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1. Introduction

In this series of lectures I shall be concerned with e’e” interactions above

3 GeV. Merely six years ago, this energy region - well above the old vector
mesons p, w, and ¢ - was considered by many as asymptotically falling in cross
section, having little or no structure. However, dramatic descoveries have
emerged over the past four or five years and revealed a new type of spectro-
scopy in particle physics.

Before turning to the results I shall discuss some of the general characteristics
of ete” annihilations and point out the main differences to pp collisions at the
ISR. efe” colliding beams have proved to be powerful tools in high energy
physics. When doing physics experiments at these complicated machines one has
to be familiar with some of the storage ring properties 1{ke Tuminosity, beam-
polarization, and energy spread. In order to assess the results one also has

to know the main characteristics of the various detectors, some of which will

be presented in Chapter 4. This report will not provide a complete survey

of ete” data above 3 GeV, for example the production of jets is omitted because
it was presented in a parallel series of 1ecturesl) at the 1977 Kupari School.
"Other reports on this subjectz) emphasize or include other aspects. A review

of recent results can be obtained from the Proceedings of the 1977 Symposium

on Lepton and Photon Interactions.3)

2. e'e” Annihilation Physics

To Towest order in electromagnetic coupling e*e” annihilation proceeds via

4)

one-photon exchange ™/ and the matrix element can be written as a current-

current interaction.

M= 5, 9, 2.1
e* . |
Ju = leptonic current
e e T— |
Y ‘\/: SR

®

1

<
I

. leptonic or hadronic current

=§Q-iq1-YuCI-i
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In the quark parton mode]s) the hadronic vertex is considered as a sum of quark
pair conversions and the coupling constant is modified by the fractional charges
Qi of the respective quarks q; - For single quark pair creation the amplitude
would read:

et q

e q
To make sure that no quarks escape and be observed it is assumed that the
quarks convert to hadrons with unit probability.
In the following the discussion will be Timited to these low-order electro-
magnetic processes, and higher-order contribution, like radiative corrections,

will be mentioned only in passing.

2.1 Electromagnetic Processes

The cross sections for purely electromagnetic processes can be calculated from
the well established theory4) of quantum electrodynamics (QED). One example

is the elastic electron position scattering or Bhabha scattering, in which case
one has contributions from time-like and space-like diagrams (time propagation
from left to right):

A g

time-1ike diagram (annihilation) space-1ike diagram
(t-channel exchange)

In e'e” head-on collisions the centre of mass system (cms) is identical with
the laboratory system and in our kinematic considerations we shall neglect the
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difference due to small e'e” crossing angles provided at some storage rings.
Therefore we have for the three-momenta X, = - K =% [§,] = K| » and
neglecting the electron mass we get the following simple relations for the
momentum ¥ and the total cms energy vs: |[K|=E = E

Vs =W =2E

Using these relations the expressions for the momentum transfers squared q2
of the time-Tike and space-like diagrams above can be easily evaluated:

q2 = (K, + K_) q2 = (K, - Kjr)2 metric

! .2 .
=-5<0 = 4|, | -+ [&}] - sin %- K= (%, iE)
e 0 2 4y 2

=s-sin® >0 K~ =% - E

_ 3 .2 8 PN

= s>0 = -5+ sin” & < 0 K= (E, K)
Ko =% - %2

The two metrices shown differ in the sign of the four-vector product definition.
The first is used by Muirhead during his lectures®) at this school while

the second metric is widely used by other authors. In terms of the second
metric the time-like and space-like diagrams are characterized by positive and
negative momentum transfers respectively. These diagrams are also sometimes
referred to as annihilation graph and t-channel exchange contribution.

It was already implied by the matrix element (2.1) that the propagator is

given by q'2 which is s ' for the annihilation graph according to the time-
Tike expression in the above table. However, for the space-like diagram the
propagator 1is 571 sin2 g-, and therefore small angle Bhabha scattering is

completely dominated by its space-1ike contribution.

Since the cross section is large for forwardanglesand QED is a save theory
in this region, Bhabha scattering is taken for Tuminosity measurements, i.e.
all measured e*e” event rates are normalized by the simultaneously measured



ete”™ elastic cross section.

Another QED process of the same order of magnitude as Bhabha scattering is
the annihilation into two photons: ’

et | Y e*
-+

Y

This process has only space-like diagrams, and therefore its angular distribu-
tion is strongly peaked towards the directions of the incident leptons.

When presenting the energy dependence of various e*e” cross sections, the data
are very often referred to muon pair production which is the simplest ete”
process, since it has only a time-like contribution.

2
_ 4mo” _ 86.8ub , s in GeVz

Ouu T 7 3s S

2
- moa® _ 21.7ub . E in GeV

e _ 1
““Ffc T37

The cross section scale and the angular dependence of the processes discussed

in this section (and of e e -~ e e ) are shown in Fig.2.1 for beam energies of
E=1GeV (Inb = 10'33 cm2). These cross sections drop Tike -éf with increasing
energy whereas the cross sections for photoproduction or hadron collision
approach a Tower Timit at high energies and in some cases rise afterwards. The
size of the different types of cross sections differs by several orders of
magnitude : Whereas for e*e” annihilation we have typically 20 to 100 nb at

E = 1 GeV, the photoproduction and hadronic cross sections approach 100 to
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200 ub and 20 to 40 mb,respectively at high energies.

2.2 Hadron Production

We shall consider here hadron production via one photo annihilation and neglect

7)
&
hadrons
£

If conserved, the quantum numbers of the hadronic system should be those of the
PC _

higher order terms.

photon. Therefore spinparity, and C-parity are given by J 17" and one can
ask: Which consequences do arise for the cross section and the angular distri-
bution?

P 1~ the orbital angular momenta of the ete” system are limited to

Due to d
L =0 and 2. Using the classical definition L=p s r =~E « r, where p = E
is the electron momentum (energy) and r the interaction radius, one obtains
r ~-% since L is limited. Inserting this and the electromagnetic coupling
o into the geometrial cross section o = wrz and remembering the above u-pair
cross section, one has for the total hadronic cross section

+ - 2
o(e’e” » hadrons) ~ o2 7 r? = gtyﬂ

=Ry
Therefore it is expected that the hadronic cross section decreases as 1/E2.
This is in strong contrast with purely hadronic interactions where the cross
section becomes constant or even increases at high energies because higher and
higher partial waves can contribute to hadron co]lisions.s)

Another characteristic of hadron scattering is the strongly forward peaked
angular distribution of the final state particles. The hadrons from ete”
collisions, on the other hand, have a relatively flat angular distribution.
Since the total angular momentum is limited to one, the most general angular
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distribution for the inclusive hadron production process e'e” > h + X is

N

hadron dcose c%(;e
do collisions
_h =a+b cos2 8
d cos 8 one Y proceSSeS
n
-1 0 +1 cosO

2.3 Quark Parton Model

The conventional spin %3 fractional-charged quarks have the hadronic quantum

numbers shown in the following table:

symbo1 Q I3 S C Y
2 1 1

1 1 1

d 3 H 0 0 3

s -% 0 -1 0 %

c %- 0 0 1 -%

A11 quarks have baryon number B = %3 and the hypercharge Y is connected with

strangeness S and charm C by Y = B + S - C. The Gell-Mann Nishijima relation
+ %‘(B + S + C) where Q is the quark charge.
5:9) the total e'e” hadronic cross section at high

reads Q = 13
In the quark parton model
energies is visualized as the production of quark pairs which in turn burst into

hadrons.

