = 1 couples to 1 virtual photon or 3 gluons (compare the
decay of ortho positronium into 3 real photons).

c) If the cc-system is not in its ground state it can cascade down by emitting
a photon or gluons with the cc-system staying together.

Diagrams for the various possibilities are shown in fig. 3.la and b.
The cc states are bound by the exchange of many "soft" gluons. Since the energy
of the gluons is low their coupling to the quarks given by aS(E) is large
(see 1.22).

If a virtual photon is emitted it can couple either to a lepton pair or a
quark pair. These processes are proportional to-% e2~ %«xsince the coupling of
the photon is proportional to the charges of the particles attached to the

photon.
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If gluons emerge from the cc annihilation they couple to light
quarks. Each of these gluons carries an appreciable fraction of
the total energy ("hard gluons") and hence the coupling ocs(E) is
small. As a consequence these processes are suppressed and the
hinderance factor is determined by the number of exchanged

Hadronic decays of bound charmonium states

Fig. 3.1 a and b

gluons (again in complete analogy to QED).
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3.2 Decays of J/¢ and y' (vector particles)

Vector particles with JPC = 17~ couple to the photon and hence can be
produced directly in ete” annihilation (see Fig. 1.7b). As is well known the
J/¢ besides having been detected in p + Be -+ efe” + anything at BNLZS))has been
found at SPEAR26) and soon later the w'27). The decay of these particles was
investigated extensively at sPEAR?S) and at DoRIS??)
have been published only the main points will be considered here.

. Since detailed summarieszg’zg)

The width of the resonances turns out to be much narrower than the experimen-
tal resolution determined by the momentum smearing of the colliding e'e” beams
which is about 1 to 2 MeV. But the true widths can be determined by a "trick".
Assuming that the production cross section can be described by a Breit-Wigner
formula we have for the process e+e— - J/y » final state

_m20 +1)  Tee s
me (E-m)? + T'%/4

(3.1)

where m is the J/y mass, J its spin, T
decay widths.
Integrating (3.1) over the energy E one obtains (with J = 1)

e’ Pf are partial and T the total

» T T
I, = J o dE = %gf-—fg—-f (3.2)

If the three final states e+e', u+u- and hadrons are measured independently,

one can solve for the widths Fee’ ruu and T = Fh + Fee + Fuu' Since Fee and

Fuu are found to be small compared to rh one has Fh 2T and from (3.2)

m2
Tee = 577 In
I (3.3)
FeTh=y— " Tee -
ee

The integrals Zn and Loe (and Zuu) are found hy integrating the experimental
cross section for the proper channel over the energy E. It is assumed that because
of the limited experimental resolution the resonance curve is widened but the area
1s not changed.However, the integrated cross section has to be corrected for
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radiative effectszg) which amounted to about 40 %. The results are shown in

table 3.1. Particularly striking are the narrow total widths which indicate

the effectiveness of a new selection rule, i.e. charm charge conservation. As
explained above, the cc-system can only decay by higher order processes involving
hard gluons or photons and which therefore are hindered (see fig. 3.1).

Table 3.1 Resonance parameters of J/¢ and y'

y/d y!

spear®®)  [poris3t+32) | apone SPEARS’) por1s>1232)
mo (MeV) 3095 + 4 *) | 3096 + 2 3103+ 6 |3684 + 5 3687 + 2
I (ub MeV) 10.4+15 | 97+1.2 | 9.6+1.7 | 3.7+0.6 13.06+0.34
I, (nb MeV) 790 965 + 141 | 790 * 200
z,, (nb Mev) 870 + 100
Fegr (keV) 69 + 15 87 + 20 67 + 25 | 228 + 56
r,. (kev) 4.8 0.6 4.6+ 0.8] 2.1+0.3*%)
r, (keV) 1.8+06 | 6.0+ 0.7 4.6+ 1.0

*)  corrected value

*¥ i =
) assuming Fee ruu
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3.22 Determination_of guantum_numbers_and_discussion_of_hadronic_decays

- o . - - - - S St - - N T G e S Y S - S G G S S . - e v 4 S A e e . -

The most direct evidence for the photon-1ike quantum numbers of J/¢ and y'
1s an observation of the interference between e+e' >y o+ u+u_ and
+ - + - '
ee »yY>uu . The cross section is given by

do _ 9m 20, ee
T = grz (L +c0s?0) |- 5+ o—p—ap v Al (3.4)

implying destructive interference below and constructive interference above the
resonance at m. The data are presented in fig. 3.2 and clearly indicate the pre-
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Fig. 3.2
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sence of the interference®™’/. Thus the assignment J' ~ =1 for J/y as well as
y' is proven. It is corroborated by measurements of the angular dependence of
e and u emission. '

More than 30 decay channels J/y - hadrons have been observed. They will not
be discussed here since an extensive review has been published previous1y28)
(Appendix 1).

The main conclusions drawn from the hadronic decays of the J/y are the
following. The J/y decays preferentially into final states with an odd number
of m. The relation C = (-1)I - G together with G = C = -1 imp1ie528’29)
spin IG = 0, excluding I = 2 by the observed decay J/¥~pp. The fact that J/y
also decays into an even number of pions violating isospin can be understood

quantitatively on the basis that the J/y couples to the photon.

iso-

The isospin and G-parity of y' can be inferred from the cascade decays
y' > J/Y + 7 and ' > J/Y + nwhich account for 57+ 8 % of the y' decays.
For example the experimental ratio (J/y»n"n’) / (J/w-*ﬂ+ﬂ_) = 0.49 + 0.09 has to
be compared with the theoretical predictions 0.5, 0 and 2 for the isospin of the
mm system I = 0,1 and 2, respectively. So clearly the pions have I = 0 and con-
sequently ¢' and J/y have the same isospin. The close similarity of the J/y and
Y' particles is obviously demonstrated by the fact that ¢' - J/y + 7m make up
about half of all the decays, whereas ' +’¢nn which has much more phase space is
about two orders of magnitude rarer. Also ¢' > J/¢ + 7° being I-forbidden is not
seen whereas y'> J/y +n is allowed and was observed.

Finally it can be shown that J/y and y' behave as singletts with respect
to the approximate SU(3) symmetry of the 3 1ight quarks which is expected for
a charmonium state. The decays J/w~>K+K' or K°%° are forbidden for a SU(3)
singlett but allowed for an octett state. Indeed the experimentally observed
branching ratios for both the J/y and v' are very small (= 107% to 10'3). The
SU(3) singlett nature can also be inferred from a comparison of J/y~mp and
KK*(892). In particular DASP resu]ts34’29)indicate that the octett admixture
is very small.
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Finally one might ask if we understand globally the decays of J/y and ¢’
or if major decay components are still unknown. By summing up all known decays
of J/y and adding those channels which can be estimated by I-consérvation one
arrives at about 70 % of the total decay width. It does not appear unreasonable
that the major part of the missing 30 % is due to decays involving n's i.e.
J/Y > n + anything about which very little experimental information is available.
Nevertheless a clarification of the situation would be welcome and in particular
some channels on the percent level can provide very interesting information
(see 3.24).

With respect to the y' decays a 1little more than 50 % are associated to
cascade decays ¢' + ¥ + hadrons. The decays to intermediate P-states (see 3.3)
sum up to about 30 %. Adding the figure for electromagnetic decays (~ 5 %) and
28) at a total of about 95+ 12 %.
Not much room is left here for unknown channels, but again some rare undetected

direct decays into hadrons (~ 10 %) one arrives

decays might be of interest.

- — - - —— = - % = e = =

A 17 -particle can convert to one virtual or 3 real photons. One real photon
is forbidden by momentum conservation and 2 photons by charge conjugation. Since
the transition via a virtual photon is of Tower order it dominates.

The transition probability for (1)~ Y-+e+e- is for an s-state and a Cou-
lomb-1ike potential given by2’4)

I(17" » e'e’) = 16m E%Qilq)(0)|2 : (3.5)
where Q and m are the charge and mass of the involved quark and y(0) is the

wave function at the origin (neglecting corrections as from annihilation channels).
Taking into account35) "gluonic radiative corrections" equ. (3.5) has to be mul-
tiplied by {1 - 16 a / 3r}. For a general potential (see 1.23) |y(0)|? has to be
replaced by m<dV/dr >.

In table 3.2 the experimental results of T, are shown together with w(0) |2
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as derived4) according to equ. (3.5). For a "Coulomb" potential |y(0)|%? 1is ex-
pected to rise ~ m?®, whereas for a linear potential ~ m. For the ground states
the rise is approximately ~m?, indicating that the effective potential is some-
where in between "Coulomb" and Tinear, in full agreement with the standard po-
tential (see'1.23). For a linear potential one expects that m <dV/dr> is the
same for the ground and the excited states. This is not true as a comparison for

Table 3.2: Vector meson decays into e+e_

Meson M (GeV) Q? I'(keV) lw(0)|2  (GeV)?x102
0 0.77 1/2 6.5+ 0.8 0.29

N 0.78 1/18 | 0.76 =+ 0.17 0.31

o 1.02 1/9 | 1.3 + 0.08 0.47

/v 3.95 4/9 4.8 + 0.6 3.9

% 3.68 4/9 2.1 + 0.3 2.4

301 3.77 4/9 0.37 + 0.09 0.44

1K 4.15 4/9 1.8 to 3.3

1 4.41 4/9 0.44 + 0.14 0.72

ground states above the line

Y, ¥' and ¢''"' shows. A more detailed analysis for the excited states has been
carried out6) for a harmonic potential and including S and D-wave mixing.

The regularities found for the leptonic widths of the vector meson ground
states are useful in identifying new vector particles as the " (see chap. 6).

36)

The Okubo-Zweig-Iizuba rule claims that decays described by connected

quark lines are allowed whereas disconnected diagrams are suppressed.
5 K"‘ Y 3 T
u - (:
E__’_/ S RN d o
o Y — b = T
S s == d
) d -
- 1%
s> K u

allowed ' forbidden
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Here the ¢ decay is shown as an example. The decay ¢->K+K' is allowed but
¢+ﬂ+ﬂoﬂ- is associated to a disconnected diagram and hence suppressed. This

explains why the KK decay dominates inspite of its smaller phase space.

The functioning of the 0ZI-rule can be understood in terms of QCD. In
connected diagrams the interaction between quarks is provided by "soft" gluons
and hence is strong. In disconnected diagrams "hard" gluons have to be exchanged
with<%(E) being small. If QCD perturbation theory is applicable, the rate of
a process involving n "hard" gluons, each carrying an energy E, should be pro-
portional to [gs(ﬁﬂ N. We shall now see if this idea is compatible with ex-
periments.

A J =1 state can decay to 3 real photons as in the case of ortho posi-
tronium. In analogy we expect that it can also decay into 3 gluons. (In the
electromagnetic case a transition to one virtual photon is also possible.

One virtual gluon is excluded, however, because of conservation of colour char-
ge.) Using the well-known expressions for positronium

electromagn.  T(17> 3y) = 5 (%9) & [¥(0)|? o (3.6)

and substitutinga by oy applying also a colour factor-f% (see chapt. 1.22) one
obtainsz)

strong (17> 3g) = § @29) & |w(0)]2 - f ol - (3.7)
This offers a possibility to determine o - Assuming that the conversion of the

3 gluons to ordinary hadrons goes practically with 100 % probability

I(1™> 3g - hadrons) can be identified with the full hadronic width if connected
diagrams are forbidden by energy conservation. This is the case for J/y. In the
case of the ¢ only the decays into non-strange hadrons must be taken into account
and for the y' the cascade and the radiative transitions have to be discarded
since they do not proceed via a 3 gluon intermediate state.

Instead of using the absolute values of T(1~ - 3g - hadron) it is expe-
dient to normalize them to the leptonic decay widths since then the unknown
wave function cancels. From (3.5) and (3.7) one obtains
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I (17 *3g ~hadrons) _ 2/3) 3 .
o G = 1410 55 o (3.8)

where Q is the quark charge.
If we now take the experimental data for ¢, J/¥ and y', particles which are

almost pure cC states, one finds
Table 3.3:
M (GeV) Ph/ree o Remark
) 1.1 588 0.47 ¢ -~ non-strange *)
hadrons

Jd/v 3.1 14.4 0.22

P! 3.7 8 0.2 without ¢'>Jd/y + ...
P'- vy + ..

The coupling constant o indeed decreases with increasing energy as expected
in QCD (see 1.22) and is smaller than 1. Hence the application of first order
perturbation theory is justified at least qualitatively. Inserting ag from
table 3.3 in (3.7) one derives I'(J/y > hadrons) = 72 KeV which agrees quite
well with experiment. -

In conclusion it can be stated that we understand in principle the narrow
widths of the bound charmonium states on the basis of charm charge conservation
and first order QCD perturbation theory. However, other models explaining the
0ZI-rule could be as satisfactory. In the following and in particular in chapt.
3.3 we shall see that on the basis of QCD one can understand many
more experimental results than just the widths of J/y and ¢'.

Information on the inhibition by the exchange of hard gluons can also
be obtained by comparing inhibited processes to allowed ones, i.e. to decays
above threshold not forbidden by charm or strangeness conservation. Such
a comparison will be of particular interest for diagrams involving 2 and

*) The reason for the small total width of ¢ is that the 0ZI-allowed decay
¢ »~ KK is suppressed by the small available phase space.
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3 gluons as for examp1e¥)

1"
Table 3.4:
Forbidden decay Ratio4) after | number of exchanged epexted inhibition
phase space gluons factor
Allowed decay corr.
J/y + hadrons - 3 _ 3 .
w(4.4) > hadrons 0.002 3 (X.S = 0-2 = 0.008
y' > Jd/y 1 ~ 2 _ 2 _
NENEL 0.013 2 ag = 0.2% = 0.04
b>pm ~ 0.02 3 oag = 0.47° =~ 0.1
¢ > KK

From this table one infers that indeed y' - J/ymm 1nvo]v1ng only 2 gluons is less
suppresssed than J/y - hadrons™ ) One cannot expect more than a very qualitative
agreement since the gluons in the two cases carry different energies and hence
ag may differ. One further sees that ¢ > pm is less suppressed than J/y - hadrons
but the reason is quite different. Here it is the lower energy resulting in a

larger ag that causes less inhibition.

*¥) It might be mentioned that ¢' » J/y + n is forbidden by I-conservation
and has not been observed

*x) The decay y' » J/w +nhas a large branching rat1o 7) (4.3+0.8)x10 ~2 in view
of the fact that it is p-wave and SU(3) forbidden, has very little phase space
(Q = 40_MeV) and is OZI suppressed. The large decay rate can only be explained

by an cc admixture to the n (see chap. 3.252) and hence no information on 0ZI
can be obtained.
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The decay of J/y permits even more detailed studies of the mechanism of the
0ZI rule. Besides the singly disconnected diagrams discussed in the preceding
section there exist also doubly disconnected ones. In fig. 3.3 different diagrams
are shown which give rise to the decays J/y » wrm, wKK and J/y ~ ¢mm, o¢KK.

The left and right columns contain the singly and doubly connected diagrams,
respectively. The two diagrams in the first line show the ypm and ¢mn

decay without intermediate resonances, whereas the diagrams of the other two
lines involve the tensor (2++) particles f and f'. The f contains predominantly
u and d quarks and can therefore be connected to the ( whereas the f' is made up
essentially of ss and hence prefers to decay to KK.

An interesting question is now whether the fourth gluon in the doubly con-
nected diagrams (not attached to J/y) is also a "hard" one implying a suppression
ug or whether it is comparatively soft yielding a hinderance*‘a;. An analysis of
the experimental data with this aim is complicated, however, since the influence
of the intermediate resonances has to be determined. For this reason the overall

rati028)

1

J/y > ¢mm _ 0.2
J/U » wrm ~ 1.0

H+ 1+

0.09 _1
03 % (3.9)

is not very conclusive. In order to reduce the influence of intermediate resonan-

ces, only events with M(mm) > 1 GeV were se1ected38) and it seems that the suppres-
sion of the doubly disconnected ¢mm decay is then stronger. Some interesting new

single double -(/¢

@
Wy——% - - MW—Fl=n
AL <

w 4§/W

Iy —=°% f Wy—=%-" ] .
T K
I
b 70
W ——- o Iy ——--H
- [—i—( %f\/n
K -

Fig. 3.3 n
Singly and doubly disconnected quark diagrams
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information has recently become available from the PLUTO-co]]aboration37).

They have studied the final state J/y st O and could observe the two
decays J/v»BTn > (wrt)n” > (rtr n®)rtrT and /v wf » (rTnTn0) (n n*y. The cor-
responding invariant or recoil mass peaks are shown in fig. 3.4. From these the
following numbers were deduced. |

Final state Branching ratio r/ev

of J/y decay %

T e | 3.64 + 0.52 2548 + 360
wrtm 0.78 + 0.16 546 + 110
w f 0.40 + 0.14 280 + 100
BT 0.28 = 0.07 196 + 50

These results imply that most of the wrim decay width is due to resonance de-
cays. If these are subtracted the branching ratio for non-resonant wmrm is of

the order of 0.1 % and hence comparable to ¢mm. This is confirmed by selecting
only wrm events with M(mm) > 1.5 GeV, thus reducing resonance contributions, and
one finds B R(J/y~wnm) < 0.12 %. These data seem to indicate that the doubly
disconnected ¢mm diagram is not much more suppressed than the simple disconnected

W «

This result is, however, in contradcition to measurements invoiving the f

and f' resonance. It was found38)

that the doubly disconnected decays J/y » wf'
and ¢f are about a factor of 10 rarer than the singly disconnected decays

J/¥ > wf and ¢f'.

More experimental work is needed to clarify the behaviour Qf doubly dis-
connected diagrams but certainly the decays of charmonium offer an excellent
tool to this end.
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In this section we shall discuss the radiative decays J/v »ny,n'y, Woy
and fy. From these reactions interesting information on the admixture of cc-states
to the ordinary hadrons can be inferred. On the other hand radiative transitions
from J/¢ and v' to other charmonium states (Pseudo-scalar and P-states) wiil be
dealt with in chap. 3.3 and 3.4. Here the interpretation will be quite different
since these transitions take place between practically pure cc states. In order
to be able to discuss the decays like ny, n'y a few ideas concerning the mixing
of quark states have to be recalled (3.252). The puzzle to be explained is the
experimental fact that the decays nv and n'y are more than an order of magnitude
more probable than J/w->ﬁ°y.

Dl R e el =) Ape e ushhudu. Wl g Syt- UGS Ul SRy kbt

The decays J/¢ »ny, n'vy, noy and fy are two-body decays and hence photons should
be monoenergetic. The search for narrow lines in the inclusive photon spectrum
39), but the first 3 decays could be detected at DORIS by
40,41)

» €.9.

3/ + ny > (yy)y but also in the decay?) /v » yn' + v (vo°) > yyr'n". The

at SPEAR was negative
investigating the decays with 3 photons in the final state

corresponding invariant mass plots M(yy) show the n and n' peaks (fig. 3.5).
and M(F+W—Y) show (fig. 3.6) a clear n' peak provided M(m'n ) is restricted
to the pregion.

Very recently the decay J/y - fy could be detected by PLUT043) by studying
mnTy final states, i.e. the decay J/y - fY'*(ﬂ+ﬂ_)Y. The invariant mass plot
M(ﬂ+ﬂ-) js shown infig. 3.7. Besides the f peak also. the p shows up. This peak
is attributed to the channel J/y - pn°-+(w+w') (yy) and a branching ratio of
(1.6t0.4)><10'2 was inferred. Also DASP50) has observed the fy-nt1y final states.

The results are summarized in the following table:
Table 3.5: Radiative decays of J/¢

Final state Branch%ng ratio r'(eV) Experiment

(x 1079)

0.82 +0.10 55 + 12 | DASP*0)80) 1)
ny 1.30 + 0.4 87 + 27 | DESY-Heidelberg

, 2.9 +1.1 152 +117 | DASP*©) 41,42)

ny 2.3 +0.7 160 + 50 | DESY-Heidelberg -?
0y 0.073 + 0.047 5.+ 3.2 |pasp0)
£0y 2.0 +0.7 138 + 48 | pLuT0*3)
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These figures are quite surprising at first sight. In terms of vector do-
minance one would expect that T'(J/y e«yno)z (a/y %) P(J/w-+p°w°) ~ 1 eV with
) 00 o p
r{d/y »pom)
but why are I'(J/y > ny) and T'(J/y»n'y) almost two orders of magnitude Targer with
T(J/v>n'y) =T (/Y powo)? And why is the ratio I'(n'y) / T'(ny) = 3.5+1.0 so
large?

~260 eV. This order of magnitude agrees with the experimental finding,

A similar argument applies to the J/y > foy decay which by vector dominance
is related to J/w+fow with a measured37’38) branching ratio of (0.40 *0.14)x 10'2.
Hence the rate for the final state foy should be comparable to noy but experi-
mentally it is much larger.
As will be discussed in'the next section these anomalies can be understood in

terms of cc admixture to ordinary qq states.

Finally it should be mentioned that the corresponding decays y' - ny, etc.
have been looked for but not found42’27).

- — - - e on B - - - -

Thenyand y'n puzzle and some other experimental results (see chap. 3.3)
can only be explained in terms of mixing between cc states and qq states of
ordinary quarks. This mixing can be understood by extending the description of
the mixing of ordinary quarks.

It is well known that states of the ordinary vector and tensor mesons are
well segregated according to quark flavour. The neutral mass eigenstates exhi-
biting "ideal mixing" with (1/v/Z) ( uu * dd) and ss. As a consequence one expects
M(w) = M(p) and M(¢) = 2M(K*) - M(p). Both relations are fullfilled on the per-

cent level.

The pseudo scalar mesons on the other hand show a strong mixing between
non-strange and strange quarks inspite of their different masses. As a conse-
quence the relations M(n) =M (mM and M(n') = 2M(K) - M(m) are strongly violated,
548 MeV against 138 MeV and 958 MeV against 854 MeV, respectively. The proper
masses are obtained with wave functions44)

3:% = (i + (T 7S (3.10)
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which amusingly implies that the probability to find a ss or a uu/dd pair in the
n or n' meson are approximately equal. .

The different mixing for the vector and pseudo scalar particles can be under-
stood3’45’49) qualitatively in terms of gluon exchanges (see 1.22). To the mass

matrix correction termskij'have to be added which take into account annihilation
P

terms ﬁ}qi :’ﬁjq.. If the 2 quarks are ina J° = 1~ state (vector particle) the
annihilation can only proceed via 3 gluons because of conservation laws. For a
P

J' = 0 state (pseudo scalar particle) annihilation via 2 gluons is possible. In
terms of QCD perturbation theory the first process is proportional to a;, the
latter to ag. For sufficiently large masses o < 1 and as a consequence the anni-

hilation corrections will be much more important for pseudo scalar particles than
for vector states, for which the Aij are negligible. Thus the different mixing

for the two kinds of particles can be explained in terms of QCD, but of course
one should not expect too precise results at Tow masses where o is still big.

If the charm quarks are included in the discussion the mass matrix for
pseudoscalar mesons can be written in Towest order perturbation theory:

2
Mu + Auu Aud Aus Aue
2
) Mad Ma*2dd s e
M-¢ = 2 (3.11)
a9 Kus >‘ds Ms+xss xsc
12
Mc Mc Asc Mt ee
: 2 _ M2 _ m2 12 _ 2_ 2 2 _ .2
with Mu = Md =me MS = ZmK m=s MZ = mnc.

Isospin symmetry gives A = A4y = A4 Since MC ~ 3 GeV one may assume
A/ Mé << 1 and in a first step to determine the Aij the annihilation q;9;2 cc
may be neglected. With the experimental masses of m, K,n and n' as input one can
solve equ. (3.11) and finds46)

Ay = 0-30, Ays = 0-21, Mg = 012, (3.12)

(all in GeV?)

SU(3) symmetric annihilation would requireAxuu =As = Ass and therefore it is
obvious that this symmetry is broken substantially. Also these findings can be

interpreted in terms of QCD. In Towest order perturbation theory one expects
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N as(mqi) : us(mqj). (3.13)

The immediate consequence of equ. (1.1) should be Auu>-xus> Ass’ as indeed is

found empirically. Furthermore, the elements Ai' should satisfy the factorization
relation A..eh.. = Ai.z. From (3.12) one finds (X, A 1/2

1 3d J uu ss)
ment with Aus = 0.21.

= 0.19 in good agree-

As a next step one tries to predict the annihilation corrections for charm
quarks46). From table 3.3 one takes aS(MSZ) / o (MCZ) ~ 2 which is also in
approximate agreement with equ. (1.1). Thus one obtains

2
as(MC) _

)\Sc - XSS . _O‘_S—Z'MET" ~ 0-06

_ _ (3.14)
aS(Mé) 2
A= Ass . 2 0.03.

cc OLS“gi ;

S

Hence as expected the annihilation corrections for the charm quark are
smaller than for the ordinary ones and consequently M(nc) =~ MC to a very good
approximation.

The quark content of e is given in Towest order by

- A c 2
n. = cc + (Auc U+ Ay, dd + ksc ss) / M2 (3.15)

A - A_/X__ as

which can be written using xuc = Adc us s/ Mss

=
|

c ‘ Tu + + l A M2 3.16
cc+ir s/xss (uu + dd) + ss sc / ( )
and using (3.10)

n.=cc+e.n+e" - n (3.17)

2

2 ind e = 2-1072.

with e = 10

We see that there is an admixture of ordinary quarks to the charm quark
state and again we notice SU(3) breaking since the admixture of strange and
non-strange quarks is different.
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A similar approach for the vector mesons is possible in principle but
difficult in practice, since the relevant mass difference m, - mp is not
known precisely enough. If an equation analogous to (3.17) is written for the
J/y one has
J/Y = cc + e, W ted (3.18)

Estimating the coefficients €y and ev' from the decay of J/¥ into ordi-

nary hadrons one finds Ey? sv' < 10-4. As mentioned above such a small admixture
for the vector charmonium states is exactly what one expects since in this case
the annihilation corrections are associated to 3 gluon exchange and hence

NS - Exs (mg;) - ag (mqj)] 3/2 (3.19)

implying that the A¥j are about one order of magnitude smaller than the Aij for

the pseudoscalar states.

The decay (1 ) ~ (0-+) +y is associated to an electromagnetic M1 transition.
If the quark content of the initial and final state is the same the transition
probability is given by (see also fig. 3.8a):
I+ 0™ = 20 ()2 ka2 (3.20)
q
where Q and mq are the quark charge and mass and k is the photon energy. The

overlap integral ¢ is expected to be of order 1 if the transition takes place by
a spin flip without changing the other quantum numbers. Indeed for transitions

with ordinary quarks 1ike w+w°y~, ooy 5 0Ny, K°¥+K°y one finds values of
{2 between 0.6 and 0.9. Transitions with charm quarks in the initial and final
state Tike J/w->nc + vy will be discussed in chapter 3.3.

Let us now discuss the case with charm quarks in the initial and ordinary
quarks in the final states like J/y » ny, n'y , noy and foy. Since the emission
of the photon changes only the spin of the system but not the quark content such
transitions cannot go via diagram a) of fig.3.8. A mixing of states has to
take place which can either happen after (Fig. 3.8b) or before (Fig. 3.8c)
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photon emission. As a consequence the overlap integral Q in (3.20) has to

be replaced by € Q where e is one of the mixing parameters of equ. (3.17)
or (3.18).

y
a) 1 1~ 0" q
q - q
e EE Fig. 3.8
P Nl (o)
EV/£V|
o ¢ -
CP TN

N (o)

In the previous section arguments have been given that the admixture of
¢ and w to J/yY are very small (e, €' < 10_4) whereas the admixture of n, n
46,49) c) in fig. 3.8 can be neg-

to n_ is of the order of 1072, Hence diagram
lected and transitions like J/y~+ny, n'y will go by diagram b). In this case
one expects from equ. (3.20):

1 k 3 €' 2
T(J/y>n'y) _(_n .
W- ) (=)= e (3.21)
with the €, €' values given after (3.17). The experimental ratio (see Table 3.5)
is 2.9+ 0.8 in good agreement with (3.21). Thus the unexpected ratio between

these two decays becomes plausible.

With respect to the absolute rate equ. (3.20) yields
I'(J/y - ny) = 5400 € Q%keV (3.22)

Simple ca1cu1ation46) based on harmonic oscillator wave functions whose parameters
are adjusted to give the |y(0)|? values as obtained from the leptonic widths

(see chap. 3.23) suggest Q® = 0.1. The overlap integral is relatively small be-
cause the transition energy is 1.5 GeV compared to decays of ordinary hadrons
like w ~> nov, ¢»ny where the transition energies are less than 400 MeV and
consequently Q close to 1. As a result one expects according to (3.22) with
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e? ~ 0.01 a width I'(J/y - ny) = 54 eV which agrees very well with the measured
width (see Table 3.5) of 55 + 12 eV. For J/¢+n'y the corresponding values are
220 eV and 160+ 50 eV. These excellent agreements might be fortuitous in view
of the theoretical uncertainties but they indicate that lowest order QCD permits
to understand qualitatively the experimental results.

The situation seems to be very similar for the J/w-»foy decay. Its bran-
ching ratio is of the same order as the J/w->fow and hence vector dominance with
w > vy as the source of the photons must be discarded, since it predicts a
fy/fw ratio of order ﬂy/yi X 10'3. Again a diagram of the type b) in fig. 3.8,
where the photon is emitted by the cc must be dominant, this time leading to a
cCc state with JPC = 2*" which then mixes with the f. A quantitative ana1y31551)
has recently been carried out. There it is shown that the angular distribution
of the photon contains interesting information.

© mixing is forbidden

For this decay the situation is reversed. Since ne = 7
by isospin symmetry it is diagram c) of fig. 3.8 which is dominant and b) is
neglegible. Since the J/y -w mixing is quite small, as explained in 3.2552, it

is plausible that the rate J/w-+woy is much smaller than J/y-+ny, n'y.

From eq. (3.20) one derives

k Q
o D’ ) ,( kz)z. o (3.23)
v r(w=>10y2) 1 Y
with Qwﬂ ~ 1 and assuming Qwﬂ = an =~ 0.3 (see 3.2531) one infers frzm the ex-

perimental values of the transition rates (Table 3.5) Ieww[ =9 x 107", This is

indeed the order of magnitude expected from 3 gluon exchange (see 3.252). More

quantitatively one expects46)
2 _ 2
eq)w:[(xs(fb) Js/g "’% mw‘ - n (3.28)
€4 as(J/w' m," - m,

The parameter € o can be inferred from experiments in a similar way as eww
ow - F(¢-ﬂPY1) / F(w+w°y2) - (ka/k1)? assuming
equal @ . Inserting the experimental widths one obtains |e m; = (5.4+0.9) - 107°.

This combined with the "experimental" ]eww] =_9><1O—4 yields a ratio

Analogous to (3.23) one has &?

€¢w/€ww ~ 61 which is again in reasonable agreement with the theoretical expec-

tation 41 of equ. (3.24).
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In conclusion one might say that first order QCD calculations provide a
éonsfétent picture for the radiative decays of charmonium into ordinary hadrons _
explaining in particular the drastic difference between J/¢¥ - ny, n'y and noy.

A study of these decays gives simultanously a deeper insight into the mixing
of qq states.

Of course besides QCD there are other possibilities to understand the data.
16,48) uhich do
not need an explicite potential. Many relations between various decay channels
could be deduced.

Schemes involving SU(4) breaking have for example been developed

o — - - = = - = — B A

If the transition rates are ca]cu1ated49) taking into account only SU(3)
singlett and octett mixing for n and n' one obtains for 0ZI forbidden diagrams

with 3 gluon exchange (fig. 3.8c) for the final states the ratios
0 . . ' - . 2M. cin2
I'(my) : T (ny) : T(n'y) = 3 : cos“0: sin®0O

with the mixing angle 6 = 11°. This is obviously in drastic disagreement with
experiment.
The 2 gluon diagram (fig. 3.8b) yields

P(TTOY) : T(ny) : T(n'y) = 0 : sin?@ : cos?®

Here the enhancement of ny and n'y with respect to ﬂOY is properly reproduced
but the ratio I'(n'y) / T(ny) = cotan®0 = 30 is much too large compared to the
experimental value 3.1 * 1.

In conclusion it should be stated that ordinary O0ZI diagrams successful
in explaining the hadronic decays of J/y and ¥' (see 3.24) have to be modified
by taking into account Ne =M mixing in order to understand the radiative decays.

It seems that the decay ¥' - J/Y + n is more analogous to the radiative
27) v W' >un) = 9.3+1.6
keV is very large for its 1ittle phase space (Q = 40 MeV) and being p-wave, SU(3)

transitions than usual 0ZI forbidden decays. Its width

and 0ZI suppressed. Hence this decay seems to confirm the cc <> qq mixing as
estabilished in the radiative decays.
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3.3 The pseudoscalar states

In terms of the charmonium picture one expects that the vector particles
J/y, ' etc. with parallel quark spins (351 states) are accompanied by pseudo-
scalar states with opposite quark spins (IS0 states) (see chap. 2.2). These
states have the quantum numbers JP¢ = 07*. Since they are analogous to the
n particle of the light quarks these states are usually denoted by ne (= 1150)
and nc' (= 2150). Because of the hyperfine splitting one expects these states

to be somewhat below the J/v and y', respectively.

e . e - - b o o o e - - — -

Since the pseudoscalar states have even C they cannot be produced directly
in e'e” annihilation but can only be reached by decays from J/¢ and ¢'. Since
these decays are rather weak our experimental information on the n. and n¢
states is very scanty compared to the rather complete knowledge of the vector
states J/y and y'. Indeed the existence of the e and né has been in doubt for
quite some time. There is positive evidence now for e which is identified with
the X(2.83) particle detected by DASP, whereas the existence of the x(3.45)
level still needs definite confirmation.

The possible transitions leading to n. and “é are shown in fig. 3.9.

N v N\

Fig. 3.9 Transitions involving n. and ”é

A particle called X with a mass below J/y has been detected by DASP®2)

looking for 3y final states from the decay chain J/¢ - yX>y(yy). The invariant

mass plot for Yy (high mass solution is shown in fig. 3.1o and exhibits a clear

peak over the smoothly varying backgroundso) at a mass of (2.83 + 0.03) GeV/c?

and a width of T = (29 + 14) MeV which is consistent with the experimental mass
resolution.
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DASP

30 | ete”=vYYY at Ty

No. of Events / 50 MeV

Myy (GeV/c?)
Highest Photon Pair Mass

---— QED
————— QED + Reflection from n and v’
——— QED « Reflection from w and v'+X(282)

Fig. 3.10
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The branching ratio of the decay chain is given in Table 3.6. The DESY-Heidel-
ber953) experiment sees also an excess of events in this mass region but be-
cause of their worse mass resolution they cannot give but an upper limit of the
branching ratio. The X particle has recently be seen in a pion=proton scattering
experiment at Serpukhov56) and hence its existence seems to be well established.

Table 3.6 Branching ratios of electromagnetic transitions
involving pseudoscalar states e and ”é

__Transition Product of Brgnching Experiment
3/ > N, ratios in 107
/>y g > v(yy) (0.14 = 0.04) pAsp %) 80)
< 0.32 DESY-Heidelberg®3)
3/ > g <1 MPPssSD>*)
Ne =YY > (8 = 3.5) calculated
3/ > ¥ ng > (¥ )y (ymm) < 0.26 DESY-Heidelberg®®)
I/ >y ne > v(pp) < 0.2 pAsp°2)
< 0.01 SLAC - LBL®)
b'horn .
vy ng > v(vy) < 0.14 pasp>7) 80)
< 0.5 DESY-Heidelberg®S)
Vo>, < 11 SLAC - LBL?®)
< 10 pAsp®7)
' 0
>y > v(ve°) < 0.18 DESY-Heidelberg™>)
b > wne > ) < 0.23 -
P’ >N
T v 0L > (YY) 6+ 4 SLAC - LBL®), pLyT0®®)
vyl > () < 0.07 pasp°’)80)
vy < 29 stAc - LaL5%)
ne >y /v > 320 calculated
vy gy (ngm) > x(nm) | < 0.06 | DESY-Heidelberg>>)
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Because X ~ 2y the particle has even C and spin 1 is excluded. This is in
agreement with the expectation for e

The monoenergetic y-line associated to the allowed M1 transition

57)»for

J/y e has not been seen54). Some indications were found
btom. > (Yy)y but statistics is still too poor. The most puzzling fact is

the negative search for hadronic decays of the.nc. In particular upper limits
have been obtained for n. > pp and e~ vo° which are summarized in Table 3.6.

The transition probabilities will be discussed in chap. 3.33.

Evidence for a level at 3.45 GeV comes from an observation of the
cascade ¥' > vx(3.45) and x(3.45) » vJ/y. This state has been observed with
the intermediate P-states (see chap. 3.4) but does not fit such an interpre-
tation. Hence the identification x(3.45)= né may be reasonable, although the
only information about its quantum numbers is even C, since it is reached by
an electromagnetic transition from y'. Four cascade events have been found by
SLAC-LBL, one by DASP and three by PLUTO (see fig. 3.11), some of which might
originate from background. Hence more experimental data are urgently needed
to establish this level.

The monoenergetic y~line arising fromxp'->né has not been seen (see
Table 3.6) as well as hadronic decays. The situation is similar to that for

the ﬂc.