e* o(ete o q@) = @ -
o(e'e »~qq) =Q o

0101

-
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Since the quarks are fermions the cross section is the same as for p-pairs, only
the quark charge Q modifies the qq coupling. To obtain the total cross section
one has to sum over all quark pairs:

o(e+e_ -+ hadrons) = ? Q? PO T R . SANE
Early experimental va]ueslo’ll) for R are shown in Fig. 2.2 with the dominant
vector mesons indicated schematically. The remarkable rise at 4 GeV is
attributed to the charm threshold. Inserting the charges for the up, down,
and strange quarks below 4 GeV and including the charm quark above threshold
yields R = % and %? respectively which are by far too small. This was one of
the reasons for introducing three quark colours and thereby increasing R by a
factor of three. The new value R = 2 appears reasonable around 3 GeV and R = %?
(including the charm quark) leaves some room for additional effects above 4 GeV

which will be discussed later.

2.4 Vector Meson Production

Vector mesons carry the quantum numbers of the photon and therefore their
. + - 1
resonance behaviour can be probed by e e annihilations:

- 3m Fee rf

>+ Y V é f R (M -/5)° + /4
M
e~ o)

In the Breit-Wigner cross section formula Toas T and T are the respective
partial and total widths, M0 is the mass of the vector meson V and vs = 2E = M
the e'e” energy. The electronic and hadronic widths - Tae and Ty, - can be ob-
tained from the integrated cross sections:

s T T
_ 672 ee h
f"hdM‘MZ T
0
2
G Fee
[ceedM_M_’Z -
(0]

with T = Fh + ree + Fuu'



Since the leptonic widths are usually much smaller than the hadronic width, we
have T = Th and obtain Tae from the integrated hadronic cross section.

Knowing Peé we get T from the integrated cross section of the 1eptonic decay

mode. Some of the known vector mesons are given in the following tab]e:lz)
) M MeV I MeV Tee keV
773 t 3 152 + 3 6.5 + 0.8
w 783 + 1 10 +1 0.8 + 0.2
¢ 1020 + 1 4 +1 1.3 £+ 0.1
J/y 3098 + 3 ~ 0.067 + 0.012 4.7 + 0.7

As one can see from colomns three and four, the electronic width has approxi-
mately the same value for all the vector mesons, whereas the total width of the
J/v meson is several orders of magnitude smaller than for its low mass partners.
This has been the first indication of a new quantum number, called charm, which
will be discussed later.

Since in the framework of unitary symmetries mesons are composed of quark and
anti-quark constituents, one can visualize the formation of vector mesons as
quark pair production, the cross section of which is given by the muon pair
production modified with the quark charges Qi in an coherent sum:

The total vector meson production can be obtained by integration:
peak . (. _ _ bng? 2, (dM '
oy * e T =foy M =fo dM-——3—(1g Qi)IMz (2.2)

Comparing this with the Breit-Wigner peak cross section
T
peak _ 3m ee
T yT T
0

one obtaines for the electronic width:

_ 2 2 [dM
Tee = %T (§ Q)" M, W (2.3)
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From this expression we see that the leptonic width is a direct test of the
coupling via the quark charges. Neglecting the mass dependence in (2.3) we
can compare the expected and measured vaiues in the following table where

uu, dd, ss, and cc denote the charges %a - %3 - %3 and %—respective]y:

r
2 .V > ee .
v L Q, (z Q) expected: ————= : measured
i i ©
o) 1 — _ 1
o 75 (uu - dd) Vi 9 8.6 + 2.2
1 — 1
w 72 (uu+dH) -1-3 1 1.0
6 55 5 2 1.7 + 0.4
—_— 4 )
J/v cc 3 8 6.2+ 1.6

We observe an agreement within errors. By taking the mass dependence of the
leptonic widths into account - for example within the framework of vector
meson dominancelS) - one only spoils this agreement.

As a final example, we can estimate the peak cross section of the o by using
"~ formula (2.2):

1.2 GeV
2
gpeak o dme” 5.1 M~ 1500 nb
p o 5 M2
mTT

14) of 1.6 ub. This

shows that we can take these simple formulas to get correct orders of magnitude.

which is in rough agreement with the experimental value

The energy dependence of the e’e” annihilation is shown in Fig. 2.3 with the
vector mesons and SPEAR data indicated schematically. The data points between

1 and 3 GeV do not contain the new measurementslS) at ORSAY and FRASCATI which
became available last year. The u-pair cross section (dashed line) is given
for comparison, and the generalized vector meson dominance mode113) (full line)
accounts on the average for the low energy points by just allowing for the
dominant p coupling. The energy dependence of the observed cross section

above 3 GeV will be discussed in greater detail in Section 8.

3. e'e” Storage Rings

Why does one want to have such complicated machines like storage rings for
physics experiments? Would it not be much simpler to use accelerators? Let us
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consider the kinematic range accessible to both types of machines:

accelerator storage ring
+ - + -
e e e e
—_— e —_—
>
P my, P P

Vs = V2 mE /s = 2E

Here we see that the available cms energy VS increases for accelerators as

vE and for storage rings linear in E. An additional handicap for an et
accelerator and an e  target is that the target particle is so light. If we
wanted to bombard protons with protons at a cms energy of 30 GeV we would

either have to build a storage ring of 15 GeV beam energy each or an accelerator
with 450 GeV. Both projects have been realized at CERN. However, in order to
obtain e*e” collisions at 10 GeV one needs a storage ring of 5 GeV beam energy
or an accelerator of 105 GeV. The Tlatter project is financially completely out

of range, and the reason is the small target mass.

Next we consider some of the important properties of ete” storage rings like
luminosity, energy spread, and beam polarisation.

3.1 Luminosity

Another consequence of the small electron mass is the fact that it easily
emits a photon when forced into a curved orbit. This synchrotron radiation

causes a strong energy 1oss which per electron and per turn is given by17)

4
_ E' (GeV)
’leyn(KEV) = 88 —p——(nﬂ__

where E is the beam energy and p the bending radius. For SPEAR at SLAC

and DORIS at DESY the bending radii are roughly 13 m. Therefore, taking a

beam energy of 3.5 GeV, the synchrotron radiation per electron and turn amounts
to 1 MeV. This energy loss has to be pumped back into the beam by radio
frequency cavities which force the beam into a bunched structure, because an
oscillating electric field has a maximum accelerating effect only at a certain
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phase with respect to the traversing beam. This bunched structure distinguishes
e+e- machines from pp facilities with continuous beams 1ike the ISR at CERN.