The decays J/w+ncy and w'+né are allowed magnetic dipole transitions.
The transition rate is given by

(- - 0"") =% S k3 Q° (3.27)

where Q and M are the ¢ quark charge and mass, k is the photon energy and
£ is the overlap integral of the initial and final wave function. Allowed Ml
transitions are those between states which have essentially the same spatial
wave function and differ only in the spin state. Hence @~ 1 if spin-orbit
coupling and other spin-dependent effects are neglected.

With these assumptions one ca]cu1ates4’59) from (3.27) a decay width of
'(a/y +Ync)z 29 keV. From the branching ratio in table (3.6) the limit
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r(d/y > yn.) < 1.2 keV can be inferred, implying @* < 0.04.

59)

Similarly one calculates the decay width T(y' » y ”é) =~ 17 keV whereas

the observed limit is T < 6 keV and hence Q% < 0.3.

These comparatively small values of Q have caused some concern. Ml tran-
sitions between hyperfine partners should be rather insensitive to wave functions
and indeed this kind of calculation works to within factors of 2 or so for the
1ight mesons, where relativistic effects should make 1ife much more difficult.

On the other hand, the large J/¢y - ne and y' - ”é splittings might indicate that
the Russel-Saunders approximation is poor. The discrepancy of a factor of 20
is certainly worrying.

The two "cross" transitions ”E >y dJd/¢ and ' >y n. are forbidden M1
since the main quantum number n changes from 2 to 1. Hence the wave functions
are orthogonal if spin-dependent forces are neglected. The width corresponding
to the second term in the power series of exp(ikr) is given by

:QZOL 7 2
Teorbidden (M) ~737 77 K Qo (3.28)

where Q¢ =< f | r?|i> and the meaning of the other symbols is the same as in
(3.27).

gsing different wave functions T(y' >y nc) between 1 keV and 10 keV was
»5,14) which should be compared to the experimental partial width

I'(y' >y nc) < 2.5 keV. This agreement, however, has not much relevance. It

turns out that relativistic corrections to (3.28) are important6°)

factors of 10 are possible.

found

and

The situation for the decay né >y dJd/y is more complicated. From the data
given in Table 3.6 one calculates a branching ratio B(né > vy J/y) >(0.3£0.16)
which is very large. Since the total width of né is not known it is not possible
to give an experimental partial width corresponding to this branching ratio. On
the other hand the theoretical estimates deliver only F(né + yvd/¢) and not the
branching ratio. Because of the unreliability of equ. (3.28) a better "theore-
tical" estimate can be obtained by assuming that the matrix elements of né >y d/yY
and w'+w'nc are the same and correcting for phase space one obtains
F(né-+y J/v) = (1/4)T (w'-»YnC) <(1/4) - 2,5 keV = 0.6 keV.
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In order to compare ' and B it has been tried to estimate the hadronic
width F(n& + hadrons) which should be practically equal to the total width.

As will be shown in 3.323 the hadronic width should be of the order of a few
MeV. This yields a branching ratio B < 1073 in contrast to the experimental limit

B > 0.3.

Another way to compare experiment and theory is to consider the cascade
branching ratio B(y'~ néy-*d/w YY) which experihenta]]y is (6+4)x 10-3, whereas
theoretically one expects = 3><10-6. This again is a large discrepancy, however,
the uncertainties for the calculated forbidden M1 transitions are very large.

Transcribing the QED results for the singlett state of positronium one
finds for the decay rate2’4)

_ 2 A4
(07 -yy) = B8 L y0))2 (3.29)

Taking y(0) as determined for the J/y (chap. 3.23) one obtains I“(nC + vy) =8 keV.

The experimental branching ratio B(nc-*yy) > (8 +3.5) x 10_3 cannot be com-
pared to this expectation since the experimental total width of e is not known.
Theoretical estimates will be discussed in the next section.

3.323 Hadronic decays of n._and n.

Following the analogy between QED and QCD the pseudoscalar . and né
can annihilate into 2 gluons besides into 2 photons. To derive the 2 gluon
annihilation rate from (3.29) one has to make the rép]acement35)
a? Q* ~» 2@25 /9 and obtains

2
r(0” + hadrons) = T(0 >gg) = géz';g—ﬂw(O)]z (3.30)

Inserting a = 0.2 and using y(0) as determined from the J/y one has
I‘(nC ~+ hadrons) = 6.4 MeV. This can be checked by an estimate which is independent
of the wave function and is obtained by taking the ratio of (3.30) and (3.7)

I(n, > 9 9) 27 m
T(J/v »~g9g)  5(r*- 9) a

~ 100 (3.31)
S
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Taking the measured width T'(J/y~ hadrons) = 69 keV one arrives at
F(nC - hadrons) = 7 MeV in good agreement with the previous estimate. This total
width corresponds to a 0ZI hinderance factor of about 2 50.

The total width of ”é can be estimated according to

F(né ~ hadrons) T'(y' - hadrons) Jy(0) |2 M 2 (3.32)
[(n. > hadrons) “T(y > hadrons) | M * 1 9(0) " N
q}‘
2.4 _(3.1)* _
~ 555 x[37) = 0.3

and hence T(né -+ hadrons) = 3 MeV.

With this theoretical hadronic width one can now calculate the branching
ratios B(n_ +vy) = T(nyy) / T(n - hadrons) = 8 keV/7 MeV = 1.2x107°. If
this is compared to the experimental limit B(nc » yy) > (8 = 3.5)><10'3 one obtains
a factor > (7 + 3) of discrepancy. In view of the uncertainties this does not

seem to:worrysome.

A more serious problem is the fact that so far no hadronic decays of either
the n. nor the ”é have been observed. One way out could be that these particles
decay to many different final states which are difficult to identify. With sta-
tistical model calculations some authorssl) have tried to estimate the proba-
bility of different final states. They find that indeed each channel contributes
only a few percent, e.g. n_ - 2t 20 21° 7 to 15 %, Ne * 2 2w, 3t
2 to 5 % each, ne > PP+ anything a few percent. The first channel which is do-
minant is hard to find. The limits given in table 3.6 may still be compatible
with these rates.

- - —— - b - - - = = -

The comparison between experimental results and theoretical expectations
concerning the Ne = X(2.83) and ”é = x(3.45) particles can be summarized in the
following way:

a) Whereas the existence of the X(2.83) is well established, the x(3.45)

needs confirmation.

b) The large splitting between the 3

S and 1S states which originally has
caused much concern does not seem too much of a problem. It can be

understood quite coherently by attributing an anomalous gluon coupling
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to the quarks (see chap. 2.2). Recently it has been shown62) that the
existence of instantons may be responsible for the large splitting and
indeed it could be considered as direct evidence for the instantons.
c) Serious difficulties exist for the M1 transition rates. In particular
it seems difficult to explain the large discrepancies for the allowed
M1 transitions between HFS partners. The even larger discrepancies for
the forbidden M1 “cross transitions" are perhaps less worrying because
of the large theoretical uncertainties.
d) The real puzzle is the fact that no hadronic decays of n. and ”é
have been seern, although partial width of several MeV are expected.
The hadronic transitions seem to be suppressed and one puzzling conse-
quence is the very large B(n'>vyJ/v) > 32 %.

Because of these difficulties some authors have questioned whether the
X(2.83) and x(3.45) are really the 1so states®’). Harari tried to identify the
x(3.45) with the 102 (J = 2_+) and Krasemann and Krammer63) interpreted this
state as a relativistic "time 1ike" P-state. Both proposals are not very
attractive since they do not solve the problems for the X particle and where
is then the né state?

Several authorsl6’48’64)

have shown that the transitions J/y - Ne ¥
and Ny can be hindered by SU(4) symmetry breaking. Indeed by a proper choice
of the parameters F(nc—>yy) < 3.7 keV can be obtained. May be relativistic

models are needed to interprete the decays involving e and né.

As a possibility to verify the nature of the X(2.83) and x(3.45) par-
ticles it has been suggested65) to look for the decay w'»Y x ~» y(m 71 )X> y(n+n')(yy)
for which a branching ratio larger than 4><1O-5 has been estimated. Unfortu-
nately the upper limit given in table 3.6 has about this value and the hope that
this decay chain & strong does not seem to be realized.

In conclusion one has to state that more experimental information is
desperately required to solve the puzzle of the pseudoscalar charmonium states.
With all the success of the charm model this seems to be the only major trouble
that remains to be eliminated.
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3.4 The intermediate P-states

According to the standard charmonium model one expects 3 triplett-P-states
and one singlett P-state with masses between the J/y and the y'. As explained
in chap. 2 these P-states fall inbetween the two Towest 351 states because the
potential deviates from a pure Coulomb shape and hence the P-states are
lowered. Having C even the 3P-—states cannot be produced directly in ete” anni-
hilation but can be reached by an electromagnetic E1 transition from y'. They
can decay eather by a E1l transition to J/y or into ordinary hadrons.

The 1P1 state with JPC = 1% cannot be reached from ' by electromagnetic

transitions because of its negative charge conjugation. The decay
3P2(2++) +y'1P1(1+') is possible but phase space is probably very small. Hence
it is not surprising that the 1P1 state has not been observed so far. The

following discussion has to be restricted therefor to the 3P states.

The first evidence for an intermediate state called PC was found by

66) in the cascade w'-+*yPC -+ v (y J/y). Later this and cascades to other
54,55)

DASP
intermediate states which were given the generic name X,were seen at SPEAR
by DESY-Heide]berg6é) and PLUTO69). The results are shown in fig. 3.11.
Clustering in the (J/y v) invariant mass can be seen at 3.42,3.45,3.50 and 3.55
GeV. A1l these states have even C since they are reached by an electromagnetic
transition from a 17 state. The state at 3.45 GeV has a different character
than the others since its decay into hadrons has not been observed. As dis-
cussed in chap. 3.3 it is tempting to identify this state with the 2150 lTevel
and since the relevant experimental data have been given in chap. 3.31 we

shall not discuss it here.

The mass distribution of the y J/y system in the decay y' - yyJ/y as ob-

tained in recent measurement568)8°)

is shown in fig. 3.12 a and b. The peaks
at 3.51 and 3.55 GeV are clearly seen, there is a small indication at 3.41 GeV,

whereas no significant structure is observed at 3.45 GeV.
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For the three P-states the monoenergetic Tines corresponding to the transitions
Y’ +'Y3P have been observed (fig. 3.13) and the branching ratios were determined.
These branching ratios together with those for the yy cascade are collected in
table 3.7.
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Table 3.7 ' - yP > yy J/y cascades

State MeV+) B(v'>y3P) |B(w'>y P>y (vd/y)) Parameter++) a of Experiment
(%) (%) 1+ a cos?o
1+ 0.2 pasp®0)80)
3543 + 7 1.0+ 0.6 a=0.3:+0.4 SLAC-LBL®®)
3561 + 7 7.0+2 2.2+ 1.0 mppsssp°t)
2.3+ 0.6 DESY-Heidel.%®)
1.1+ 0.3 Daspb6)80)
3504 + 5 2.4+ 0.8 a=0.1¢+0.4 SLAC-LBL
3511 + 7 7.1+1.9, 5.0+ 1.5 MPPSSSD
3.3+ 0.8 - 0.1+0.3 DESY-Heidel.%8)
-~ 1.4 0.34: 0.20 pasp80)
3413 + 11 7.5+-2.6/ 0.2+ 0.2 a=1.4=+0.4 SLAC-LBL
3413 + 9 7.2+23| 3.3: 1.7 MPPSSSD
0.2+ 0.1 DESY-Heidel.%8)
+)  Mass from hadronic decays
++) For J =0, a=1, for J=1and 2, a =- 1/3 and 0.08 for pure dipole
transitions.
3

Information about the spin of a

P state can be obtained from the angular

distribution of the first (low energy) y in the cascade with respect to the

beam axis.

is the angle between the first photon and the beam axis.

intermediate state one ha

sa=1.

One expects a distribution proportional to 1 + a cos’0 where 0
With J = 0 for the
For Jd = 1 or 2 the prediction for a is not

unique since mixing of multipoles is possible. The experimental results for

a are also shown in Table 3.7.

No 3P > vy were observed

69)

.
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;5 N ‘ ' | l | The hadronic branching ratios of the
| re— - _+_- ] P-states have been determined by the SLAC-
0 Tnmn 1 LBL experiment. Invariant mass spectra for
I 1 different final states are shown in fig.
b 1 3.14 and the branching ratios have been
0 f : ; summarized by G. Go]dhaber70) (Table 3.8).
- ] The most striking fact is that the 3.41
10 B 1 and 3.55 GeV states decay into 7' and
- ) K'K™ whereas the 3.50 GeV level does not.
0 ﬂ;wﬂrﬂﬂM&JH!w%m | ]
wk® ey 4 T T T
On the basis of the experimental ma-

o

terial presented in the previous section

one can try to determine the quantum num-

£~
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3.41 GeV: The observed decay into w7 and

L ] | bers of the 3 levels with even C and see if
+ they are compatible with 3P states.
0110 1l AR (A

gwhﬂﬂhm

K*K™ implies natural spin-parity
++

L=

for this state, i.e. 0++, 2

and it has to be an isoscalar. The

angular distribution is in agree-

ment with J = 0 and hence one can

safely design this state to JPC=O
3.51 GeV: The absence of m'm and KK~ final
30 3.2 3# 36 38 states indicates unnatural spin-
Mass (GeV/c?) parity 07, 1%, ... . The two ex-
ments which measured the angular distribution disagree but both require
J # 0. Hence the assignment JPC =1

++

seems plausible but needs confir-
mation.

+ - +,- . L ++
The presence of mm or K K decays is again in favour of a 0 ',

2++, ... state. The angular distribution indicates J # 0 and hence

PC _ ++

the assignment J ° = 2 seems plausible.

These assignments71) are in perfect agreement with the expectation for 3P

levels. This ordering of the spins is further corroborated by the discussion of
the E1 transition probabilities (see next section).

The 3.45 GeV level which is the fourth intermediate state with even C
does not fit into the 3P level sequence and hence it is suggested to associate
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x(3415) branching ratios

Decay Mode Events Efficiency B(y'+yx) B(x>f) | B(x~>f) a)

mtr 32+ 6 0.19 (7.5:2.1) x 107" | (1.0£0.3) x 10°%
KK 27+ 5.5 | 0.16 (7.8+2.3) x10™% | (1.00.3) x 1072
rtr b 181+ 16 0.19 (3.5:0.7) x 107> | (4.6:0.9) x 1072
ke 83+ 11 0.11 (2.8:0.7 x1073 | (3.7:0.9) x 1072
ot pp 23+ 6 0.18 (4.7:1.3)x 107 | (0.6+0.2) x 1072
wtr bt 37+ 8 0.08 (1.4:0.5) x 1073 | (1.9:0.7) x 1072
o 11 0.0011 (2 2 )x107° | (3 #3 )x1072

a) We use B(y'+yx) = 0.075. The errors quoted for B(x~=f) do not include the
overall scale uncertainty of 35 % due to the error (+ 0.0026) in B(y' - vx).

x(3505) branching ratios

Decay Mode Events Efficiency BW »yx) B(x >f) | Bx > f) a)

ntn e 74 % 12 0.20 (1.4:0.4) x 107> | (2.0:0.6) x 1072
e 24+ 7 0.11 (0.8:0.3) x 1073 | (1.120.4) x 1072
wtrpp 6+ 4 0.19 (1.2:0.8) x10™% | (1.7:1.1) x 1073
ittt 48 + 15 0.08 (1.9:0.7) x 1073 | (2.7+1.1) x 1072
y 12+ 4 0.0011 (2.4:0.8) x 1072 | (34 +11 ) x 1072

a) We use B(y'» yx) = 0.071. The errors quoted for B(x - f) do not include the

overall scale uncertainty of 27 % due to the error (+ 0.019) in B(y' +>vyYx).
x(3550) branching ratios

Decay Mode Events Efficiency B(y'»yx) B(x »f) | B(x = f) a)
ﬂ+ﬂ_ -4 -3
;- or 9+ 4 0.18 (1.9¢€.8) x 10 " | (2.7+1.1) x 10
Ktk
S 89 + 12 0.20 (1.7+0.4) x 1073 | (2.420.6) x 1072
KK 47+ 8 0.12 (1.5:0.4) x 1073 | (2.1:0.6) x 1072
o 13+ 5 0.19 (2.6+1.0) x 107%| (3.7:1.4) x 1073
B At 23+ 15 0.08 (0.90.6) x 1073 | (1.3:0.8) x 1072
vy 4+ 2 0.0009 (1.0:0.6) x 1072 | (14 +8 ) x 107

a) We use B(y'~>vyx) = 0.070. The errors quoted for B(x - f) do not include
overall scale uncertainty of 29 % due to the error (%

the

0.020) in B( v'» vx).
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it to the 215 level as discussed in chap. 3.3. However, since neather. hadronic
decays nor angular distributions could be observed there is no direct experi-
mental information on the quantum numbers of this state except its even charge
_conjugation.

The transitions from y' to the 3P levels and from these to J/y are electric
dipole transitions.
For y'» vy 3PJ one finds4) for the partial width

I(E1) = 23 Q2 (20 + 1) K[ <2 p| r| 2 5> ]2 (3.33)

where Q 1is the quark charge, k the photon energy and J the spin of the final
state.

The experimental values for the branching ratio B (taken from Table 3.7)
and the partial width PJ (calculated with Ftot(w') = 228 keV) are shown
in table 3.9. The width TJ for the 3 transitions are remarkably constant. This
is due to the circumstance that (2J + 1) k® which according to (3.33) deter-
mines FJ turns out to change only by a factor of 2 (see table 3.9) because
of the balancing between (2J + 1) and k*®. The factor k> alone changes by a
factor of 50. As a consequence the experimental constancy of FJ supports very
strongly the assumed spin ordering since for different spins FJ would change
by Targe factors. This statement is independent of detailed calculations of
the matrix element.

Original estimatesz’4)

of the absolute decay rate were based on too

crude approximations and lack of precise knowledge of the transition energies.
The results of Tater calculations are given in table 3.9. They are in very
good agreement with the experimental FJ. This confirms that the c-quark charge

is Q = 2/3 since for Q = -1/3 a discrepancy by a factor of 4 would emerge.
The transition probabilities for the decays 3PJ ~ yvd/y are given by

ry(E1) = 25

5 Q% k¥|<1s |r| 2p>]. (3.34)
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Table 3.9
' 3P
¢ > vy J transitions
(Mev) | (20s1)|ke Byt yRy) | exp. 1y | theoretieal Ty (kel)
x107) (keV) Jackson ’} Henriques
123 0.93 7 2 16 +5 19 14
173 1.55 7.1+1.9 16 + 4 27 21
271 2.00 7.5:2.6 17 + 6 31 22
Table 3.10
3PJ-+'yJ/w transitions
3 7 3 o .
k (MeV) | k*(x10") | B( Pyyd/v) % theoretical T, (keV)
Jackson4) Eichten14) Henriques72) Lane4)
466 10 14 + 8 300 400 367 320
416 7.2 3 +11 230 300 258 200
318 3.2 3 3 100 140 120 90
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Compared to (3.33) (2J + 1) has been replaced by 3 and hence no balancing of the
k® dependence occurs. The experimental results for the branching ratios are given
in table 3.10. Since the total widths of the P-states are not known FJ cannot be
determined. On the other hand, from (3.34) only FJ can be calculated. As a conse-
quence a direct comparison between experimental and theoretical results is not
possible. Jackson73) has tried to estimate the total widths from sum rules and
QCD but the results are not accurate enough to enable a detailed comparison.

Quantitatively one sees by inspecting table 3.10 that B(3P1+"yd/w ) is lar-

ger than the other two branching ratios and also its absolute value of (34 = 11) %
is remarkably big. In contrast the theoretical value FJ for this transition lies
between the other two. This indicates that the hadronic decays of 3P1 (3.51) are
suppressed compared to the other 23P-states. This can be understood in terms of
QCD as will be explained in the follwing section.

In terms of the simple charmonium picture the hadronic widths of the P-states
35)

are given approximately by the annihilation of cc into two gluons for J = 0,2
and into 3 gluons(or 1 gluon and a light qq pa1r74))for J=1.
g
c ,(f(- c ,(‘{\ c
or
C )X)) C :, T _
g q
q
J=0,2 J=1

The 2 gluon annihilation can be calculated in a straightforward way using
the analogy to the 2 photon annihilation of positronium which gives:

2

Q )
Py > vy) = Ny [R(0)]? (3.35)
where M is the c-quark mass, R' is the derivative of the radial part of the
wave function and the numerical constants are NO = 256/3 and N2 = lo24/45.

The 2 gluon annihilation is obtained by the substitution a® Q% - a§(2/9) where
Q is the c-charge and one arrives at
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[Py > g 9) = NS -%é_ | R'(0) |2 (3.36)

with NS = 96 and N3 = 128/5.

The term |R'(0)|? has to be calculated from an assumed potential and according
to whether a pure Coulomb, pure linear or a mixture of both is used, one
finds?*3%) |R'(0)]2 = 0.08 to 0.09 GeV®. From (3.36) one deduces then the

estimates

F(P2(3.55))* hadron)
F(Po(3.41))+ hadron)

R

0.5 MeV (3.37)
2.0 Mev .

(14

Using the experimental PJ-*yJ/w branching ratios one gets estimates for the
radiation widths of 70 and 60 keV, respectively. A comparison with the theore-
tical FJ(PJ+ Yy J/¢) listed in table. 3.10 shows discrepancies of factors 4

and 2. This can be considered as a reasonable although certainly not good
success of QCD.

The decay probabilities P,-yy as calculated from (3.35) are completely

J
negligible to the hadronic widths (3.37) and therefore also to the transitions
PJ > yd/y . Indeed the two photon decays have not been observed57) with

< -
B(v'> Pyy > vy y) ~ 4°10 4

For the J = 1 P-states the QCD prediction is much less certain. It has
74) 3P1 (J=1++)

decay whereas the ggg final state 1is most important for the 1P1 (J=1+-) state

been argued that the annihilation into g + qq dominates the

which has not been observed so far. Both of these transition rates involve
logarithmic divergences at zero binding energy and

al 4 M2
I(P; ~ hadrons) = N ﬁé— IR'(0)]% 1n (A_M’z‘_mz) (3.38)

with N; = 128/3r for 1"* and 320/9n for 177,

With the logarithm estimated as 2 1n(1/as) one finds for both J=1 states

I‘(P1 > hadrons) =~ 0.15 MeV. The width is about 1/3 of T'(P, + hadron) and the
reduction is mainly due to the extra power in o~ This delivers also the
qualitative explanation for the large electromagnetic branching ratio of
P1(3.55) which arises from the suppressed 3 gluon annihilation of this P-state.
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The general QCD formula (neglecting Togarithmic divergencies) for the
annihilation of a state with orbital angular momentum & into n gluons

may be quoted here59)
o 1\ (v
re gz ) IRy (OO (3.39)
c c

where R(Z) is the %2-th derivative of the wave function.

With respect to individual hadronic decay channels of the P-states very
little theoretical work has been done. The decay 3P - J/Yy + mr is unimportant
and has not been observed in contrast to ¢y ' > J/y + mm which dominates. The
SPJ
dered by the centrifugal barrier.

reason5) is that the decays > J/y +mmhave little phase space and are hin-

3.5 Summary of charmonium spectroscopy

An enormous effort at SPEAR and DORIS has produced over the last few
years convincing evidence for the charmonium model and for QCD.

The level scheme of the cc system as deduced from experiments is shown
in fig. 3.15 including levels above the binding limit. All the various types
of levels have been found. The orbital momentum £ = O state with parallel spins
J =17, the triplett 3p_states and the lowest SD-state. The - by now well
established - X(2.83) particle is very likely the lowest singlett 1S-state
although its quantum numbers have not been determined experimentally. If the
state at 3.45 GeV exists and if it is the first excited 1S—state remains to
be clarified. The singlett 1Pl-state is still missing but this is plausible
since it cannot be reached by radiative transitions from 1 states.

The spin dependent splittings of the levels seem to pose no principal
difficulties but yield on the other hand valuable information on the spin
dependent forces. The rather large splitting between the triplett and singlett
S-states may be associated either to anomalous gluon moments or the existence
of instantons. The splitting of the P-states indicates that the long range
confining potential contains Lorentz-scalar parts.

The hadronic and radiative transitions of the 1~ states can be explained
qualitatively in the frame of QCD by the annihilation into hard gluons. In-
teresting information on the mechanism of 0ZI hinderance and the mixing of qq
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states can be extracted.

~ The electromagnetic E1 transitions involving the 3P state are well under-
stood and contribute to the determination of their spins. The theoretical work
to explain the various hadronic decay channels is still rather scarce.

The M1 transitions involving the 15 states present major difficulties.
The real puzzle seems to be the fact that no hadronic decays of the XX (2.83)
and the x(3.45) have ever been seen.

Because of the exciting questions to be answered at higher energies the
clarification of many details of the charmonium system has been suspended. One
may hope that experimentalists and theorists will come back to these problems
since many interesting information on the interaction between 2 quarks might
be obtained.

¢ (L1)
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b2y $l~015)
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4, Total Cross Section and Inclusive Yields

A measurement of the total cross section e+e_ -+ hadrons can give impor-
tant information on quarks and the strong interaction. As discussed in
chap. 1.13 this process can go via an intermediate resonance state with J = 17~
provided the total ete energy E coincides with the rest mass of the reso-
nance.

4,1 Asymptotic limits of Ttot

Away from resonances the total hadronic cross section can be estimated
in the quark model on the basis of an asymptotically free theory with gluonic

corrections and one finds76)

o(ete” > hadrons) = o 3 2o Q2 (1 + a_(E)/m) (4.1)
Hu i 1 )

where Qi are the quark charges, o is the gluon-quark coupling constant whose

energy dependence is given by (1.1), and

0y = (47/3) (a/E)? = 86.8 nb / (E/GeV)* (4.2)

is the e'e” » p'u” total cross section. The sum has to be extended over those
quarks whose qq pairs can be produced at a given energy E. The factor 3 comes
from the 3 colour degrees of freedom (see chap. 1.21).

Since uS(E) decreases with increasing energy E the ratio
R = o(e+e- > hadrons)/ouu tends to an asymptotic value from above. In the
energy region 3 to 8 GeV 0 is of the order 0.2 (see 3.21) and hence in (4.1)
the Tast term arising from gluonic corrections should be of the order of 10 %
or Tess. For the 3 Tight quarks the asymptotic value is Ru,d,s = 3(2/9+4/9) = 2
and above the charm threshold one expects an increase by AR. = 3(4/9) = 1.333
which would give R = 10/3.

A heavy lepton with a sufficiently large mass can decay into hadrons and
hence can contribute to o(e+e- -+ hadrons). If the lepton is pointlike its
production cross section will be equal to % (38 - B® )/2 where the term mul-
tiplying T gives the threshold behaviour for a spin 1/2 particle (R = v/c of
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the lepton). The contribution to R will be AR]epton = Bx (38 -B%) / 2 where

B js the branching ratio of the lepton into hadrons. Since, however, in most
experiments measuring Ttot hadrons, electrons and muons are not identified decay
electrons and muons are taken for hadrons and consequently B = 1 and

AR]epton ~ 1 well above threshold. '

4.2 Experimental results for o(e+e' -+ hadrons)

The ratio R = o (e*e” + hadrons) / o(e'e” » u*u") in the range E = 2.4
to 7.7 GeV is shown in fig. 4.1, as measured at SPEAR’’). The data at lower
energies as obtained from Orsay, Frascati and Novosibirsk are still somewhat
scattering. In fig. 4.1 one notices a step around 4 GeV which is attributed

T 1 T T T 1
8 7

R | i

{
’**OHH*

Ecm (GOV)

to the opening up of the charm threshold. The resonance peaks appearing around
4 GeV will be discussed in chap. 4.2.

In fig. 4.2 recent data from
M NS DORIS obtained by the PLUTO’E27?)
60 L § PLUTO ] 80) )
1 § DASP ] and DASP experiment are shown

A o ] for the energy region 3.6 to 5.1 GeV.
" W [ The data of these two groups agree

40+

I ; very nicely and as far as the peaks
zofi§ ) are concerned their position coin-
] cides with those of the SPEAR data.
355 205 T iss T Tsos However, as can be seen from
W [GeV] fig. 4.3, where the SLAC-LBL and
Fig. 4.2 PLUTO data are compared, there is
a discrepancy of 10 to 15 % at

energies below 4.5 GeV. This difference might be due to systematic effects,
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e.g. acceptance corrections. These
should be smaller for PLUTO because

-of its larger acceptance (86 % as com~ R[ — 7 7~ 7 7,77 L 0 0
pared to 65 % for SLAC-LBL) and a more |

general trigger. Recent data from - %%
DELCOSG) seem to agree as far as the St g
absolute values are concerened with the L: §§
DORIS data but the systematic errors #q §§
are still about 20 %. 3k
It seems important to clarify the - i;

discrepancy between PLUTO and DASP a PLUTO
on one side and MARK 1 on the other, 1; ® SLAC LBL

since a 10 % difference corresponds i

~
I

to half a unit of R which is quite rele- T

35 40 L5 50
vant for the interpretation. ‘ W (Gev)
Fig. 4.3

The Tooser trigger enabled PLUTO to break down the total cross section
into charged multiplicities, as shown in fig. 4.4, It is remarkable that
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these partial cross sections and in particular the 2prong cross sections
show the same structures as Otot” The dip at 4.3 GeV is deepest in 2-prongs,
and indeed at this energy R can almost alone be attributed to 1ight quarks

and the heavy lepton.

In fig. 4.5 the various contributions to c(e+e'-+hadrons) are shown
schematically. For the 3 Tight quarks the asymptotic limit R = 2 is assumed.
It is remarkable that the new PLUTO results near E = 3.6 GeV are only about
10 % higher than this limit. The reason for this small difference can be due
to gluon corrections as discussed above or tails of lower resonances. The con-
tribution of the t-lepton has been calculated for a massSI) of 1.8 GeV. The
rise above the charm threshold can only be guessed but it was assumed that the
asymptotic 1imit of 10/3 has been reached around 5 GeV. The experimental va-
lue of R = 4.7 is higher than the expectation of about 4.2, which could be due
to tails of the resonances shown or because of the opening up of new thres-
holds.

?///

40 SOGeV

Fig. 4.5

In conclusion it can be stated that the data are in quite good agreement
with the 4 quark model and the existence of the heavy lepton and they confirm
explicitly the colour factor 3 in equ. (4.1).

In passing it might be mentioned that the average number of charged
hadrons is givenzg) by N> v 2.1t 0.7 In (E/GeV)2 with a value of about 4
in the region E = 3.6 to 5 GeV. It is remarkable that such a lTogarithmic rise

is found also in hadron-hadron collisions.
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4.3 Unbound resonances

Above the threshold for two D-mesons Ethr = 2MD = 3.726 GeV charmonium
resonances can decay into DD.Above this threshold one expects therefore pro-

cesses of the type efe” > *>DD according to the quark diagram

e+ /D
< q

The total width of these unbound resonances should correspond to orcinary
hadronic widths in contrast to J/y and y' which are below the threshold and
hence can decay only by 0ZI hindered hard gluon intermediate states (see chap.
3.28). If the cc system has JPC = 17~ these resonances should be observed

in o(e+e_ ~ hadrons). However, a peak in this cross section does not necessarily
belong to a resonance. It could also be produced by the opening of a new threshold
and associated fcrm factors which make the cross section drop fast at the high
energy side of the peak. Which case is realized has to be found out by detailed
studies. The situation of having discrete levels in the continuum is familiar
from nuclear and atomic physics and can occur if the potential is not Coulomb-
Tike

A resonance very close to the charm threshold was found at (3.77% 6) MeV
by the SLAC-LBL collaboration®®). Its widths was found to beT = (28 + 5) MeV.
This can be considered as a beautiful confirmation of the arguments based on
charm and QCD since the ¢' which Ties only 88 MeV lower but has a much smaller width.
This demonstrates the difference between an allowed and a 0ZI hindered decay.

The mass, the total and leptonic widths have been predicted by the Cornell
theory group14’85) for the lowest 3Dl-state with the help of the potential
model (see chap. 1.23) with astonishing accuracy. Therefore one might ask why
this resonance has not been detected before. The reason becomes obvious from
fig. 4.6a) which shows the uncorrected data. One notices that the resonance
falls on the large tail of the y' and an appreciable amount of statistics had
to be accumulated.
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In fig. 4.6b the results after applying
radiative corrections are shown. One
notices that the resonance shape is

T | | ! i r asymmetric. If one fits the data by

gk + 2 _ a Breit-Wigner form one has to assume

' that the width T'(E) depends on the

g1 asmeasured . energy. This in turn is expected be-

cause of the proximity of the DD thres-

T+ 7 hold. With these assumptions good
R fits to the data (see fig. 4.6b) can
b ' - be obtained. The resonance parameters

] + j;} ' are given in table 4.1.

5h _

+§+ #+ + + From the data to be discussed
‘T ¢++ 0 ] later one calculates a DD threshold
at 3.87 GeV which is well above the
resonance. As a consequence the 3.77
4 GeV particle should decay almost ex-
clusively into DD. The branching ratios
+ ¢ determined from the individual D decays
¢ are listed in table 4.1. This property
¢ T ) makes the 3.77 resonance a clean source
) Arpe 0°n*y . . .
23 S . 1 for D particles which provides the
68 3 .
i 3% 30 3h s possibility for a detailed study of

Ecm (GeV)
Fig. 4.6 these particles (see chap. 5.2).

I i ; i | l

rad corr b)

With fespect to the nature of the
3.77 level there seems to be no doubt that it should be identified with the
predicted 3D1 state. However, in a nonrelativistic treatment a D-state does
not couple to efe”. It can obtain a leptonic width by mixing with an S-state
and since the y' is so close one expects primarily a 13D1-23S1 mixing. If one

writes75) for the Teptonic width

N 3 3
eo(3.77) = a T (2°5)) + b (°Dy) (4.3)

where a and b are mixing parameters and ree (301) is the leptonic width of

a pure 3D1 state. With relativistic corrections Fee(BDl) = 0.1 keV was found75)
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and inserting the experimental Fee for the 3.77 and 3.68 GeV states one

obtains a/(a+b) ~0.13. This implies an appreciable mixing. If the mixing is

expressed in terms of a mixing angle one finds

4) o= (23 + 3)°.

Table 4.1 Parameters for unbound resonances
State Mass T T
MeV/c?2 keV keV Branching ratios | Experiment
301 3772 + 3 28 + 5 0.37 + 0.09| D0°5° 44+22 %|sLAc-LeL®?)
D™ 44+33 ¢
3770 + 6 24 + 5§ 0.18 + 0.06 DELCOSE)
4035 + 2 55 + 5 0.7 *+ 0.1 pLUTOSS)
4040 + 10 52 + 10 0.75 + 0.15 paspl23)
4146 + 4 47+ 11 0.4 + 0.1 PLUTOSS)
4156 + 20 78 + 20 0.77 + 0.23 pAsp123)
4414 + 33 + 10 0.44 + 0.14 SLAC-LBLS?)
4400 + 33 + 9 0.3 + 0.1 pLUTOSS)
4417 + 10 66 * 15 0.49 + 0.13 paspl23)

The total e'e” hadron cross section shows further peaks at 4.03, 4.15 and
4.40 GeV. If they are associated with resonances one can determine the parame-
ters given in table 4.1. These resonances could be 351 levels or 30 states with
some S-state mixing. Unfortunately there is no direct experimental evidence
to support such assignments. Also the predictions from the potential rodels
are not very reliable because of decay channels and other corrections (see
chap. 1.2). Structures can also be produced by opening thresholds, interfe-

. + - = =%
rence effects between resonances and form factors inee - DD, DD, D

* ﬁ* etc.

Consequently the identification of structures becomes less reliable the higher

the energy.

The pronounced peak at 4.03 GeV is due to the conjunction of the 3351 state
and the opening of the D*D* threshold at 4.012 GeV. That this peak is never-

theless a resonance can be seen in the Argand diagram for DD scattering

14,87)
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The peak at 4.15 GeV could be attributed in the standard model to the 23D1
state but it also lies just above the FF threshold at 4.06 GeV. To clarify the
character of this peak it would be interesting to look for F production which
is difficult, however. Nevertheless some evidence for F production has been
found123) (see also 4.43). The Argand diagram supports the interpretation as
a resonance

The resonance at 4.40 GeV finally could be associated85) to the 4351 state.

This 1is supported by the splitting 4.40 - 4.03 GeV = 400 MeV which agrees with

the expectation for 4351 - 3351 but does not fit so well with a D-state. A si-
milar argument applies to the leptonic width. The ratio Tee (4.4) / Foe (J/¥)=0.1
seems to be compatible with an S-state but too large for a D-state (see chap.
3.21)89),

Some broad structure seems to become apparent around 3.95 GeV (see fig. 4.7).
This bump may have to do with the opening of the 0¥ threshold at 3.872 GeV and
with a zero in the 23S decay amp]itude87). Similarly the broad structure around
4.35 GeV may be associated to the FF' threshold at 4.17 GeV. To chek this it would

be very interesting to look for F and F production in this energy region.