It is evident that this feature adds an additional parameter in machine tuning
and may affect the interaction rate. One may visualize the e+ beam as carrying
the flux and the e  beam as the target:

e’ e N*: number of ei/bunch
—1 —
=——— A —— f : revolution frequency
NF B N B : number of bunches/ring
| ~——
flux target

Then the interaction rate n for a given cross section ¢ is:

(number of incident partic]es) (number of target partic]es) -

n-=
sec cm
_NFEBN
__—F-_lo‘
where F = overlap area of the two beams
= 4q Oy Ty

assuming a Gaussian particle density distribution with rms radii 9y and oy
‘The proportionality constant between interaction rate and cross section is

called the luminosity and given by:

+

L= NN fB
Z’ITO'XO"y
_ 1 1
4re® chny

for 1% = NtefB being the beam currents.

From this formula we see that we get high Tuminosities for large beam currents
and small beam cross sections. But what 1imits the Tuminosity to finite values?
It is clear that, if we try to force an infinite current into a zero cross
section, the system will escape towards greater thermodynamical equilibrium

at the slightest distortion. Such distortions are inhomogeneities in the
magnetic guide field and most important the beam interactions because one would
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1ike to force the beams through small cross sections at the interaction points.
Everywhere else the beam cross section is unimportant. These distortions cause
oscillations of the beams around their ideal orbits, the so-called betatron
oscillations. Thus each beam produces for the other beam a shift aQ from its
stable wofking point:

+
Aq; _le N BX’Y
Y Y'Zwox’y (0X+oy)
with r_ = classical electron radius = 2.82 x 10713 em
- E
Mo
By y = amplitude function at the interaction point.

Experience at the ete storage rings has shown that a stable operation is
possible for values AQX y < 0.06. This 1imits the maximum number of particles

per beam to:
E s ye2m Oy.y (ox+cy)°0706
max re * Bx,y

Inserting typical values 1ike g =~ 50 cm, o, = 0.1 cm, and o, = 0.01 cm into
this formula one obtains a maximum of 1011 particles per bunch at beam energies
of 2 GeV. With a revolution frequency of 1 MHz for DORIS and SPEAR the maximum
current could reach for one bunch:

= N fee = 1017 e/sec = 10 mA

Inserting the above values into the luminosity formula one obtains an upper
1imit for single bunch beams at 2 GeV:
_ NN B _

max
4 chy

1030 em™2 sec!

This upper 1imit is not easily reached at e+e- storage rings. But with a higher
bunch occupation number per beam - allowing an effective current of 100 to
200 mMA - a Tuminosity of a few times 1030 cm_2 sec_1 has been obtained at

DORIS.
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For the design of an ete” storage ring the variation of the luminosity with
energy is an important quantity. The photon emission leads to an increase in
the beam cross section:

0x,_y~E

Using the above formulas for N;a and Lmax’ we obtain the following variation

X
with energy:

N~E3 and L~E.

Therefore, the increasing luminosity more than compensates for the annihi-

2

lation cross section falling 1ike E “. But even faster than the luminosity the

energy loss increases which has to be compensated by the r.f. power:
7

- . + = . . . ~
wr.f.-wsyn (N +N)-f-e-B~E

Remember that the energy 1loss wsyn 'pAer electron per turn has already an E4

.dependence. When the Timit of the r.f. power is reached, one can reduce the
bunch number 1ike B~E_7 to keep wmc_ = const. This would imply a falling
luminosity L~E ~. However, when reaching the limit of a single bunch

per beam one has to reduce the

number of particles in the bunch

[} like N~E™%. This results in a
2eon-|
1032 _L (Cm sec ) dramatically decreasing Tumino-
-3 sity:
E . ~ 10
103‘ - L~E

The results are summarized in the
E_n diagram to the left. A storage ring
with many bunches can produce a
1029 . L e higher luminosity at Tow energies
than a single bunch machine. How-

10301

«'028 I | | | | ever, the multi-bunch operation re-
1 2 3 l. 5 - quires a good separation of the
two beams which is done at DORIS

E (GeV) by stacking one ring on top of the

other with crossings at the in-

Tuminosity diagram
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teraction regions. SPEAR on the other hand is a single bunch machine, and its
range of operation does not extend to such low energies as indicated in the lu-
minosity diagram above. 7

Before closing the remarks on luminosity, one should emphasize again, that the
1uminosity'determ1nation at e+e_ storage rings does not depend on the methods
described above, but is accomplished by measuring Bhabha scattering as a
reference process.

3.2 Energy Spread

The electrons and positrons in a bunch have an energy spreaddue to synchrotron
radiation. As a consequence the observed cms energy W = Vs = 2E has an rms
width of: ’

2
_ E- (GeV
oy (MeV) = 1.3 m

At SPEAR and DORIS this amounts to 0.1 MeV (E/GeV)Z. Therefore, the narrow
width of the J/y resonance cannot be observed directly but is folded with a
Gaussian from the energy spread.

3.3 Beam Polarization

Let S denote the lepton spin and B the magnetic field vector. For the positron
the transition from S,B = +4 to §,§ = 44 is energetically favoured and accomp-
lished by synchrotron

radion. The opposite alignment is

favoured for the electron. In this

o]/

way a beam polarization P builds

up naturally with a time delay described ‘;+
18)
by

.
.

P(t) = P, 1 - exp(-t/T)

relaxation time

2

98 sec vﬁg—iml—— Pav (m)

E> (GeV)

where T
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o
1]

maximum attainable polarization
0.924

As mentioned before, the bending radius p for DORIS and SPEAR is 13 m and the
average radius Pav is 30 m. Inserting these numbers we get

_ 140 h

T=210N0
2 (GeV)

Therefore it takes 4.5 hours at E = 2 GeV and only 14 min at E = 4 GeV to obtain
roughly 2/3 Po’ if no depolarizing effects are present.

3.4 Existing and Planned Storage Rings

As storage ring examples SPEAR and DORIS are shown in Figs. 3.1 and 3.2. Both
have two interaction regions. Since SPEAR is a single ring machine it is
operated in a single bunch mode. The various components are shown on the

figure: the kickers and septums are needed for injection, the r.f. cavities
balance the energy loss, and the quadrupoles focus the beams into small vertical
-dimensions at the interaction point. For DORIS the injection path is indicated:
after leaving the linear accelerator, the leptons are carried in the synchrotron
to their injection energy which is always close to the storage ring operation
energy. SPEAR has been operated between 3 and 7.8 GeV cms energy. At DORIS most
of the data have been taken between 3 and 5.2 GeV. However, at the time of
writing the mode of operation is extended up to 10 GeV.

Fig. 3.3 gives a survey of the various e+e_ storage rings (years of operation in
brackets). From our previous discussion it is evident that the Tuminosity and
energy range are two important parameters. The dash-dotted lines indicate machines
which are no longer available for high energy physics: either phased out or
dedicated to synchrotron radiation. The full rectangles are the presently opera-
ting e'e” facilities. The dashed lines, finally, show the storage rings scheduled
for operation in the near future.
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4. Storage Ring Detectors

From the discussion in the previous sections we know that the u-pair cross )
section is 22 nb/E2 (EinGeV) and that we can obtain a luminosity of 10%%n™%sec
at 1.5 to 2 GeV beam energy. Therefore we can expect the following event rates:

-1

1.5 GeV : 0.5 events/min
hadrons at E = 1.5 GeV | "
hadrons at J/y resonance (E = 1.55 GeV): 150 "

u-pairs at E

We see that the event rates are small outside the J/y resonance. Let us next
consider what the main characteristics are when designing ete colliding beam
experiments. Remember that many of the detectors - the results of which are
discussed in this report - had to be outlined before the advent of the J/y.