5-
® SLAC-LBL SPI?
& DELCO l Fig. 4.7
O DASP
st ’ AR in the region 3.9 to 4 GeV.
Because of the discrepancy in the
total height of R between SPEAR
3k and DORIS a "non charm" contribution
of 2.5 units has been subtracted for
I the SPEAR points and 1.5 units for
ras | T the DASP points.
+W+
[ o éf*ﬁ+
o [l L ‘].

w({GeV)
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The situation in the 3.9 to 5 GeV energy region is by no means settled.

The threshold and the speculative assignments are shown in table 4.2. However,

the standard potential model (see chap. 2.1) may be wrong, in particular the

Y -splitting (see chap. 6) seems to indicate that the confining potential is

not linear at higher energies. As a consequence the S-spacing could be much

smaller and all the structures above 4 GeV could be S-wave resonances. More

experimental and theoretical work is needed.

Table 4.2 Thresholds and speculative assignments to peaks
in the 3.8 to 5 GeV region
Threshold Peak
Type E (GeV) E  (GeV) Interpretation observed
decays
DD 3.726
3.772 1°0, + 2 (275, mixing)| 0B
DD* 3.872
~ 3.95 threshold + form
factor
p*p* 4.012
4.03 3%, Db, 6%, 0*D*
+ threshold
FF 4.06
3 -
4.15 2 D1 FE
or threshold
FF 4.17
~ 4,35 threshold?
P 4.28
4.40 s 9 FE*
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The 4.03 GeV resonance is above the thresholds for DD, DD® and D*D" decay
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but below the thresholds for decays into F-particles. At SPEAR a large sample

of data has been accumulated and the branching ratios for the 3 decay channels
(see chap. 5) have been measured88’89). The results are shown in table 4.3. The
surprising result is that after.correcting for the very different phase spaces
the D¥ production is very much favoured. In a naive quark model the ratios of
the production probabilities should simply be given by statistical spin factors

which indeed favour the D'D* channel but much less than experimentally found.

Exclusive production of D° from decays of the

Table 4.3
4.03 GeV resonance

D® from p° §° D°5*%+0*95° | D* p*° charged D Ref.
Fractions ~
Experiment 0.05 + 0.03 0.38 + 0.08 0.40 + 0.10 0.16 + 0.11 88) 89)
Exp. after
Phase space 0.2 = 0.1 4.0 = 0.8 128 + 40 70)
corrections
Statistical
spin fac- 1 4 7 85) 23)
tors
node in decay 0.04 4 30 85) 87)
amplitude -
decoupling 0.9 4 175 90)
scheme )

(normalized to

second column)

The Cornell theory group has tried to explain the experimental ratios

in terms of a coupled channel model which produces a p-wave decay amplitude for
335-+(cﬁ) + (cu) which is oscillating and has a node. As a consequence the cross

section o(e‘e” ~DD) has a zero near 4 GeV and the DD production is strongly

suppressed with respect to D¥D*.The ratios inferred from this model are

given (after phase space corrections) in the fourth line of table 4.3. The
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tendency agrees with the experimental values, but there are still differences
of factors 4 to 5. While it seems possible to tune the model to get a better
agreement on the ratios it seems difficu]tgg) to get reasonable ratios and at
the same time explain the maximum of R.

An alternative exp]anationgl)

has been offered for the large D*p* pro-
duction by assuming that the 4.03 GeV particle is a D*0* ‘molecule'. If this
were true, one expects by a rearranging of the 4 quarks the decay into J/y
which was estimated to occur on the 10 % Tlevel. PLUT092) has looked for the
inclusive production of J/¢ in the energy region from 4.0 to 5.0 GeV. A
cross section of 31 + 21 pb has been found which corresponds to 0.13 % of
the total hadronic cross section. Consequently no enhancement due to 'mole-
cules' has been seen and the observed J/y production can be understood93)

in terms of normal 0ZI forbidden transitions.

Still another mode]go) to explain the enhanced D*p* production just
above threshold is based on a decoupling scheme. Its basic assumption which
can be defended on quite general grounds says that of a vector particle
decaying into 2 particles with spins Jl and J2 only the ground state and
the first J; + J2 excitations (or daughters) can couple to these 2 particles.
Hence the ground state of a JP = 1 particle can decay into two J = 0 particles
but not the higher recurrences. This seems to hold for the p,wand ¢ Regge
trajectories separately (e.g. forbidding p'(1520) - 2m). If applied to char-
monium states, one expects the 135 (= J/¥), 235 (=v'), 3% (= 4.03 GeV)
states to couple to 0*p* (each having spin 1 and hence Jl + J2 = 2) whereas
the 33
tailed analysis with form factors yields the ratios given in table 4.3 which

S state should not couple to DD which explains the suppression. A de-

reproduce the tendency of the experimental values, but again some discre-
pancies remain.

This decoupling scheme could help to sort out the structures of the
total cross section. It predicts that the 435 state (perhaps at 4.40 GeV)
should not decay into p*p* pairs or any lower spin configuration like DD,
DD* etc. The 23D and 33D should couple to D*D* whereas the 13D can couple
to DD (and higher spin configuration which are forbidden by energy conser-
vation, however). The 23D may also decay into DB* + BD* which might help to
identify the 4.15 GeV peak.
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4.4 Inclusive particle yields

Inclusive particle production can give interesting information in various
ways. Inclusive particle spectra are related to parton models and indeed the
momentum distribution of hadrons produced in ete” annihi]atfonzg) found con-
siderable theoretical interest. However, it is beyond the sscope of this review
to cover this subject. Here we are rather interested to learn something about
the production of new particles, which can produce steps in the total yield of
one kind of particle. As will be shown in chap. 5 the D mesons decay preferen-
tially to K-mesons and also electrons. Therefore at the threshold for D pro-
duction one expects a 'sudden increase in the inclusive K and e production.
Similarly the F mesons tend to decay tonand therefore a measurement of the
n yield seems interesting. Charmed baryons will lead to final states with
nucleon-antinucleon pairs, which have been looked for.

A step in K-production at an energy where the efe” > DD channel opens
up provides very good evidence for the existence of charmed particles.
StranQe]y enough such an increase in the inclusive cross section could not
be seen for quite some time. Only at the beginning of 1977 PLUT095) was able
to see a step in the Kg cross section at an energy of 4 GeV. This was imme-
diately confirmed by DASP96) for charged K-mesons (fig. 4.8). Assuming that

the increase found in the K cross

L R LI S I h —T 1) section has the same origin as the
ezolee —~Keranything] , PLUT tor One finds that 60 to 80 ¥

Lo o0 (ete—K* +anything), DASP
of the final states produced in the new

4 phenomenon contain kaons. The number

step in o

- ﬁ 4 4 of Kg per event is 0.39 + 0.06 and
= +- +‘ +._+_ + 4 since the number of all kaons is four
- oK™ * ——+__+ﬁ _+_ t 4 times larger one has 1.56 + 0.24 kaons
=4§ _______ 7 per event, which comes close to 2.
B L T_._T-T-l--—._—j’;[—s;‘“: This figure is expected if pairs of
L0 L5 5.0 charm particles are produced and each
Inclusive Cross S:cti;n of kaons decays into a kaon. Additional proof
Fig. 4.

that the kaons are associated to charm
production comes from the K-spectra.
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In fig. 4.% two spectra for charged E do F \+ IS (Gev) 3
kaons are shown as an examp1e96). 4xp dp N o ng E
One spectrum was taken below, the ~ N N - .
. 3 + *\4 [)AéSP
other just above the charm threshold. Q4L . B
o] - =
The spectra agree above a K-momentum c - % t 3
of about 1 GeV/c whereas at lower C i ]
momenta a clear difference can be B f . f 1
seen. This is exactly what one ex- 01k f ' f\ -
pects from D's decaying almost at - N f ]
rest. Each D carries roughly the beam L )
energy and about half of this ener- i % 7
gy or less is available for the kaon, 05 11 1 {0 A RS R 1%
. < . . .
f.e. By~ Byoan/2: Fig. 4.9 E (Gev)

Kaon yields obtained97’98) by MARK 1 also show the pronounced rise at

4 GeV but the yields are larger than those found at DORIS (fig. 4.lo). How-
ever, the MARK 1 data were corrected by about 20 % for Tosses at low

K momenta and Tosses in the analysis. No such corrections have been applied
to the PLUTO data. The remaining discrepancy has about the same size as the
difference of the total cross sections, except at an energy of 4.415 GeV.
Here the MARK 1 point lies significantly higher than the PLUTO result. This
could be due to the fact that the MARK 1'data were taken exactly at the peak
of the resonance whereas the PLUTO data are averaged over + 15 MeV.

| iy
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Charmed particles can decay by weak interaction to final states con-
taining only hadrons or also leptons (semileptonic decays) (see chap. 5).
As a consequence one expects a step in the cross section for electron
production. Indeed since ordinary hadrons have very small branching ratios
for the decay into electrons, the cross section for electron production
should jump from practically zero to a large value at charm threshold. The
electrons originating from charm decays are accompanied by several hadrons
since e.g. ete” - DD » (D> K e v)+(D~hadron). The decay of a heavy lepton
on the other hand leads preferentially to 2 prong final states, e.qg.
ete” » 1T+ (T>e w)+(T+puw). Therefore the electron yield is measured
for events containing 2 or more additional prongs besides the identified
electron.

80)126)

Three groups have measured inclusive electron spectra. DASP and

DELC086) use Cerenkov counters for electron identification, whereas MARK 1 98)
has recently be complemented by a Tead glass wall. The results of the three
groups are presented in fig. 4.11. Indeed, one notices the rise of
+ - . + - 4+ -
o bELCO Re = o(e e > e + anything) / o(e'e »uyu )
® DASP from zero below charm threshold to values
X Pb Giass wall
of the order of 0.2 above 4.0 GeV. A peak
04t - can also be seen at the 3772 GeV resonance.

There is a marked difference between the
DASP and DELCO data around 4.2 GeV. The
dip seen by DELCO at 4.25 GeV is not pre-
sent in the DASP data but this may be due
o _L to the averaging of the DASP data over

} !I,I 300 MeV. The dip may even be consistent
} { ‘ IT‘T with no charm production since the sepa-
+ *} 1 n ration of the lepton decays was not per-

} + +ﬁ fect and hence the value of R, at the dip
B # ** could be entirely associated to T decays.

H+++ It should be noted that also the total
Y cross section has a dip at that energy
._“1' tl ] L " = (see 4.2).
¥ E,,, (Gev)
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One can now attempt to calculate the branching ratio Be of the charmed
mesons into electrons: |

_I' (D>e + anything) _ Re (4.4)

Be - T (D~ anything) " 2R

charm

Ré is derived from Re as shown in fig. 4.11 by correcting for losses of electrons
at low momenta and of events with 2 charged tracks and by subtracting the con-
tributions from T decay (10 to 20 %). Furthermore R =R - RT - Ro]d’ where

Ro]d is the R-value below charm threshold.

charm

The results are shown in fig. 4.12. The SPEAR data tend to be lower than
the DASP-results which is mainly due to the difference in R used to calcu-
late Be.

Fig. 4.12 demonstrates that Be does not change much with energy. This is re-
markable since at higher energies F mesons and charmed baryons can contribute.
The constancy of Be can either mean that F and baryon production is negligible

or that the branching ratios of these particles are similar to those of the
D meson.
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- - - - wn = - e - - - .- - -

' Kaons in the final state indicate the decays of D mesons, the appearance
of n is a sign of F decays (see chap. 5). The inclusive yield of n offers
therefore an interesting possibility to find energies where F production is

appreciable.

Unfortunately the signature to identify a n decaying into 2y is not very
strong and therefore it seemed for sometime very unlikely to find them at all.
A solution to this problem was found by the DASP8°)99)123) collaboration.
Instead of looking for the reaction ete” > FF they tried to observe ete™ > FFX.
The F* decays F* > vF and with an estimated photon energy of about 100 MeV
(see chap. 2.22) this low energy photon yields an additional signature. With
F > nm > yym one arrives at final states containing 3 photons, 2 originating
from the n and one having low energy. The invariant mass distributions for
two photons are shown123) for different energies in fig. 4.13a and b. For the
energy interval 4.36 to 4.48 GeV a clear n signal can be seen besides a m°
peak. For the other energy intervals nonsignal appears. If the back-
ground is subtracted one obtains the inclusive n yield as function of the
efe energy, as presented in fig. 4.14. The cross section is consistent with
zero except at 4.4 GeV, where almost all of the n mesons are accompanied by
a low energy photon. A rough estimate gives a value o -<nn> ~ few nb, where
o is the production cross section and <nn> the average multiplicity. These
data indicate that n production is strong at the 4.4 GeV resonance but small
everywhere else. This might indicate a similar behaviour as for D production
where DD* production is dominant somewhat above threshold (see chap. 4.33).
Exactly because of this analogy the F search was started around Ecm::4.4 GeV.

123) and

Recently the analysis of events containing n could be improved
as a result the requirement of having a Tow energy photon in the final state
could be dropped. Hence a search for n originating from e'e” - FF became possible.
A clear n signal was found in the energy interval 4.10 to 4.22 GeV (fig. 4.15)
which is just above the threshold at 4.06 GeV. No n's were observed in the
energy interval 4.00 to 4.06 GeV as is expected. This F production just above
threshold can be compared to D production at 3.77 GeV and should be an ideal
source to study F decays. Indeed electrons indicating semileptonic decays have

been observed (fig. 4.15).
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4.44 Inclusive Pys antinucleon and strange particle production

- e - e T o o D S5 G e S - - - o = - o S

Inclusive o production has been reported by PLUT079)

. The P spectrum
follows the same exponential shape as found for charged pions but the absolute
cross section is about a factor of 2 higher. The yield as function of the e'e”

energy is shown in fig. 4.16. The large error bars indicate systematic

L] T T T L v T
- PLUTO
Rig) = O le'e” —s¢*+any) preliminary
Oup
2t 4
1} # * i * l 4
1 A A 1 1 I w 1
35 L0 L5 S0 Gev

4.16

errors which are independent of energy. The data, therefore, exhibit a step
just below 4 GeV, the threshold of charm,but also of heavy lepton production.
The average value of R(po) ~ 1.3 for W > 4 GeV may be used to estimate which
fraction of charged pions comes from vector mesons. The result is that more
than 50 % of all pions originate from vector mesons. Predominance of vector
mesons over pseudoscalars is expected from the quark model simply on the basis
of statistical spin factors. ‘

The observation of antinucleons and strange baryons is very interesting
since it can indicate the production of charmed baryons. Some early results
for p production have been obtained by DASPlOO) (fig. 4.17). Very nice results
from the MARK 1 detector have been published recent]leI) (fig. 4.18) for p
and A + A production. The antiprotonswere identified by TOF measurements.
The difference of R(p + p) = 2R(p) between the DASP and MARK 1 data is probably
due to different cut-offs at low p momenta. The data indicate a rise by a fac-
tor of about 2 in the region between 4 and 5 GeV.
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The increase of the cross sections coincides with the expected thresholds
for singly charmed baryons (strangeness 0 or 1) around 4.4 GeV. If the in-
crease is indeed due to charmed baryon production, the ratio of charmed bar-
yons to uncharmed baryon production is about the same as the corresponding
ratios for mesons.

R(A+A) is about 10 to 15 % of R(p + p) = 2R(p). The smallness of this
figure indicates that the weak decays of charmed baryons prefer modes with
nucleon plus strange meson and pions in the final state instead of A's.

The production of anti-sigmas has been measured by the UCLA-SLAC coll-
borationgg). The T were identified by combining the n with a m in a mass
plot. The n were detected through their annihilation properties, and their
momentum was measured by TOF. At an ee energy of 7 GeV 27 events were ob-
served, but practically none at 4 GeV. This gives an increase of
ARECT ) = 0.11 + 0.05.

The most direct evidence for the production of charmed baryons in e'e”
annihilation would be the observation of a peak in the mass distribution of

the expected decay particles. This has not been achieved so far and a compa-

lo2)

rison with the two charmed baryon candidates found in photo and neu-

trin01°3)

production is not yet possible. Here is a rich yet uncovered field
for e+e_ experimentation, although it seems that baryon production cross

sections are in general relatively small.
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5. Charmed Mesons and their Weak Decays

As we saw in preceeding chapters, the charm hypothe5151°6’1°7)

can explain
most of the experimental findings connected with the cc-system. The final proof
for charm comes from the detection of mesons consisting of a charm quark and a
light antiquark and their anti particles. Of course, one expects that according
to the two relative spin orientations each cq state occurs as para (J = 0) and

ortho (S = 1) particle. The following nomenclature is generally accepted:

C=+1: D =cd, D° =cu, F =cs pseudoscalars
C=-1: D =cd, D° =cu, F =2s J=0

p* - cd, D*0 - cu, - cS vectors

etc. J=1

The D* and D° form an isodoublett, whereas F¥ is an isosinglett (see chap. 1.21).

The masses of these particles were predicted3’23’34)

with astonishing
accuracy on the basis of the naive model (chap. 2). The experimental masses
are collected in Table 1b. The great triumph of the charm model is the existen-
ce of all the cq states that had been predicted, at least for the states where

c and q have orbital angular momentum zero. P-states for the cu and cd system

have been predicted with the following masse523’24):
D(11p) = 2.5 Gev
D(1%p,) = 2.4 Ge
D(1%p,) = 2.6 Gev
D(1%p,) = 2.6 Ge

None os these states has been identified so far.

The excited states can decay to the ground states by hadronic or electro-
magnetic interaction, e.qg. 0¥+ D+ Ty p* > D +yor F* 5 F + v(see chap. 5.4).
The higher states are therefore expected to have rather large widths. The
ground states (predicted to be the pseudoscalar states), however, can decay
only by weak interaction and hence should be quite narrow. This is because the
strong interaction conserves charm charge and therefore a cq system is stable,
whereas the weak interaction can convert a c-quark to light quark.
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In order to discuss the weak decays of the D and F mesons we shall very
briefly recall the structure of weak interactions in its simplest form.

5.1 Minimal theory of weak interactions

109,110,111) of weak interaction is based on SU(2)w

doubletts. Assuming that there are 4 leptons and 4 quarks one has

The minimal formalism

Q Leptons Quarks Q
|
0 Ve vu u c % 2/3
-1 e/ v d' L s'JIL 5—1/3

A1l these doublets contain left-handed particles. The right-handed quarks and
leptons are singlets under SU(Z)W. (For larger aroups see for examp]elog)
chap. 6.)

and

: . — 1+ — — 1+ —
Each doublet gives rise to a current a1 v, -—i;ﬁ q2=(q1q2) or QIYU —7¥5~22=(£122)
where q and & stand for a quark and lepton, respectively and 1 and 2
belong to the same doublet. In the following we shall use the abbreviation
(ﬁlqz) and (Elgz). A V-A coupling is assumed.