It has already been known in 1972 from experiments at the Frascati National

11) that the hadron production was governed by many-body final states
(average charged particle multiplicity of 3.5 at 3 GeV cms energy). In order

to completely analyse high multiplicity hadronic events, the ideal detector
should cover as much as possible of the full solid angle and identify the

Laboratory

long-1ived charged particles (e, u, m, k, p) as well as photons. The detector
has to determine the directions of the particles and, if possible, their
momenta. Up to four unmeasured quantities can be obtained from energy and
momentum conservation. The background from cosmic rays and beam gas inter-
actions is reduced by requiring that some tracks of an event originate from the
interaction region. Exclusive final states are best separated from the back-
ground if they are measured so well that they are kinematically overconstrained.

It is difficult and expensive to combine all the ideal requirements in a single
detector. Therefore, different aspects have been emphasized by the various
experimental teams. Those experiments, which reported results to the Symposium
on Lepton and Photon Interactions in Hamburg, are listed in the following table:
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detector name institutions detector type
- DESY, Heidelberg non-magnetic
Mp2sps? Maryland, Pavia, Princeton,|p Nal or
San Diego, SLAC, Stanford lead glass
BONANZA Bonn, DESY, Mainz
DELCO Irvine, Los Angeles, Helmholtz coil
Stanford and C-counter
IRON BALL Colorado, Pennsylvania, azimuthal
Wisconsin field in Fe
MARK I ' Berkeley, Hawai, North- )
(SLAC-LBL) western, SLAC, Stanford magnetic
>
PLUTO - Aachen, DESY, Hamburg, solenoid
Siegen, Wuppertal J
MPP Maryland, Pavia, Princeton 1 magn. spectrometer
DASP Aachen, DESY, Hamburg, 2 magn. spectrometers
l Munich, Tokyo

The main characteristics of each detector are indicated in the table. A1l of the
devices use wire chambers for track detection. In the following only some of the
detectors can be presented in more detail and I shall select three different
types for illustration.

4.1 A Non-Magnetic Detector (DESY - Heidelberg)

The DESY-Heidelberg detector (Fig. 4.1) consists of cylindrical drift chambers,
surrounding the beam pipe, followed by Nal and Tead glass counters, cosmic

ray counters, an iron shield and the muon chambers. A mercury converter of two
radiation lengths thickness in front of the last drift chamber can be filled

or emptied between runs (see enlarged insert on top left of Fig. 4.1). The
fraction of the full solid angle subtended for u detection is 32%, for electron
and photon detection 45% and for charged particles 95%. The energy resolution
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AEJE is + 2% x E-1/% for Nal and + 6% x E1/2

for Tead glass (E in GeV). An
event trigger is defined by:

0 track in drift chamber and deposited energy > 1.5 GeV or
1 track " " " e " > 0.9 GeV or
2 tracks " " " oo " > 0.4 GeV etc.

With this type of detector one can measure the directions of charged particles
and photons and distinguish leptons and photons from hadrons. Events with Tess
than 5 tracks can be kinematically reconstructed from the particle directions.

4.2 Magnetic Solenoid Detector MARK I

The solenoidal magnet of the SLAC-LBL collaboration has a usable volume of 3 m
in diameter by 3 m in length, filled with a uniform axial magnetic field of 4 KG.
As shown in the cross section of Fig. 4.2, a particle leaving the beam pipe tra-
verses a scintillation counter, four sets of cylindrical spark chambers with
magnetostrictive readout, a time-of-flight counter, the coil of 1 radiation
length thickness, a lead-scintillator shower counter for electron identification,
and in the case of muons a 20cm thick iron yoke followed by a set of spark
chambers. The magnetic volume allows a momentum resolution of Ap/p = 1.5% x p
(GeV/c). The event trigger requires two or more charged particles of at least
200 MeV/c momenta and covers 65% of the solid angle. Hadrons can be separated

by time of flight: pions from kaons up to 600 MeV/c and kaons from protons up

to 1.2 GeV/c.

This solenoid detector measures the momenta of charged particles in a large
fraction of the solid angle and provides some information on showering electrons
and converted photons. It is therefore well suited for few and multi-body
analysis.

4.3 Double Arm spectrometer DASP

The experimental arrangement of a German Japanese collaboration consists of two
detectors: The double arm spectrometer with 1imited acceptance (8% of 4rn) and

a nonmagnetic inner detector covering a large fraction of the solid angle (~70%).
Each spectrometer arm (Fig. 4.3) has three wire chambers in front of the magnet
and five chambers behind the magnet followed by a time of flight counter, a
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shower counter, and a range counter with a scintillator array after 70 cm of

iron and additional slots to insert wire chambers. The maximum field length

of each magnet is 18 kGm which corresponds to a momentum resolution of

Ap/p = + 0.7% x p (GeV/c). The time of flight counter separates pions from

kaons up to 1.6 GeV/c and kaons from protons up to 3 GeV/c. The Tead-scintillator
shower counter for electrons and photons has an energy resolution of AE/E = 30%

X E-I/Z(E in GeV). All counters are segmented in various ways to allow multiple
hits.

The inner detector is located between the two magnets and a view along the beam
pipe is shown in Fig. 4.4. In addition to the six wire chambers mentioned above
there are four layers of sandwiches consisting of scintillator, lead and pro-
portional tubes to measure the conversion points of photoné. On the outside the
inner detector is surrounded by lead-scintillator shower counters.

The double arm spectrometer is triggered purely inclusively on a single track
traversing one of the beam pipe counters as well as the time of flight and
shower counter. The 1nner'detector is triggered on e+e- or yy due to the energy
deposited or on more than two tracks or photons.

This detector provides complete particle separation and momentum determination
in a Timited solid angle and measures the direction of charged particles and

photons in the inner detector.

More details on these detectors and the names of the members of the respective
groups are given in various publications quoted in the physics sections.

5. Quantum Numbers and Main Characteristics of J/y and '

The J/y resonance was discovered independently by two experimental groups in

1974 and was worth a Noble price already two years later. The discovery was not
the result of a systematic search but came unexpected. One of the experimentslg)
was performed at the Brookhaven National Laboratory investigating electron pairs

from the reaction

p+Be~>J+X

L e*e”
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The other experimentzo) was done with the above mentioned SLAC-LBL detector at
SPEAR observing the direct formation and subsequent decays into various
channels:

e+e— + 3y - hadrons
+_
+uou
+_
~ee
This is how the resonance got its double notation J/v. The data are shown in
Figs. 5.1 and 5.2. Shortly after the discovery of the J/y another narrow state,
named ¢', was found21) in e'e” annihilation by the SLAC-LBL group (Fig. 5.3).
Both resonances weg%)subsequent1yconfirmedby experiments at the ADONE and
DORIS storage rings. The various measurements of the resonance masses and decay

widths are in reasonable agreement. The SLAC-LBL values are given in the
following table:

J/v v
mass (MeV) 3095 + 4 3684 + 5
r (KeV) 69 + 15 228 + 56
Foe (KeV) 4.8 + 0.6 2.3 £+ 0.3
ruu (KeV) 4.8 + 0.6 2.1 + 0.3

The method for obtaining these values was already described in section 2.4.
Because of the energy spread of the storage ring the observed width of the
excitation curves (Figs. 5.2 and 5.3) is 1 to 2 MeV and therefore much larger
than the decay widths given above. One can also see the effect of one of the
electrons radiating off a photon in the initial state, which gives rise to the
long tail on the high energy side of the curves in Figs. 5.2a and 5.3a. Due
to this effect the peak cross section of these narrow resonances is lowered by

40%. However, I shall not enter here a detailed discussion of radiative effect523).

In this section we shall investigate the question of quantum numbers and finally
ask the question:

Are the J/y and y' hadrons? From the wealth of experimental results the most
instructive examples will be presented.
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5.1 Spin, Parity, and C-Parity

Anticipating that the new particles are produced via one-photon annihilation,
PC . 17", This has been
confirmed by investigating the interference pattern between the u-pair decay

of the J/u and the QED background?®):

we expect the spin-parity quantum numbers to be J

These two diagrams can interfere if the J/y has a spin different from zero

and negative parity 1ike the photon. The left diagram can be presented by

a Breit-Wigner amplitude describing a circle in an Argand diagram whereas the
QED contribution is real and negative.
Assuming 3P = 17 the cross section can be

written as:
+ - + - 2
= A + A
o(e’e »wu) = [Ay, + A
=ﬁ.__ﬂ£__-£a2
Sy, s+ L 3
[\ J/y 2
QED
Neglecting the i % term one sees immediately that the interference is destruc-

tive below and constructive above the resonance. This is observed for the data
in Fig. 5.4 where ouu/cee is plotted for the J/y and y'. Therefore all the

+ L+ . . .
s 2 5... resulting in no interference are ex-

spin-parity assignments 0%, 1
cluded. Looking at the leptonic decay angular distributions of the J/y in

Fig. 5.5 we observe a 1 + C0526 behaviour in agreement with JP =1 . Notice

that for the e-pair decay the QED background has to be subtracted. From the
absence of higher powers of cos 6 in the angular distribution we conclude that

27, 3, ... are excluded as well and therefore JP = 1" s our only choice for J/y.

The same holds true for the y'.

The C-parity C = -1 follows from the parity, since CP invariance is expected
to hold for the u-pair final state:

W= eptu) = - et
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5.2 G-Parity and Isospin

The recipe for obtaining the G-parity is simply to count the number of pions
in the decay. Take for example the decay

J/y -~ w+7r+1r—1r_X
and Took at the effective mass spectrum of the recoiling system X. The data25)
in Fig. 5.6b show an enhancement at Mio = 0.02 for the J/y whereas no such

recoiling =° is observed outside the resonance (Fig. 5.6a). From the odd number
of pions in the decay we infer a G-parity of -1 for the J/y.

However, the J/y resonance decays also into an even number of pions, although

less abundantly. The branching ratio and width for the decay into two pions
26)
are

T = (1£0.7)x10 and 4 - =715 el

How can one explain this apparent discrepancy? Is the G-parity violated in the
J/v decay? We have to keep in mind that the J/y couples to the photon not only
in its production but also in its decay, and the photon in turn can couple to

the old vector mesons 1ike the o which should give a bigger contribution than

w and ¢ for n'n effective masses around 3 GeV.

In order to see whether this fraction of nn final states can be explained by
the p-tail, let us Took at the following diagrams:

Xy o * vy p *

The contribution from the first graph at a center of mass energy of 3.1 GeV can
be obtained from the Orsay measurement of 1.6 ub at the p-peak and the p-pole

formu1a14):
il
o+ - =1.6 ub — = 5nb
o p P
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In this context "off" means off-resonance production. From this number we can get
the contribution of the second graph. By using the u-pair cross section from
section 2.1 and the measured u-pair decay width for J/y we obtain for its ntn
decay width

which agrees with the measured number. The ratio of multipion production on and
off the J/y resonance (scaled with the u-pair cross section) is plotted in

Fig. 5.7 for multiplicities between 3 and 7. The fact that only the values for

an odd number of pions are different from one shows that the direct decays of

the J/y do not proceed via an even number of pions. Consequently G-parity is
conserved in J/y decays and its value is G = -1. The same line of arguments holds
for the y'.

From the proceeding discussion we have to remember that the width T for the
direct hadronic decay of J/y or y' is obtained by subtracting the virtual
‘photon width FY' from the total width I where rY*does not only include the
leptonic widths but also the coupling of hadrons via the virtual photon:

=T - T« with Fox=Tee ¥ Ty ¥ Toxsp
The value for the last term is simply obtained by I’Y*_+ h= Roff X ruu where
R is defined as in section 2.2. For the J/y with a total width of 69 KeV we get
a hadronic width Ph = 48 + 12 KeV.

The last topic of this section is the isospin assignment. Inserting G = -1
and C = -1 into G = C x (-1)1, we see that only even values of isospin are

possible. The observation of the direct decay into pp selects I < 1 and
26) .

therefore the isospin for J/y is uniquely determined to be zero
‘pp -3
BP = (2.3 4 0.3) x 107 or 15 = 160 + 20 eV

The pp width through an intermediate photon expected from generalized vector
meson dominance ca]cu]ation527) is Tess than 1 eV.
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The v' being the heavier partner of the J/y, does it also have the same IG =0
assignment as the J/y? Let us look at the cascade decay v' -+ J/y + X in order
to see which isospin and G-parity are carried away by X. With C = -1 as the

+

only restriction the whole unnatural series 0, 17, 27, ... would be possible.

What is the experimental situation? The data and the expected numbers are

compared in the following tab]e28):
X B, = PLv > Jd/y + X) relative By expected for
X Ty > J/y +all) G - 4 -
I"=0,1,2
rtrT 0.63 + 0.10 2 2 1
m°r°  0.32 £ 0.10 1 0 2
n 0.065+ 0.026 allowed 0 O

These cascade decays account for roughly 60% of all the y' decays. From the
ratio of min and 7°7° for X in the final state and from the occurence of n we
conclude that IG = 0 is the only choice for the y'.

5.3 SU(3) Assignment

It is well established that the pseudoscalar mesons can be grouped into a
SU(3) monet in the following way:

® o
K° K*
nom .
i ﬂ'ru°_ T+ I3
K~ Ir$°

where the n' is predominantly a singlet stateg) and the remaining particles form
an octet. What may we infer from not observing a direct decay of J/y into n+n_,
as discussed in the previous section? Is the J/y a SU(3) singlet state? This
conclusion is correct if none of the decay final states form an octet state.
Therefore, not only the decay into aln but also the KK decay must be for-

bidden. The experimental branching ratios are given by26):
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3y >t re/r = (1.0 £ 0.7) x 107
> KK - (1.4 + 1.4) x 107
p' > nte” < 3.7 x 10_4
+ - -3
- KK < 1.4 x 10

These small values are consistent with decays via intermediate photons and rule
out any direct i oor KK decay. Therefore the singlet assignment for J/¢ and '
is definitely favoured. The two quantities for J/y are compared in the following
section to form factor measurements at lower energies.