The d and s quarks are eigenstates of the strong interaction. This need
not be true for the weak interaction. Hence the most general possibility is
the Cabibbo structure, which allows mixing between isodoublets. As can be shown

the most general case for 4 quarks is covered by the rotationlog)

d' d+cos® + s+ sind

s' -d+sin®@ + s « ¢o0sO

Where © 1is the Cabibbo angle.

A mixing for the leptons has no physical meaning if the neutrino masses are
zero, since in this case the rotated as well as the unrotated states are
eigenvalues of the mass matrix. The mixing between quarks ensures that there

is only one conserved baryon number whereas the non-mixing of neutrinos results
in separately conserved electron and muon Tepton charges.
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The effective weak Hamiltonian in lowest order is given by
4G '
k F .
HYE = m (3, + ) (9, + 9p) T (5.2)

The lepton current Jg and the hadron current Jh can both be split in a charged
current J° and a neutral current JN with

c _ —— —
Jg = (ve e) + (vuu) 5 3
N_ - AN - (5.3)
By = (% ve) *+ (9,9, ) - (2e)~(ii)
o - Al e !
Jp = (Ud') + (Ts') (5.4)
= coso(ud + Ts) + sino (us - ©d)
N - = - :
J. = uu+cc-dd -s's-sin2g,d
h W “el (5'5)

- - A= o
uu + cc dd SS sin® O W Je2

In (5.5) the electromagnetic current Je2 has been added and the Weinberg ang1e111)

Oy is the SU(2)w><U(1) mixing angle.We shall not be concerned here with the uni-
fication of electromagnetic and weak interaction but for completeness the
following relations may be quoted:

a6 ,
F_ g _37.3 GeV
VI Sz My = sine,
W

e/g = sinoy,, M,

(5.6)

Mw/ cos © W

where g is the SU(2) coupling constant, and Mw, MZ are the masses of the
charged and neutral intermediate boson.

More important for the following discussion is the GIM mechanism1°7).

The existence of the charm quark had been postulated in order to explain the
absence of strangeness changing neutral currents as in the decays KO u+u-

or K+ m v v. The hadronic neutral current (5.5) is invariant under rotations

in the Cabibbo angle, as can be seen explicitly. Jﬂ does not contain © and

in particular the terms sin@. cos® (ds + sd) are cancelled. Hence transitions
between the d and s quark are forbidden and the missing of the |AS| =1
K-decays is thus explained. However, the GIM mechanism automatically forbids
also the neutral transitions between u and c¢ quark. The experimental eviden-
ce for this expectation will be discussed later.
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The charged hadronic current (5.4) contains two parts. One is proportional
to cos® involving the transitions u<>d and c<«+s. The other contains the factor
sind associated to the transitions u<>s and c«~+d. From the hinderance of
strange particle decays relative to non-strange decays one finds sinc = 0.2.
Hence one calls the decays proportional to cos® Cabibbo allowed and those in-
volving sin® Cabibbo forbidden.

The behaviour of the hadronic currents can nicely be summarized in fig. 5.1.
Each corner of the square represents a quark whose charge is indicated in brackets.

cos6¢ /Y\ cos GCIZ%S:Z]
/ |- 18Qr0

d(J%]ipﬁi--ZT ————— 3ii§cvh)

The full arrows show the Cabibbo allowed, the broken arrows the Cabibbo for-
bidden decays. Both involve a change of the electric charge by one unit.

Neutral current transitions would have to be represented by diagonal
arrows. The transition d«»s has |AS| = 1 and the transition u <»c has |AC| = 1.
These strangness or charm changing neutral currents are cancelled by the GIM
mechanism since the amplitude going from s to d via u is proportional to sind
cosO® whereas via ¢ a factor -sino . cos® is picked up and these two contributions
cancel each other. Similarly the transition u<»c via s and d is cancelled. The
only neutral currents which exist connect each corner of the square to itself,
e.g. Uu<>u.

It might be mentioned that the c-quark was not only invented for the
GIM mechanism but also establishes symmetry between quarks and leptons. One
consequence is that the sum of all fermion charges is zero (counting the quark
charged three times because of colour) ensuring the absence of anomalies as
required in renormalizable theories.
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The most important message we get from this structure of weak inter-
‘actions for the detection of charmed particles is the strong coupling between
c and s, resulting in a predominance of strange particies in D and F decays.
More specifically one has the diagrams

K- O MMKK T
1] s s s u d
W W W
u c B c u c
D° F* D°
Cabibbo allowed (~ cos6) forbidden (~sinQ)

where the W boson can couple on the right side to leptons (semileptonic
decays) or quarks (hadronic decays). In both cases D° decays preferentially
into K and F into n, n'. Therefore these strange particles in the final state
are important signatures to observe the D and F.

- o e o o s o = W - o - - -

From (5.4) it can be seen that the Cabibbo allowed decay transforms
c<>s whereas c<>»d is suppressed by tgo in the amplitude. Hence one expects
the following decays with leptons only in the final state

Ve ,Vu _ Ve Vu
5 cos© g d sin© !
- ~
c o
e e
F+ 'J-++V|J_ Ip’ ’ D+ u+vu IIJ'
allowed suppressed

The decay F'» u+vu is analogous to m -+ u 5? or K »u Gﬁ. Hence one
expects for its decay ratellz)



fF ) mK 3 m; - mzu
P(F‘*U\)) = F(K—*]J\)) . ctg@ . ?n-‘- '—m—-z—-:——m—z—— . (5.7)
- K f K u
Assuming that the decay constants fF and fK are equa]llone finds with me = 2.03 GeV
9 -1
T(Fruv) = 4.2x107 s ~. (5.8)
The actual value could be larger by a factor of ~ 2 since one expects
> > . .
fF ~ fK ~ f. and indeed fK = 1.28 f.
As will be shown later the decay width into hadrons is of the order
Iiot(F) = 1013 s_1 and hence the branching ratio B(F»uv) = 10'3 to 10'4 which

is very small. However, the u spectrum is characteristic for a two-body decay
and might be observable.

The decay Ffroet Ve is suppressed relative to (5.7) by a factor (me/mu)2
and is negligible.

The particularly interesting decay Fr >TV is unfortunately very difficult
to observe.

The Teptonic decays of D particles are Cabibbo forbidden and hence are re-
tarded by a factor tg?0 =~ 0.05 with respect to allowed decays. As a conse-
quence their branching ratios are very small.

In summary it can be stated that leptonic decays of D and F are very weak
and indeed have not been observed so far.

- o o = e =W e e e - - = -

Such decays are of particular interest since they offer the cleanest
way to study the charm current. This is because they originate from the product
J; Jh (see 5.2) which implies that the hadronic current appears only once and
is multiplied by the well known leptonic current. The two possible decay modes
are:

decay | amplitude I AS ] Al I
c~+s 2+ve cosO 1 0 AQ = AC = AS
c~d ey, -sino 0 1/2 AQ = AC = |1]
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If the c-quark is combined eather with u or s one has the following

decays:
K- L T
a S S| |s u d
Vl Ve Ve
(g i+ +
u c 5| |c a C
D° F+ D°
aliowed forbidden

The decay rates can be estimated using symmetry arguments and making assumptions

about the form factor5112’114). One finds for examp1e112’114)
0 - + T_n.D_s 2 o - +

I'(D"+Kewv) = m ) cot® o - T(K'»m e V) (5.9)

r(0%- K etv) (DK% vy ~ 1,4 x 1011 71 (5.10)
and with

r(0% k*2*v) /7 (%K 2*v) = 0.54 (5.11)
one obtains

r(0%> K2ty = 10" > K*%t) = 0.7x 1011 571 (5.12)

For the decays of the F meson one can derive similar expressions but they

are less reliable because of n and n' mixing. Estimates are112’114)
rFt>o 2t %) = 0.9 x 10ttt
+ + -© 11 -1
T(F »nt v) = 1.1 x 107" s (5.13)
¥ + =€ 11 -1
[(F »n'g ve) = 0.3 x 107" s
implying
T(F>n'2v,) / T(F~>n ) =0.29 (5.14)

The decay F - w 2 v is OZI suppressed since the w has very little strange
quark content.
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For the Cabibbo forbidden decay one finds the estimatella)

r(d® > n e v) / T(D°+Kev)= 2 tg® 0 = 0.1 (5.15)

and similar suppression factors for D" > %% and F* > K%, The decay
F*> %%y is Cabibbo and 0ZI suppressed and hence negligible.

Besides the transition rates one can calculate the momentum spectra of
the Teptons. These will be discussed below together with the experimental
results.

Measurements of the ratios given above present an important test of the
structure of the hadronic current. Significant violations could indicate new
pieces in the hadronic currents.

The understanding of nonleptonic decays is complicated by the influence
of the strong interaction on the weak current product Jﬁ Jﬁf. Charmed and strange
particle decays are differently affectedllz):

1) asymptotic freedom suggests a reduced influence on charmed particle
decay amplitudes

2)  the quark field of strange particles contains the combination cc - uu
which couples to a gluon. In the Cabibbo-allowed decays of charmed par-
ticles, on the other hand, a corresponding coupling does not exist. For

Cabibbo suppressed decays the combination ss - dd has a small effective

coupling to gluons.

3)  two-body decays of charmed particles are more energetic and therefore
less influenced by final state interactions.

Because of the arguments given above two-body decays of charmed particle
should be particularly suited to be described in terms of simple quark dia-

grams1125114)

. Amplitudes are usually calculated using colour factors and
exact SU(3) and ignoring gluons. This approach should allow to test the
general structure of weak interactions involving c quarks. Corrections should

be comparatively small to ratios of decay rates.
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- e e o e e e e e = e - e wm om =Y -

The graphs are shown in fig. 5.2, Examples are the decays
0° » Kn, D> K° 7t and FY - . The diagrams on the right of fig. 5.2
are suppressed by a colour factor 1/9 compared to those on the left. This
is because of the sum over the three colours in the outgoing meson for the
diagrams on the left, whereas the colours must match in the diagrams on the
right side and hence the colour enhancement is Tacking. The decays of D" are

K™, K*. . e e° .
gl |s . ul| |u d _
u EJD", . KO,K*O,
___&a :%
d c u c
p° 0°
K, K*® ot
d S u n+p+ d yi‘(ok’*o
-_—a‘ :/
d c dl le
0* 0*
¢,T|,... K+,'K*+’.,.
s s 3 u -

W
o
wi

F* F*
Fig. 5.2: Cabibbo allowed two-body decays of charmed particles

special since the two diagrams lead to the same final states and therefore
add coherently.

One immediately finds many relations for the Cabibbo allowed decays:

P(0° K 1) = 2r (F> nr') = (3/8)% T(D* » K°1) = (5.16)
187 (0% » K° %) = or (F* > k* K9) '
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One interesting consequence is the suppression of F* > K'K° which makes this
decay unfavourable to look for Fr.

Decay rates for Cabibbo allowed decays have been calculated taking into
account short distance gluon corrections, SU(3) breaking and form factorsllz).
The results are given in table 5.1.

. . . 112)
Table 5.1: Theoretical nonleptonic 2-body rates

of Cabibbo allowed decays of D and F

Decay mode Decay width Decay mode Decay width
101! s'1 1011 s7!

colour enhanced

D° » K oF 2.3 D0 - K*0 ,* 3.4
K* ot 1.7 K of 3.7
K™ ot 1.7 K*O ot 2.7
K* ot 0.96 Ko ot 3.7

colour suppressed colour enhanced

D° » 0 K*O 0.14 F' o oot 2.2
w® R*C 0.14 no" 1.6
° K 0.22 n'o’ 0.5
n K 0.06 o 1.1
n' k¥ 0.0005 noat 1.1
po R° 0.09 n"ﬂ+ 0.6
w K 0.08
7° K° 0.2 colour suppressed
n ¥° 0.08 Fr L O M0 0.4
n' g° 0.03 K+ E*O 0.5

K** «° 0.2
k¥ K° 0.4

Besides the graphs shown in fig. 5.2 other graphs can contribute to
two-body decays which are of two types
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D
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0 qre o 0 T2 0
F—"'p 1" ¢ D—pP K s

Fig. 5.3

The amplitudes for these graphs are multiplied by the factors mﬂz/ (mé - m;)
and sz/ (mE - mé), respectively, and hence they can be neglected relative
to the graphs of fig. 5.2. The expectation

+
+) « 1 (5.17)

can be considered a significant test of the ideas underlying the quark graphs.
If an additional gq pair is added to the final state of the left graph one
obtains a prediction for the 3 body decay F' » nintn”

F(F+-*N+W+ﬂili w1

_ (5.18)
r(F k'™

which provides a similar test as (5.17).

In non-leptonic decays the Cabibbo suppression proportional to sino
can occur on either or both vertices. This is shown in fig. 5.4.

Fig. 5.4: Cabibbo forbidden non leptonic decays

s uls u di:>> _—<ii/ d u
c c c d c S

al

3
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Al 1 1/2 1/2, 3/2 0,1
Amplitude ~ co0s20 c0sO + $ind -SiRO » COSO -sin?%e

Exa

mple 0% > K'nt 0% > mn’ 0° > 'ty

D0 N KO'ITO
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The corresponding single or double suppression factors are tg?0 ~ 0.05 and

tg*e , respecticely. From the graphs the following relations can be decuded!!®)

ELDO -> ﬂ+ﬂ-) -2 r(p* > w+ﬂ0)
+

r(F > k%) _, D(FT > KO
r(p® - K'n") r(p* - k%" *

1
Zo(Ft 5 r(F* > X%

(5.19)

A1l these ratios are of order tg2o.

For the singly suppressed decay F¥ s nK+ the decay rate is estimated
r(F* >nk*) = 0.05 x 101! 71,

112)

The part of the interaction that gives rise to non-leptonic decays is
given by J Ji" of (5.4). This part of the Hamiltonian transforms as a sum
of the symmetric gp and 84 representations of SU(4). Broken down into SU(3)
representations one has

SU(4) SU(3

AC = 0 lac] =1
20 8 (a1 = 1/2) ST
0 827 (o1=3/2)| 15 15

The decay F* » m%* is Cabibbo and 0ZI suppressed.

According to the well known AI = 1/2 rule which was found experimentally,

the non-leptonic decays of strange particles (AC = 0) are enhanced. From the
above table it is seen that this octet enhancement can be interpreted as 2o0-plet
enhancement in an exact SU(4). If this were true the octet enhancement should be
associated to a sextet enhancement of the decays of charmed particles. Whether
this concept is true is one of the interesting questions that can be answered
from a study of non-leptonic decays of charm particles.

0f course, the predominance of the 2o-plet with respect to the 84-plet
can be due either to an enhancement of the 2o-plet or a suppression of the
84-plet. An enhancement of the 2o0-plet and consequently of the sextet would
lead to a large non-leptonic decay rate and a small semileptonic branching ratio
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for the D decays. The suppression of 84 and hence of 15 forbids the decay

D* » K%, As will be discussed below the semi-leptonic branching ratio for D
decay js 11 + 3 % which is not small and also the DY~ K°r" decays have been
observed. In conclusion it seems that there is no sextet predominance and a
different expianation for the octet enhancement has to be found.

B e e R g R T T PP e P e R R Rl g

Decays of D and F mesons in many hadrons which are Cabibbo allowed are
proportional to cos“® and have AC = AS = # 1. They can be written symbolically

0 0

D+ (K+n m)

+

D" > (R+n ) (5.20)

FFom+n o) (0 +nm)t, ®Rk+nm)?

An example is the decay

quarks: cd - su, du, du

withC=1,S =0 C=0,S5S=-1,Q=+1

Such a final state having Q = +1, S = -1 is called exotic'because it cannot be -
formed from an s quark and one u or d in the framework of SU(3) but rather needs
3 quarks. These exotic states with a strange particle are a signature of charmed
particle decays. The decay to a non exotic state (total quark content su) like

su, du, ud

is unfavoured for charm particles, but allowed for normal particles Tike
*+ + + - '

K" > Kmm.

The inclusive leptonic yield and the total hadronic width can be estimated
by comparing the graphs

114,116)
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From the first two graphs one concludes

5
m
I'(charm ~2v + hadrons) =:(ﬁ§-) x cos?0x I'(u ~ ew) = 0.7x10

12 s—l

u
(5.21)

where m. and mu are the c quark and u mass, respectively and
(i > ew) = 0.45 x10° 5%

Assuming that the final state interaction of the quarks indicated by the
bubble in the diagram on the right goes with unit probability one finds
m\° 12 -1 (5.22
T(charm - hadrons) = 3 (EE) x €0820 x T(u+ew) = 2.1x10°° s~ (5.22)
L/
where the factor 3 comes from the fact that ud occurs in three colours.

If, however, a sextet enhancement as discussed in 5.132 exists T'(charm - hadrons)

would increase by a factor of 20. If (5.21) and (5.22) are applied to D decay
one expects a leptonic branching ratio ‘

I'(D~> 2 vK) ~ ) 30 % without sextet enhancement (5.23)

(D~ hadron) 1.5 % with sextet enhancement

This provides an excellent possibility to test experimentally the existence
of such an enhancement.

If the life time of a D° is sufficiently long it could mix with p° by
first order |AC| = 2 neutral currents in a similar way as K and K° mix by

|aS| = 2 currentst 1) If this were true nearly half of the decays of D° would
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decay as if it were a D°, e.g. to K'n~ instead of K'n'. An other way to look for
p°
originating from the two charmed particles have opposite charge for no mixing

- o° mixing is in associated production of 0D, 65’ etc., where the kaon

(S conservation) and equal charge for mixing.

Mixing hust compete with Cabibbo forbidden decays with AC = -AS at a

fractional level of order sin“0 - 10_3 (see chap. 5.1312). A way to discrimi-
115)

nate between the two possibilities is through production and decay of
v(3722)
+. +
KK+ ...
ete” > y(3772) » D° + D° — (5.24)
ete’+ .

The final state with two equally charged K arises through both mechanisms,
whereas eiei solely through mixing provided the semileptonic AQ = AC rule
is valid.

Since D% decay promptly in ~10'13 s there is 1ittle time for mixing and
hence the theoretical predictions for mixing are very small (much less than

a percent, for literature see113)).

P ek R e e e\ uaip Sy

The decisive confirmation for the charm idea introduced to explain the
J/y particle and the other charmonium states is the existence of the charmed
mesons D°, D and F' (see 1.21). Hence it is not surprising that a big
effort was started very soon at SPEAR and at DORIS to find these particles.

Initially this search was unsuccessfu]llB)

and also the expected rise in the
inclusive K-yield at charm threshold was not seen (see 4.41). The experimental
work at SPEAR and DORIS was complementary since MARK 1 concentrated on the
investigation of hadronic decays, whereas PLUTO and DASP were looking for
semileptonic decays. Both kinds of searches became successful in spring 1976
after K-identification became possible at MARK 1 by time-of-flight measure-
ments and electron identification was introduced at DASP by Cerenkov coun-

ters. PLUTO could establish for the first time e-K0 correlations.