A mixture of singlet and octet amplitudes can contribute to the mp and ki* (890)
decays of the J/y. These decays are identified by the p or k¥ (890) recoil

mass, observed in the double arm spectrometer (Fig. 5.8). The branching ratios
26)
are

J/v -~ ﬂip+ rf/r
R KiKH

2
2

i

(0.78 + 0.19) x 10~
(0.41 + 0.12) x 10~

4

Inserting these experimental values into the corresponding SU(3) amplitudes

¥ _ _
A(rp = Al 2A8

A1 + A8

+ ~—

A(KTK® (890)

and correcting for a phase space factor of 0.85 one gets for the ratio of
octet to single amplitude

IN
TEIT coss = =0.7 + 0.06

where § is the phase between the two amplitudes. This is, therefore, an inde-
pendent check that J/y is predominantly a singlet state.

29) for the octet

to singlet amplitude ratio above is slightly bigger, namely -0.12 + 0.06. However,

For completeness sake one should add, that the SLAC-LBL value

the resu]ts30) for the pp and AA decay modes for this experiment are in perfect
agreement with the singlet assignment, so that the overall picture of the J/y is
that of an SU(3) singlet state.
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5.4 Meson Form Factors

If we assume that the J/y does not decay directly into w+n- or K+K-, the ratio
of the following amplitudes

+ + +. Kt
X X wor K

/’Q;ii U e- - Ttor K~

will measure the pion or kaon form factor:

2 _ Tote” 2 Tt
Fl7 =8 = IF ] =4 5=
TR Tt

Inserting this into the cross section formula for pair production of pseudoscalar

mesons one obtains31)
2 F + - + -
- Tat 2 - - mm, KK
O"IT,K 3s 'FTT,K(S) . ou+u FU+U-

The experimental values for J/y ahd y' are given in the following table where
for comparison the p-pole form factor of the pion is shown as well:

=2

siGev]  |F |2 F12=(1-=5) IFyl?
m
p
3.1 (5.644.0)x107° 4.5 x 107 <2 x 107
3.7 < 0.15 2 x 1073 < 0.55

The form factor values at the J/v energy agree well with measurements at lTower

energies32) shown in Fig. 5.9.

5.5 Nucleon Form Factors

For purely electromagnetic pp production, the electric and magnetic nucleon form
factors, G 33) of the

reaction ete™ » pp:

and GM, would be obtained from the angular distribution
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o _ 90 {6 |2 sints + S5 (6,2 (1 + costs))
3o —;?— Gp [ sin Z;g M c0s48)

where m is the nucleon mass and 6 the scattering angle. As mentioned before,
however, the J/y decays directly into pp which then precludes any definite
statement concerning the nucleon form factors at this energy. The pp pairs,
identified by time of flight in the two opposite spectrometer arms of the DASP
collaboration, are shown in Fig. 5.10 where the recoiling mass MX is p]ottedZG)
versus the pp mass Mpﬁ' For the cluster of events at Mpﬁ = 3.1 GeV all the

energy is carried away by the nucleons. If we take these events and compare the

ratio of pp to u+u_ production to corresponding measurements at lower energiesll’34),
we see from Fig. 5.11 that the DASP point 11és well above the value expected from
nucleon form factor contributions. The curve is an estimate by Renardss) and must

be considered as an upper limit. More detailed calculations by Korner and

Kuroda27) show a much faster fall-off of the pp cross section.

To interpret this direct decay of the J/y into pp, the decay angular distribution
is best written in terms of density matrix elements pxi-where A,A are the
helicities of p and p, respectively:

do .

0 °11 sinZg +<% pp q (1+ cos?2g).
27 72

These density matrix elements are connected with those for S- and D-waves via36):

pg = 2

p1l+ pl-l
27?2 2 2

= =20y 1. %0

°D 11.7°1 1

22 7 2

The angular distribution of the decay J/y - pp is shown in Fig. 5.12 together
with a sinze(qét% = 0)and a 1 + cosze(gél% = o)curve. For pure S-wave the angular
distribution would be isotropic (pD = 0). The 1 + cos2e curve seems to be

compatible with the data. This means p; ; = 0 and we have a mixture of S- and

zT7Z

D-waves with the major contribution coming from the S-wave.
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5.6 Heavy Vector Meson Dominance

A direct way to determine how the photon couples to the new vector mesons
consists in the measurement of their radiative decay widths. The expected
decay widths would strongly depend on whether the photon couples only via the
old vector mesons 1ike the p or only via the new vector mesons 1ike the J/vy.

For the J/y decay into n'y the following orders of magnitude are expected37):

J/¢=/< Pﬂ"{, theory ~ leV
_/“v
I ‘——<J/‘"p Tory, theory 1K€V

Do the experiments favour one of these values? In order to determine the n'y
decay width one can utilize the fact that 30% of the n' decay proceeds via 0%y.
In Fig. 5.13 several invariant mass distributions38) are shown for the ﬂ+ﬁ-yy
final state, where all charged tracks are assuméd to be pions. The two photon
spectrum in Fig. 5.13a shows a strong signal from n°'s some of which are pro-
duced in addition to the p° in Fig. 5.13b and some of which come from the decay
of the pir in Fig. 5.13c. The n' signal is seen in Fig. 5.13d and the signal to
background ratio is enhanced if 7° events are excluded and . combinations
from the p-region selected. A1l the relevant kinematic cuts are given on the
figure. Form the observations we obtain the experimental value

Pn'y, exp 160 + 50 eV

and may conclude that the old vector meson dominance is not sufficient but that
J/y and/or y' are required as new pieces of the electromagnetic current. The J/y
decay into ny is smaller but of the same order of magnitude39’64)
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5.7 Inclusive Spectra and Particle Ratios

In section 2.2 we have seen that the particles of hadron induced reactions
have an angular distribution completely different from e+e- interactions. However,
the large partial waves contribute mostly to forward hadron scattering and it
might be interesting to compare the momenta of e*e” hadron production with the
transverse momentum distribution of hadronic interactions. As already mentioned
in the section on detectors, the double arm spectrometer allows m/k separation '
up to 1.6 GeV and k/p separation up to 3.0 GeV due to 0.6 nsec time resolution
and a 5 m flight path. From Fig. 5.14a one can see the quality of the particle
separation. Even for the momentum range between 1.2 and 1.5 GeV the relative
amount of particles can be easily estimated. The excitation curve for the J/y

resonance in Fig. 5.14b is obtained with the single particie inclusive trigger40).

Fig. 5.15 shows the differential cross sections do/dp for the m, k, and p
particles at the J/y and y' resonances. Because of background problems from beam
gas interactions, the protons have been omitted from the analysis. Both reso-
nances show roughly the same behaviour. The kinematic effect caused by different
particle masses is -taken into account by plotting the invariant cross sections
z#%z' do/dp in Fig. 5.16. The pion yield from the J/¢ can be described by a single
exponential whereas for the y' one observes a break around Eﬁ= 400 MeV due to
the pions from the cascade decay ¢' -~ J/y + ot Al particles at both reso—41)
nances show a similar slope, compatible with kT = 170 MeV for the exponential
9-155' Even more surprisingly, the same slope and also the same relative par-
ticle abundances are observed for particle production from pp collisions at the
ISR42). The curves in Fig. 5.16a represent the ISR particle spectra (vs = 53

GeV and 89° scattering angle) scaled with a common factor to fit the m spectrum

+ - . .
from e e collisions.