The observation of hadronic final states has the advantage that in-
variant and recoil masses can be measured. Hence beautiful and very precise
mass values could be published fromthe SPEAR groups. This is not possible
for the semileptonic decays since the neutrino remains undetected. However,
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interesting information on the weak interaction could be extracted from the
observation of these decays by the DORIS groups.

The experimental results will not be described in their historical order
but rather in a more systematic manner. We shall start with D meson production
at the 3772 MeV resonance. This energy is below the threshold for p¥ production
and hence the decay of the 3772 MeV resonance provides a pure sample of D mesons.

5.211 D mesons from the 3.77 GeV resonance

The decay ¥(3.77 GeV) ~ DD is very close to threshold which allows a very
precise determination of the D masses. The mass is calculated from m = (Ez—pz)l/2
where the energy E of the D must equal Eb’ the energy of the incident beams.
Eb is known very precisely and has a spread of about 1 MeV only. Being close to
threshold p? = 0.08 (GeV/c)? is small and thus any error in p is demagnified
in its effect on the mass. As a result a mass resolution of about 3 MeV/c® can

be obtained which is factor 5 to 10 better than normal mass resolutions (see chap.
1.13).
The data were collected with MARK 1. Charged kaons are identified

by time-of-flight measurements and neutral kaons by measuring the dipion mass

lo4)

and checking the consistency of the vertex position with the kaon decay time.

o 2
T 0 T T D T The invariant mass spectra for
60| y3 2 (a)] * (d)
K'n ﬂ Ksw different Km combinations are shown
Lo - ] wr T in fig. 5.5. Three clear mass peaks
__20- A : . 5 | { are seen in neutral final states and
N&‘ UMM(‘:.). | } lml |;lﬂ L’ two decay modes for charged final
2 0 k' I N 0 Gt (e) states. With an additional lead glass
-7 -
= ok * # 4 Wr ﬁ 4 counter also the decay into K+ w m°
= . . . 0
S with direct observation of the w
= oﬂﬂimﬁﬂﬂﬂw%ﬁ bl nf . 119)
= LGt |l could be seen .
S’ | 1 »
S | -
St . {‘ The results on the masses are
IO-W NM“* 1" I QJHM i M(D°) = 1863.3+0.9 MeV/c?
0 Ay ﬂt!“'{\J Y1 mo") - 1868.3: 0.9 Mev/c? and

50 185 10 B w8 e M)
MASS (Gev/c2)

Fig. 5.5

M(D®°) = 5.0 + 0.8 MeV/c?
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The mass difference is known more pre- ' ™1
cisely since several systematic errors

cancel. 30 —DL KtT[; (a) -

The angular distribution of D's
relative to the incident beams must
be of the form P(8) ~ (1+a cos?0), 20 = -
|a] £ 1 for any D spin and o = -1
for spin 0. Fig. 5.6 shows the angular
distribution for D' and D° decays.

The values of o are a = -1.04+0.10
and -1.00 + 0.09, respectively, con-
sistent with the spin 0 assignment

for the D mesons.

In order to verify that a D°
is produced together with a D° the
recoil mass against the K* m+ system
restricted to the D° mass has been
determined. The result is shown in

fig. 5.63. A clear peak at the mass
of the D° is seen. Thus associated

production is verified which proves
the conservation of the new quantum

number charm.

10

An important point is that for
D mesons originating from the 3.77 GeV COS e
branching ratios B can be deter-
mined, whereas at higher energies Fig. 5.6
only o - B can be given.
This requires, however, two assumptions: the ¥(3.77) must have a definite
isospin (0 or 1) and its only substantial decay mode is DD. The results ob-

tained under these assumptions are shown in table 5.2.



Table 5.2:

D branching fractions

Mode Branching fraction Reference
in %
° > K 2.2 * 0.6 104
R0ﬂ+wf 3.5 + 1.1
K—ﬂ+ﬂ_ﬂ+ 2.7 = 0.9
K™t n® 12 + 6 119
KOr© < 6
p* » Ko 1.5 + 0.6 104
Kortn® 3.5 + 0.9
The channels Tisted in table 5.2
account only for the lesser part of
x10° <' ; ' ' : ) the toal width. The unidentified
7']'7B M(Kn) 1.92 GeV E:gﬁ;ﬁg# decays are not found because of
ok 1 neutral particles, small branching
5| | fractions and small detection
. * efficiencies.
3t ] Of particular interest is the

! m

1¢ * i
OLiiutfhuhH. *n‘ : :
W 16 18 20 2] 2 26

Recoil MassT, K*m*

Fig. 5.6a

The other branching ratio have been compared

mode]ﬁl)

where B

is too high.

. The experimental values come out too small except for the Kon

decay p* + ®% " which should be
suppressed if sextet enhancement holds
(see 5.132). The experiment98) yields.
r(0*k°r") / r(0%Kr*) = 0.70:0.23

and there seems to be Tittle suppression.
Within errors the two channels D° + K™ 7"
and D* > K" are consistent with the

relation (5.16).

98) to the statistical

0



could be determined
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Finally it should be mentioned that the average charge multiplicities

for_ D0

D+

98) as

<n
ch

<n

ch

>

>

which is in fair agreement with

EVENTS/20 MeV/c?

120
80
L0

0

® o ~ o~
o o © o o

2.3
2.3

I+

1+

0.2
0.3

the statistical model.

A large amount of data concerning hadronic decays of D and D* were
taken at SPEAR at 4.03 and 4.4 GeV where the total cross section shows

peaks. From these data the results for the D mesons are corroborated, and
the DT mesons could be established.

'EFFECTIVE MASS (GeV/c?)

Fig. 5.7
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The MARK 1 detector was used for
this experiment, and again the iden-
tification of kaons by time-of-flight
measurements is essential. The decay
modes of the D° and D to various

final stateleI)

is shown in

fig. 5.7. The results for o - B are
summarized in table 5.3. As one sees
there is not much energy dependence
and the results at 3.77 GeV are con-
firmed. In particular the "exotic"
state K'n'n'
the Cabibbo forbidden decays are
absent (fig. 5.8).

Higher multiplicities 1ike K3m, K mr
are favoured over lower multiplicities
1ike Km. The K3m state is dominated

by Kom while the contribution from
K¥*mr If the maxima at 4.03
and 4.4 GeV in the total cross section
are attributed entirely to charmed
meson production, then the jdentified

is seen again, whereas

is small.
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Fig. 5.8 Search for DO, D+ Cabibbo forbidden
decay modes at 4.028 GeV

Table 5.3: o - B in nb for various D decay modes atthree

values of Ec.m

Mode Ec.m. (GeV)
3.774 4,028 4.414
° kgt 0.27+0.05 0.57+0.11 0.30 + 0.09
Ko™ + c.cd 0.44+0.11 1.09+0.30 0.91 + 0.34
SRS 0.34+0.09 0.83+0.27 0.91 + 0.39
. - < 0.04 -
K"K -- < 0.04 --
Total D0
ohearved modes 1.05+0.15 2.49 + 0.42 2.12 + 0.53
ot K%t + e 0.15+0.05 <0.18 --
KF o 0.34+0.05 0.40+0.10 0.33 + 0.12
+ 4 -
T T - 0.03 --




99

hadronic decays add up to only about 10 % of all decays. The reasons for |
this small percentage are undetected neutrals and low detection effi-
ciencies. As will be shown below at these energies the D mesons are pre-
dominantly produced via or associated with D* states.

From the D decays it could also be inferred that parity is violated as
should be expected for a weak decay. The D° » K decay mode is a natural

spin-parity state (JP = 0+, 17,...) whereas D* > K mn s compatatible with
unnatural spin parity assignment, since 3 pseudoscalars cannot be in a JP = of
state. The cases JP = 17 and 2¥ can be ruled out by studying the population
of the Dalitz p1ot12°).
5.213 D _production and decays_
If charm is a conserved quantum number, D and D* mesons can only be
produced in association. The most 1ikely channels are for D° mesons
efe” » 0°0°
p° §*° + p° p*° (5.25)
p*0 p*o

and similarly for D*.

A possible way to find D* is to determine the recoil mass

M?ecoi] = (Eq - /pZ ¥ M2)2- p? against a D® with momentum p and mass M.
This has been done by the SLAC-LBL group using Mark 170’89).The recoil mass
distribution against a D® is shown in fig. 5.9. Narrow peaks are seen at
Mrecoi1 =~ 1860, 2005 and 2145 MeV/c2 and a broader peak at 2440 MeV/cz.

The first two peaks can be interpreted by the first two channels of (5.25).
The third peak could be due to the third channel but e'e” » D° D**° could
compete. However, this interpretation is ruled out, as can be seen from
two upper parts of fig. 5.9. The curves are calculated on the basis of

efe” > D* D*® and one sees a shift and broadening of the peak at 2145 MeV/c2
at Ecm = 4.02 GeV to about 2200 MeV/c2 at 4.41 GeV, exactly as expected for
this reaction.

The broad peak at 2440 MeV/c2 could be due to multibody processes such

as D*D*r or to production of charm states with higher mass.
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The corresponding recoil mass
distribution against a D* in the exotic
channel K o*m" has a much more severe
background. Nevertheless a peak at
2010 MeV/c2 was observed (fig. 5.1o)
which can be interpreted as e'e > D'D*”
and charge conjugate. Indications for
the other peaks might also be pre-
sent.
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Fig. 5.10

The D*° and D** being established
as peaks in the recoil mass distri-

bution against 0° and D¥ we shall now
turn to the decays of these particles.
Obviously the decays 0% Doy and

0** - D+y should be possible since
they just involve a spin flip of the
c quark (transition between HFS sta-
tes). If the mass difference is large
enough, the strong interaction

decays D*° » 0°r°, Dfn— and

*+ + +
D" > D no, D% should also occur.
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These decays are difficult to detect at ete” energies below 5 GeV since
in this case the pions originating from the D* have Tow momenta and with ex-
perimental momentum cut-offs at about 100 MeV/c the detection efficiencies
are low. For this reason measurements in the range E = 5.0 to 7.8 GeV were
performed 121 ) The invariant mass distribution of K m shows a clear D° peak.
If the K combinations in D° peak are combined with the " one expects a p*
peak in the invariant mass plot. The guantity that is precisely measured is
the mass difference M(Doﬂ) - M(DO). The distribution of this difference is

shown89) in fig. 5.11. From these data the mass difference D** - p° is found
to be 145.3 + 0.5 MeV/c2 or equivalently
the Q value for the decay p** 5 p%"
: ' ' T ’ is only 5.7 + 0.5 MeV. Because of this
oL rt s B @ small phise space the e]ectron?agnetm
decays D” - Dy can compete with the
20} | strong decays. The mass spectrum of
fig. 5.11 gives also an upper limit on
sk Ep =5 to7.8CeV | the width of the D* with T(D*") <2 Mev.
~N
L
g ok i For a precise mass determiiai:ion
ii ‘it is of advantage to go to a e e
‘5” 5L i energy just above threshold since in
:%: + ; this case the momentum errors have less
o §:=+ A + L::J_‘{‘:“::l influence on the mass values (see 5.211).
) . In fig. 5.12 the momentum spectrum of
0 |- AL ® D° mesons decaying into 2 and 3 par-
ticles taken at 4.03 GeV is shown.
5+ * 4 In fig. 5.12a) the various processes
) +*-**1*+++$+--+:++,-*-+*+1 contributing to the D° spectrum are

shown. The peak at about 200 MeV/c is

due to D*D*. Three channels contribute:
n¥0 0 0 %0
¥ —>D'IT,D

140 145 150 155 160 165
ig. 5.11 -m MeV/c2
e o mou Mo eve?) > Doy and D¥" > 0%,
The distribution for the m decays should
be Gaussian (curve A, B), whereas for y decays the distribution is dN/dp ~ p which
results in a triangular shape (curve C). The D¥C . pOyr© decay is clearly seen
and also the evidence for D*° - Doy is there. For the D*' » R only a faint
indication might be recoginized. A precise value of the D* mass can be inferred

from the measured momentum.



The peak at 500 MeV/c and its
shoulder is due to DD* and charge con-
jugation: The central value determines
M(D) + M(D*) while the shape of the
shoulder and peak determine the rala-
tive contributions of the different
channels.

Finally the peak at about 750
MeV/c is due to direct p°p° pro-
duction. A similar, but simpler,
situation holds for the D' spectrum
(fig. 5.12 c).

A £it/0:89:98:108) 0 17 these

data gives the results shown in

table 5.3 (isospin constraints have
been used in the fit). In addition
values for the production processes
have been obtained from these data.
Since they have been discussed alrea-
dy in chapter 4.41, they will not be
considered here further.

Finally it should be mentioned
that a detailed studylzz)
distributions has shown that the

of angular

spins of D¥ are compatible with 1 as
expected.

The approximate equality of the
decay probabilities of p*0 +\'D° and
D¥+

ment with the theoretical expecta-
85)

+.0 . . . .
> 77D° s in qualitative agree-

tion
the suppression of the strong decay
by its small phase space.

. The main reason is, of course,
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Table 5.4: Masses and decays of 0¥

Particle Mass (MeV/c)2

p*0 2006. + 1.6

p*° 2008.6 + 1.0

p° 1863 + 3

D" 1874 + 5

Decay Branching ratio

0¥ 5+ v° 0.75 + 0.05

p* -+ 4'p° 0.60 + 0.15

Mass differences (MeV) Q-values (MeV)

0" - 0° 5.0 + 0.8 p¥ > p° © 7.7 + 1.7

p* - p*° 2.6 + 1.8 0*® > p* - -1.9+ 1.7

(0*-p%) - (0**-p%) 2.4 + 2.4 p* > p° ¥ 5.7 + 0.5
p*¥* 5 p*t © 5.3 + 0.9

The masses of D° and D* agree well with those determined at 3.77 CeV

(see chap. 5.211).

In fig. 5.11b the non exotic Knm combinations are shown. From the

data at the position of the D*-mass the 1imit

0° -kt
D0 > Km

can be derived which puts a Timit on D° -

<16 %

the number of events where the K

DO > K+v_
% > Ko

18 %

(90 % CL)

in the
in D° a different limit on D° - D° mixing

(90 % CL)

89)

can be obtaine

(5.26)

D° mixing (see chap. 5.14). From

D° recoil has the same sign as
d89)-

(5.27)
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If we introduce the parameter

N(Kopposite) - NKsame)
e = (5.28)
N(K |

N(Kopposite) * same)

where N(K) gives the number of events with kaons of oppsitve and same sign
respectively, one obtains experimentally e 20.8.

For complete p° - p° mixing € = 0 and for no mixing € = 1. The experiments
are thus compatible with the non-existence of a neutral flavour changing
current.

The data also yield the 1imits for the Cabibbo forbidden decays

0
LD > m n ) < 0.07 (5.29)
r(0° - K™
[0 - K'%) . .07
I'(D0 -+ Km)

and hence tg?0 < 0.07.

5.22 Semileptonic decays of D and F mesons

The observation of semileptonic decays of charmed mesons is very inter-

esting since the hadronic current appears only once and therefore a rather
clean test of the weak charm current is possible (see chap. 5.12).

Semileptonic decays of charmed mesons with an electron in the final
state were observed for the first time by the DASP co]]aborationlza) in
spring 1976 at the time when the hadronic decays were found at SPEAR. Very
soon PLUT0125)

one would expect for the decay D ~ evK (see fig. 5.14 and 5.15).

could show that the electrons are associated to K® mesons as

Semileptonic decays into electrons require a clean identification of the
electron. In the DASP experiment this was achieved by Cerenkov counters, in
the PLUTO experiment by the showering property of electrons. Following a
whim nature has chosen the mass of the D meson (1.86 GeV/cz) cery close to

the mass of the heavy 1epton81) (1.80 GeV/cz). Hence the corresponding lepton
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spectra cover similar energy regions and one has to find ways to separate
the two phenomena. This can be done on the basis of two criteria:

1.) The charmed mesons tend to produce final states with more than 2 charged
tracks, whereas the heavy lepton has predominantly two tracks in the
final state.

2.) The D mesons decay mainly into K mesons whereas the heavy lepton has
a very low branching ratio for kaons.

In this way one can distinguish two types of events: high multiplicity.

large kaon content versus low multiplicity, few kaons. These two kinds of

events have been 1nvetigated127)

quite carefully and it could be shown

that the meson and lepton decays can be separated quite well. The average
number of charged kaons was found to be 0.90 + 0.18 per multiprong event

and 0.07 + 0.06 per to prong event. This also shows that for charmed par-
ticles (i.e. high multiplicity) the weak current couples strongly to strange-

ness in accordance with the GIM mechanism.

126)

The inclusive electron spectrum measured by DASP for the range

Ecm=3.99 to 5.2 GeV is shown in fig. 5.16 before having been corrected. One
notices that the contamination from the heavy lepton is quite small. In fiq.
5.17 the electron spectrum taken close to Ecm:4 GeV is shown after subtracting

128) are drawn for the decays D-K e v

the background. Two theoretical curves
and D>K¥ev. The accuracy is not good enough to distinguish between the two
channels. The best fit is obtained for a mixture of both. Since the contribution
of the two decay modes to the D decays depends sensitively on the V, A structure
of the weak current, it seems very important to improve the measurements such

that a separation of the two channels becomes possible. This might be achieved
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by the DELCO detector at SPEAR which covers a much larger solid ang]e‘With
C-counters than DASP (60% compared to 7% of 4m). So far the statistical accuracy

that could be obtained does not allow such a separation yetlzg). Some results

with Tower statistical accuracy have recently also be obtained by MARK 1 130).

A11 these data are in good agreement.

DASP data126) taken at higher ECm show no drastic change of the spectrum
which is not trivial since they were taken above the thresholds for F and char-
med baryon production.

From the spectrum displayed in fig. 5.17 one can infer a limit on the
leptonic decay D~ evwhich would produce a peak near Po © 1 GeV/c. One finds
o(D+»e vé) /o (D>eX) < 0.09 (90 % C.L.) in agreement with the theoretical
expectation (see chap. 5.11). The Cabibbo-suppressed decay D -~ m e v (see
chap. 5.12) produces a spectrum similar to those from D - K evand D -~ K* e v
but it is shifted to higher momenta. From the fits to the measured spectrum
it can be excluded that the decay D - m e v is the sole Teptonic decay mode.

Integrating over the spectra and comparing to the total cross section
one can derive the leptonic branching ratios. These have already been dis-
cussed in chap. 4.42.

Recently an indication of the semileptonic decay of the F meson
has been found by DASP123). The n's found at ECm ~ 4,16 GeV are associated
to electrons (fig. 4.15, hatched events). A value for the branching ratio
cannot yet be given, since the evaluation of the efficiencies is still
under progress.

Electron spectra for the decays F -~ n evw n' ewd e v have been
131)

calculated

No semileptonic decays of charmed mesons with muons in the final
states have been seen. This is because the detection and identification
of muons with momenta below 1 GeV/c is very difficult.
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5.23 Discovery of F mesons

As has been explained in chap. 5.13 the lTowest states of the F mesons
tend to decay to final states containing ss which results in n and n'. Since yce
it is more difficult to detect n's than K's the discovery of the F mesons has to
be considered much more difficult than those of the D mesons which are charac-
terized by kaons in the final state. A first indication of F production was ob-
tained from the inclusive yield of n which shows an abandance at E . = 4.4 CeV
(see chap. 4.43). Since n is a frequent byproduct of n' decay, a search for
n includes a search for n'.

The DASP grouplos)

F->nm, however, this could be achieved only by using a "trick". The signature

succeeeded in detecting F mesons by their decay

of this decay channel is not specific enough to separate the F decays from the
large background. The theoretical prediction was that the first excited state
F* (the ortho cs state having parallel spins) should be close to the spin-zero
ground state F (see chap. 2.22) and the favoured decay should be ¥ F Y

with a photon energy of about 100 MeV. This low energy photon delivers an addi-
tonal selection criterium. What has been observed are events of the type

ee” » FY F
L o
5.26
L vy ( )
v F
Tow

A good event is characterized by 3 photons, one of which has a Tow energy, the
other two forming a mass in the n region. In addition an identified charged pion
with momentum above 0.6 GeV/c had to be seen. These events could, however, also
originate from the reaction

F (5.27)
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The observed events were fit for both processes. The most recent results are
shown123) in fig. 5.18, where the invariant m mass is plotted against the

recoil mass. A clear clustering of events can be seen corresponding to (5.26)
or (5.27). In fig. 5.19 the projected nm mass distribution is shown. The peak
in the mass bin 2.025 to 2.050 GeV is attributed to the F.The events at lower

masses could originate from A2 decays.

The conclusion on the masses is

3
—_

-
~r

]

2.03 + 0.06 GeV/c?
(5.28)

I+

m(F") = 2.14 + 0.06 GeV/c?
where the uncertainty originates essentially from the ambiguity (5.26) or

(5.27). The mass difference F' - F can be determined directly from the energy
of Y1ow and the result ijs:

m(F*) - m(F) = 120 + 40 MeV (5.29)

The interpretation of the HFS-splitting has already be discussed in chap. 2.2.
It agrees astonighsingly well with the theoretical expectation.

These data were taken at ECm = 4.4 GeV where the inclusive n production
shows a prominent peak (see fig. 4.13). However, it would be very interesting
to observe FF production just above its threshold at 4.C6 GeV (see table 4.2)
where FF* is not yet possible, in complete analogy with DD production at
3.77 GeV. The right place for such a search seems to be the peak at 4.1 GeV

and indeed a clear n peak has recently been found123)

in the yy invariant mass
distribution (fig. 4.15). In this case no Tow energy photon was required, of
course. The shaded events in fig. 4.15 show events with an additional electron.
Cne notices that the n peak is correlated with electrons indicating that a weak
decay was involved. No n peak was seen for e+e- energies 4.0 to 4.06 GeV, 1i.e.

below FF threshold.
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Perhaps the most striking success of the charm model is the discovery
of the charmed mesons predicted by the model.The most important results are:

1.) Both the isospin doublet Do, D" and the isospin singlett with strange-
ness F' have been seen. As expected the lowest states are the ones
with J = 0 (quarks spins opposite). The corresponding states with
J = 1 have also be found and the HFS splitting agrees with the ex-
pectation of the potential model (see chap. 2.22). These ortho states
decay to the ground states by strong or electromagnetic transitions.
The transition rates present no problems to their theoretical inter-
pretation.

The mass spectrum of the charm mesons and the observed transitions
are summarized in fig. 5.20.

Higher excited states, e.g. P-states have not been seen yet.

2.) The weak decays of the ground states of charm mesons are compatible with
the expectations of the minimal model of weak interaction (see chap. 5.1).
Therule AC = AS = + 1 which is implied by the minimal theory is drama-
tically confirmed by the dominance of kaons in the final states. Also
the Cabibbo structure of the charm current is evident by the suppression
of AC=+1, AS = 0 decays. Parity violation has been demonstrated.

3.) Thechirality structure of the charm current could not been verified
yet. The accuracy of the semileptonic decay spectra is not sufficient
to distinguish between V-A and V+A. A distinction between D - e v K and
D>ev K would help, since the first decay goes by pure V, whereas
the second contains V and A components.

Polarization measurements would be the most direct way to clarify the
chirality structure. AO polarization from charmed baryon decays could
offer a possible way.

4.) No sextuplet enhancement is found in charm meson decays. As a conse-
quence, the Al = 1/2 enhancement found in ordinary strange particle
decays cannot be explained by 20-plet enhancement.

5.) No p° - p° mixing is found. The present accuracy excludes the existence



1lo

of neutral currents with AC = 0 of order GF.

6.) Although there is evidence for charm baryons in neutrino reactions,
they could not be identified so far in e+e-. Indirect evidence is pro-
vided by steps in the p and A inclusive cross section.

So far all the observationson charm mesons are compatible with the minimal
theory. This model, however, cannot be exact if embedded in a world with 6 leptons
and more than 4 quarks. Hence it would be very interesting to find deviations.
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6. The Upsilon

6.1 Experimental results

132)

In 1977 a Columbia-Fermilab-Stony Brook Collaboration under the

guidance of L.M. Lederman bombarded nuclear targets by 400 GeV portons and

observed the reaction
p + Nucleus ~ u¥ + 1~ + anything (6.1)

in a two-arm spectrometer which allowed the identification of the muons and
the measurement of their momenta. From these the invariant mass of the muon
pair can be computed and the distribution of the invariant masses is shown in

fig. 6.1.Superimposed on an exponentially decreasing background one notices
enhancements at the J/y and y' masses

cm2/GeV/ nucleon

n

[o}

d2
-321 adey y=0 -0.3<Y<+0.3 and a broad structure between 9 and
3/ 10 GeV/cz. If the smooth background is
subtracted one obtains the data dis-
T3371 played in fig. 6.2. The experimental re-
solution in this region is 200 MeV.
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The authors have fitted the data by two different assumptions, by
2 or 3 aussian peaks, respectively. The position of the peaks and their
branching ratio x production cross section are given in table 6.1.

The existence of the T'' is statistically not certain, of course. Not
much can be said about the width of the peaks. In the fits it is assumed
that their widths are small compared to the experimental resolution of about
200 MeV.

Table 6.1: Resonance Fit Parameters

2 peak 3 peak
My 9.41 + 0.013 9.40 + 0.013  GeV
& 0.18 + 0.01 0.18 +0.01  pb
y=0
[ M, 10.06 * 0.03 10.01 * 0.04  GeV
TS do
B T oo 0.069 + 0.006 0.065 + 0.007  pb
\ y=
M, - 10.40 + 0.12  GeV
'
B %‘3’7, o - 0.011 + 0.007  pb
2 / DF 19.3 / 18 14.2 / 16

From the figures of table 6.1 one can extract the following data which will
be important for the discussion in chap. 6.2.



113

2 peaks 3 peaks
M(Y') - M) 650 + 30 MeV 610 + 40 MeV
MOY'') - M(Y) -- 1000 +120 MeV
Ratio of Y'/y 0.38 + 0.04 0.37 + 0.04
B §° Y - 0.06 + 0.04
Y] y=0

Clearly it seems very important to resolve experimentally the complex
structure in its components. This might be possibly only by producing the Y
in e'e” collisions. Although not being designed for such high energies, DORIS
might be pushed to reach the T region and this will be tried in spring 1978.

6.2 Possible interpretation of the T family

After the discovery of the T there appeared a flood of theoretical
papers making the assumption that the T family is just a replay of the
J/¢y story. This means that there exists a family of QQ-bound states, where
Q 1is a heavy quarks of charge + 2/3 or + 1/3 and the mass of Q is about
half the T mass, i.e. mQ =~ 4.6 GeV.

Even before the detection of T the standard model with a linear

133)

confining potential has been extended to larger quark masses. The

excitation energies above the lowest lying state are shown in fig. 6.3

EXCITATION ENERGY {MeV)

1000 e 1000 as function of the quark mass. The
= essential point is that for a linear

800 800 potential the excitation energy is re-
duced proportional to mQ'1/3. Since the

600r 600 continuum boundary on the other hand goes
up one expects more bound states. For

400r 400 my = 4.6 GeV not only the 1S and 2S states
are bound but also the 3S Tevel.

200 4200

o )

Mg (GeV)

Fig. 6.3
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According to this model one expects M( Y*') - M(Y) = 420 MeV and
M(Y'') - M(Y*) = 750 MeV, values which are smaller than the experimen-
tal ones. Indeed, the experimentally found splittings imply
M(Y') - M(Y) = M(y') ~ M(J/y) in contradiction to the prediction of the
linear confining potential. This perhaps is not very surprising since the
naive standard model failed to give the proper positions of the charmonium
P states. One possible remedy was to assume that the confining potential
is not a Lorentz vector but a scalar (see chap. 1.232). Indeed it was
shown3%) that a scalar Tinear potential gives splittings independent of m

and of the right magnitude. ’

An other possibility is to look for a vector potential with mQ-inde-
pendent excitation energies. Indeed it could be shown135) that a Togarith-
mic potential V(r)~ 1In r does exactly that. It also gives good account
on the charmonium levels and even is better than the linear potential,
as far as the P Tevels are concerned. However, it predicts too large El

transition rates and gives uncomfortably large relativistic correction587).

If the interpretation of the YT family as a new QQ system is right
then the study of the excitation levels of this system together with that
of charmonium offers us a unique possibility to learn something about the
quark-quark forces. The spectrum of the QQ system could even be much
richer than the charmonium decay scheme133) but we shall not discuss it
here further, since the scaling of the excitation energies is not clear
yet.

The interesting question is whether Y 1is made of charge 2/3 (top)
or 1/3 (bottom) quarks. A number of authors have tried to answer this
question by comparing the measured production cross section to different
mode]sl36). Clearly B - do/dy is 4 times larger for a 2/3 charge than for 1/3.
Most of the theoretical estimates are in favour of 1/3 (for a comparison see
Ref. 132), but the uncertainties are so large that no definite conclusion can
be drawn.
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A surprising fact is the large ratio of B - do/dy for T' compared to T.
In analogy to ¢' one would expect87) a large branching ratio for the transi-
tion T' = T + 2n. For the y'/y couple the ratio is R = (1.7 £ 0.5) % whereas
for T' / T one has R = 0.4. This could be taken as evidence against the assumption
that all states belong to the same family. However, from a somewhat naive appli-
cation of ACD one can find87) plausible arguments that the T' - y + 2m tran-
sition is suppressed by 0ZI mechanism by a factor of about 10. More experimen-
tal information is needed to clarify this issue.

Of particular interest will be the hadronic decays of the Y family.
The masses of these particles are large enough that hadron jets originating
from gluons should be well developed. This might provide an excellent test
of the ideas of QCD. Because of conservation laws a 351 state can decay
into 3 photons (e.g. ortho positronium) or 3 gluons (J/¢ family, see
chap. 3.2) but not 2 photons or gluons. A 3P state on the other hand decays
into 2 photons or 2 gluons. Hence it is expected that Y (9.4) decays into

3 gluons which should appear137) as 3 coplanar hadron jets.

The excited states of T are expected to decay to P states by electro-

138)

magnetic transitions and one expects decays like

¥ (10.0) » v + 2P,(9.8) » y+2 g >y + 2 jets

where one finds two jets with distinct lab energies (x 5 GeV) accompanied
by a monochromatic photon. The angular distribution allows to differentiate
between jets originating from gluons and from quarks.

If the QQ interpretation of Y is right, particles with Qq etc. should
also exist where q 1is one of the 4 lighter quarks. Obviously they are
analogous to the D and F mesons and their ground states would be stable

with respect to strong interactions. Their weak decays and possible mixing
between B® - B® and T° - T°has been discueed (B® = bg, T° = t6)136)137)138)139)

6.3 Sequential quarks and leptons

The existence of the charm quark made is possible to group the 4 quarks
and 4 leptons into weak SU(Z)w doublts and a minimal theory with GIM mechanism
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could be formulated for the weak interaction. It is compatible with
all experiments (see chap. 5.1), except for the non-observation of parity

140) which, however, needs confirmation

violation in atomic transitions

and the small CP violation in K decays. The beauty

of this model is the symmetry between quarks and leptons which is needed

to cancel the triangle anomalies which would otherwise have destroyed

the renormalizability of the weak and electromagnetic gauge theory141).
With the discovery of an other heavy lepton T and probably another

quark it is tempting to extend the Weinberg-Salam-Ward-GIM model by adding

further lefthanded quark and lepton doublets:

(6.2)

The extension to a 6 quark- 6 lepton model was first proposed by Kobayashi

and Maskawa142)

. It retains the natural suppression of AS = 1 and AC =1
effects as observed and preserves the phenomenological succes as far as

neutrino scattering is concerned.

A very important point is, however, that the 6 quark model gives CP
violation in a natural way. This is achieved by a generalization of the
Cabibbo structure of the hadronic current (see chap. 5.1). The most general
way of mixing the lefthanded charge 1/3 quarks isl43)

d'=c¢y - d +5.C4 s + 5183 - b
s' ==51Cy - d + (-szs3e16 + C1C2c3) .« s+ (C1C253 + S,Cq e16) - b

. ) sy 8y
b* = s4s, - d (cy55C5 + oS3 € ) - s+ (€ySpC3 + Cz @) - b

(6.3)

whereas the 2/3 charge quarks u, c and t remain unchanged. Here the
abbreviated notation s; = sin 015> € = cos 015 Sp = sin Ops «un has been



117

used and @1 is identical to the Cabibbo angle. The 4 quark model is repro-

duced by 0, = 05 = § = 0.

Since the original Cabibbo structure agrees well with observations

136),

C3 has to be close to one. A more quantitative analysis (Ellis et al.
of the coupling in u decay and in (ud) and (us) gives slz.s3z< 0.003 and
with 512 ~ 0.05 this means s32< 0.06. Hence 0, cannot be much larger than
the Cabibbo angle 94 but it may, of course, be much smaller. The restrictions
on O, are much weaker and depend on the quark masses. For my = 5 GeV one

finds 522 < 0.2 and for me = m, = 65 GeV 522 < 0.03.

W

The phase parameter § introduces CP violation and appears only if one
has at least 6 quarks. From the measured CP violation parameter e = 10'3
one deduces that & cannot be arbitrarily small: |[sind| > 3 x 1073 for

m, =5 GeVand |[sin§| > 6x107% for m, = 65 GeV.

Because of the limits for 0, and 03 one might speculate if they are
exactly zero. This has quite amusing consequences. The decay of the strange
particles to ordinary hadrons is only possible because of the d-s mixing.
Without this "feed-through" the lightest strange particles would be abso-
lutely stable. w1t#162 = 63 =0, b would not mix with d and s, as can
be seen from (6.3) and as a consequence particles like bg would be stable
if the b quark is Tighter than the t quark or v.v. Such stable particles
of a new kind of matter could be captured in nuclei and the consequences
for the ensueing X-ray spectra and formation of hypernuclei have been recently
discussed in detai1144).

If the interpretation of the Y family as a QQ spectrum of a new kind
of quark turns out to be right then a number of questions arises, e.g.

1) is there one more quark to complete the couple (t,b)?
2) which one is the lighter, t or b?
3) is the structure of the weak current such as expected
from a minimal theory?
4) are 6 quarks and 6 leptons the basic elements of matter
or are there more sequential leptons and quarks?
5) are electrons and muons elementary contituents or are
they made up of smaller entities having 1/3 and 2/3 charges?



118

It is hoped that the e'e” storage rings PETRA, CESR and PEP which will
‘come into operation soon might make it possible to shed some 1ight on
these exciting and fundamental questions.
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Appendix 1 (see p. 30)
Table Al: Decay modes of the ¢ into mesons
Topolagy Decay Mode Observed Number Efficiency Branching Ratio
of Events
-5
KM KK, < 4 0.23 <8.9 x10
wtn” an 1.7 + 1.7* 0.040 (1.6+1.6) x 1074
K al 1.8+ 1.4"* 0.036 (2.0+1.6) x 1074
KK m all 126 + 15 0.13 (2.6+0.7) x 1073
K%K *0 4+ ROK*© a5 + 7.8 0.044 (2.7£0.6) x 1073
ekt 8 o+ 7.7 0.040 (3.240.6) x 107
KORMO 4 ROK**O 1+ 2.7 0.007 <2.0 x107°
LK Y| a1 27 0.006 <15 x 1073
NNNY all 205 + 17 0.076 (7.2£2.3) x 1073
K*ORM™O, R*O™O | 40 > 8.4 0.016 (6.7+2.6) x 1073
K*OR*0 1.5 + 4 0.048 <0.5 x 103
KCHOR**O 2.5 + 4.5 0.009 <2.9 x1073
ontn” 23 s+ 5 0.043 (1.4+0.6) x 1073
of <1 0.023 <37 x107
etk an 0+ 6 0.026 (3.1+1.3) x 1073
ontaTn e <3 0.013 <1.5 x107°
KK al 19 + 5 0.075 (0.7+0.3) x 1073
oK' 14+ 5 0.040 (0.9+0.4) x 107
of 6 1+ 3 0.020 (0.8+0.5) x 107
K 20 ] an 1 309 +s0 0.073 (1.2+0.3) x 1072
Wk K 22+ 12 0.068 (0.8+0.5) x 1073
wf! -2 o+ 2.8 0.034 <1.6 x107*
on 5 &+ 2.5 0.013 (1.0 0.6) x 1073
n K M| ene < 2 0.011 <1.3 x 107
2(n*n ) ® all 675 + 40 * 0.17 (4.0£1.0) %
ntn” 8 + 40 0.14 (6.841.9) x 1073
o, 8l + 20 0.11 (1.9¢0.8) x 1073
. 0%R3 + o*a," %+ 12 0.018 (8.4+4.5) x 1073
3(ntnyn all 181 + 26 0.062 (2.9:0.7) %
. wln 0+ 30 0.044 (8.5+3.4) x 1073
PR o 13+ 4 0.014 (9.0:3.0) x 1073
ntnn (0%1°% + pen ) 153 + 13 * 0.12 (1.5£0.3) %
+ -
2(n*n7y an %+ o 0.19 (4.0+1.0) x 1073
+ -
3(n'n) all 2+ 7* 0.80 (4.0+2.0) = 1073

Modes marked with an asterisk were calculated from a smaller

data sample,
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