The: particle ratios at the resonances are shown in Fig. 5.17 as a function of
the momentum. The k and p ratios increase relative to the m yield with increa-
sing momentum. Fitting the particle spectra with exponential functions one

obtains the following particle yields for the entire momentum range40):
RTr:‘: Rki Rp ’E

J/v 87.5 + 1.5% 8.9 + 1.0% 3.6 + 0.9%

VAN 90.8 + 1.0% 6.9 + 0.9% 2.3+ 0.7%
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5.8 Summary of J/y and y'Properties

We finally wanted to ask the question whether the J/y and ¢' are hadrons or not.
The fact that they conserve all the standard quantum numbers of strong inter-

actions tells us that they are hadrons.

Excect for its mass and width there is no outstanding property which distin-
guishes the v' from the J/y. They have identical quantum numbers JPC =1 and
IG = 0 and are compatible with being SU(3) singlets. Having the same quantum
numbers as the photon they seem to add additional pieces to the electromagnetic
current in the vector dominance model. The inclusive particle spectra are
similar for the two resonances and agree with slopes and relative abundances

of particles produced under 90° in the cms of the hadronic induced reaction.

The main decay widths and branching ratios are summarized in the following
table:

_ I v
decay into T'(keV) BR(%) r(keV) BR(%)
anything 69 + 15 : 228 + 56
e'e” or ptuT | 2x(4.8+0.6) 14 2x(2.140.3) 2
(Te = T,)
y - hadrons 12 + 2 17 6.6 + 0.9 3
g+ ™ 125 + 32 55
n
Yy + Jd/Y
Y grohe <1 57 + 18 25
'direct'hadrons:
a) balance of
previous numbers| 48 + 12 69 34 + 16 15
b) actually seen| 48 + 12 69 23 + 10 10

The radiative decays involving one or two photons will be discussed in the next
paragraph and have been included here for completeness. The numbers for decays

into 'direct' hadrons have been obtained firstly by taking the missing fraction in the
upper part of the table and secondly by adding up all hadronic decay modes seen.
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for the J/V the agreement is excellent and for the V¥' the deviation is within
errors. The gap, reported in the early days for ', has been closed by thorough

investigations. For a review of numerous hadronic decays of the new particles
see for example Ref. 43.

6. Hidden and Open Charm

In the previous section we have discussed the properties of J/¢ and ¢' in the
framework of the old quantum numbers. However, the extremely narrow decay widths
of these new particles were the first indication of a new charm quantum number

- in much the same way as the suppression of the ¢-decay into pions can be

taken as evidence for strangeness. As mentioned already in section 2.4 the ¢

is visualized as an ss state and therefore couples mainly to KK in its decay
(Okubo-Zweig—Iizuka-ru]e44))

u}m*

, R s O
= TG

Since strange s quarks do not occur in the final state of the righthand dia-
gram, this decay is forbidden and the experimentally observed suppression factor
is 50. Introducing a fourth quark c, carrying the charm quantum number, one

can apply this picture to the J/y and y' particles. The corresponding unconnected
diagram represents the unfavoured hadronic J/y or

PN

V' decays and its experimental suppression factor

is a few times 10° compared with normal hadronic J/(I) C C

resonances. The connected diagram - corresponding O(L. CD C ’hOdl'OﬂS
to a decay into particles with charm and anti-charm J

(1ike KK) - is not seen in nature. Therefore, all
the charmed particlies must be heavier than half the y' mass, i.e. heavier
than 1.84 GeV, and J/¢ as well as y' are considered as bound cc states.
Before presenting the experimental results, we shall discuss some of the
charm model features.
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6.1 Some Implications of the Charm Picture

The concept of a charmed quark was introduced before the discovery of the new

particles in order to achieve symmetry between leptons and quarks and to ex-

45)

plain the absence of strangeness changing neutral currents ~/. Let us first

consider mesons of hidden charm, which are built from a charm and an anti-
46,47)

charm quark , and therefore have charm quantum number zero. Such a system

is called "charmonium"48’49)

in analogy to the electron positron bound state,
”positronium“So). An essential point is that the mass of the charmed quark is
roughly half of the y' mass and, therefore, a non-relativistic description may
be used to compute the level scheme51). Using field theoretical arguments
theorists have proposed a confining potential with an r-dependence somewhere

between the Coulomb and the oscillator potential:

o
V(r)=-% = e+ (6.1)

Solving the Schriodinger equation with this potential, one can arrive at Tevel
schemes and transition rates. For a pure Coulomb potential (~-%) we get the
familiar level sequence of the hydrogen atom (below left) and for the iso-
tropic osciallator potential (~ r?) the level spacing would be equi-
distantsz):

E-E;-_-lg--gb- LF £ |25 3D

3k 4R

—>

2S 2
COULOMB 2P ISOTROPIC
- OSCILLATOR
1—.' ] 1 1 "ls— | 1 1
0 1 2 3L+ 0 1 2 3 L—+

The effect of the Ar term in the expression for the potential will be to
lower the 2P state with respect to its Coulomb potential value. A Tevel scheme

of this type but with several of the mass values fixed by expefimental numbers

is shown in Fig. 6.1. Levels with the quantum numbers JPC =1, i.e. the

states 1351, 2351, and 3301 can couple directly to the photon. The S-states
correspond to J/¢y and ¢'. The evidence for the 3301 state will be discussed

in the next section. The states which can be reached by radiative transitions
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from the J/y and ¢' are those with positive C-parity. As we shall see in the
following, these radiative decays have been the object of extensive experi-
mental investigations.

In order to illustrate the point of transition rates I shall repeat one argument
from the excellent review by Jackson49). The J/¢ decay into lepton pairs can
be thought of as cc annihilation

;/\\P1 Ky /et Kil= 1K

c < K=Kyl = 1K1 |
J/ = = rin the CMS
’ —C\/Pz KN\e=  P=IP1=1F,]

The QED cross section for this process is

| mefq, K B AW
Sp = s plrz i)

where QC and MC are the quark charge and mass. In the extreme relativistic
limit (B > 1, M_ << /S, P = K) we get the familiar n-pair cross section modified
by the quark charge:

_ 4ma® o _ 2
9QED T 3s Q ST TR Q" -

However, in the case considered the ¢ quark has roughly half the J/y mass, and
we therefore have to take the non-relativistic limit with g ~ 0, s > 4Mé,

K=M. and P> (M/2)v where v, is the relative velocity of ¢ and c:

rel?

5 2
v _ ma® Q
rel 22
|‘~:C

9QeD -

This is the expression for a transition rate. In order to obtain the partial
decay width T(17™> e'e”), we have to multiply this expression by a factor of

3 due to colour, by a factor of-% to account for the fact that the spins are
always in a triplet state for JP = 17, and finally by the spatial wave function
| & (F)|2 = |R (r)|2 /47 at the origin r = |¥| = 0. Inserting half the J/y
mass M/2 for the quark mass MC we get:

(17" > efe) = 5_2;792_ . |R(0)12. (6.2)

In analogy with the annihilation into photons in QED, the J/y hadronic decay
can be visualized as annihilation into vector gluons, and Tike in QED it has to
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PC_ -, However, single gluon annihilation is

be an odd number of gluons for J
excluded since gluons carry colour and the J/y state is colour-neutral.

Therefore the lowest-order diagram is three-gluon annihilation:

(C

IN CD‘S:’Q{  hadrons

C  qgluons

The transition rate is given in accordance with‘QED; only the coupling constant

a® is rep]aced46) with 5 us3 /18:
- 3
M7~ 999 =g (1°- 9) 13 2 RO (6.3)

The coupling constant o is the same as in the potential (6.1). By taking the
ratio of formulas (6.3) and (6.2) and using QC = 2/3 for the quark charge, we
get the ratio of the hadronic to electronic decay witdths of the J/y:

I'(J/y > hadrons) _ 5 (w2 -9) a?
T(J/y~ efe™) - 8T Efé'

From section 5.8 we know that the experimental value is 10 + 2 and this fixes
the coupling constant at approximately ag = 0.2. This value of Qg is small
enough to do perturbation calculation and is the basis for obtaining mass
splittings and decay rates. For a more detailed discussion of the formalism
the reader 1is referred to Jackson's report49).

By introducing a fourth quark, the symmetry scheme of hadrons is generalized
from SU(3) to SU(4). The meson nonets are replaced by hexadecpulets, each
consisting out of the original nonet and a singlet meson with hidden charm

(C = 0) plus two triplets of gpen charm (C =+ 1). Each level in Fig. 6.1

is a charm singlet member of such a SU(4) mu]tip]et53)

example of the pseudoscalar multiplet in Fig. 6.2 which includes the 1150 state

as we can see from the

e of Fig. 6.1. The charm~carrying pseudoscalar mesons D and F are shown above
(C = +1) and below (C = ~1) the plane of the SU(3) nonet of conventional pseu-
doscalar mesons. As one can see from its quark constituents the F meson has in
addition to chérm also strangeness different from zero. The corresponding vector
mesons D¥ and F* can be grouped together with J/v , p, w , ¢anclK*(89o) into a
similar SU(4) multiplet. Because the charm quantum number is conserved in strong
and electromagnetic interactions, the states of open charm are produced in
association with their corresponding anti-states. To prove the existence of
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charm-carrying particles, one has to find their characteristic weak decays. In

the following table some examples of hadronic and semileptonic decays

49,54)

are given together with the relative decay rates for each type where c, u, d, s

denote the charm and ordinary quarks and eC the Cabibbo ang1e55).
¢ decay mode example relative rate
hadronic: D°{ U U }K- c0s26, =1
pr C
c—+sud WY Cabibbo-angle favoured
d/t*’
. D°{ - . }n" sin26; =005
¢~+dud V&j/ Cabibbo-angle suppressed
d\ S+ .
semileptonic: o { U U } k- cos20. =1
. 4
CcFsuv A W Cabibbo-angle favoured
c—d® v D°{z = S}Tt- sin2 8¢ ~ 005
K ‘\\ve Cabibbo-angle suppressed
e+

The dominant transitions for both hadronic and semileptonic decays are those

which change charm and strangeness: AC = AS = = 1. Therefore we expect for

the Cabibbo favoured decays strange particles in the final state. Before we
discuss the search for charmed states, we shall look at the results obtained

from the spectroscopy of cc bound states.

6.2 Evidence for the y'"'

P'' is a notation for the 3301 state in Fig. 6.1. Before its discovery it had

been predicted in 1975 by Eichten et al.
Last year it was found by the DELCO

56) ith a mass of about 3.75 GeV.

%7) and MaRk 1°8)

experiments at SLAC. The

resonance parameters of the y'', reported at the Hamburg Conference 1977, are:

mass (MeV)
r (MeV)

T (keV)

DELCG MARK 1
377 + 6 3772 £ 6
24 = 5 28 £ 5
0.18 + 0.06 0.37 + 0.09

As én illustration the data are shown for the DELCO experiment. The experimental
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arrangement (Fig. 6.3) is characterized by a big Cerenkov counter sensitive only
to electrons (m threshold at 3.7 GeV). An axial magnetic field is generated in a
small volume around the beam pipe by two discrete coils. How the cross section

- normalized to the p-pair cross section - varies with the centre of mass energy,
is shown in Fig. 6.4 a) for the raw data, b) for v and y' tails subtracted, and
¢) for the electron pair decays. That the y'' was seen so late in the game

is certainly due to the fact that the charm spectroscopy is so rich that it was
hard to decide what to measure first.

6.3 Investigation of Hidden Charm States between ' and J/y

From the level scheme in Fig. 6.1 one can see that most of the states between
2351 and 1351 have even C-parity and thus can be reached by radiative decays
of the y'. Three methods have been employed to identify such intermediate

states for short denoted as 3PJ (2150 and 31D2 could be involved as well).

a) In the cascade decays one detects the J/v via its leptonic pair
decay and observes one or two photons:
1 3
1[)—>‘yPJ
L—*' Y d/y (6.4)

| + -
uou

b) One can look for hadronic decays of the 3PJ in various final states:

. 3
vo> oy f (6.5)

L—————+ hadrons

These two methods have the advantage of completely analysing the final state
but the disadvantage of always supplying products of transition rates.

c) Absolute rates for the radiative decays of the y' can be obtained from
inclusive photon spectra by looking for monochromatic lines:

) 3
Y >y PJ (6.6)

Let us start by discussing the cascade decays (6.4). A sample of u-pairs identi-
fied in the two spectrometer arms of DASPSQ) is used to calculate the effective

mass Muu ; the plot in Fig. 6.5 shows two peaks: one from direct decays and QED
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processes at a mass of 3.7 CeV and a second one from the cascade decay into

J/¥ at 3.1 GeV. Selecting events with Muu near 3.1 GeV one obtains the spectrum
of the recoil mass squared in Fig. 6.6. 88 % of this spectrum can be explained

by the final state TR O (solid curve) since the charged pions have an unique
signature in the inner detector and the neutral pions add one half of the charged
pions due to isospin considerations (see section 5.2). There is a clear n signal
on top of this curve which accounts for 6 % of the spectrum and, therefore, 6 %
of the events are left as candidates for cascade decays. However, only those

" events are taken which have two photons positively identified in the inner de-
tector of DASP. In order to eliminate background from y' - J/y + °r° it is re-
quired, that J/v + yy be cop]anér, and J/y + n final states are avoided by
selecting events with MYY less than 510 MeV. The kinematic'quantities are best
determined by fitting the final states with the photon directions, the muon
momenta, and the J/¢ mass as input (3 constraints). Since one does not know
which photon is emitted first, the invariant masses of the J/y with either one
of the two photons are plotted in Fig. 6.7 as high and Tow mass solutions. One
sees a clear clustering of events at masses of 3.51 + 0.01 GeV or 3.28 + 0.01 GeV
respectively. This intermediate state - first seen and called PC by the DASP
collaboration - is narrower than 20 MeV and has the following product of
branching ratios:

T(p' > P +y) TP, > /Y +y)
r(y' + all) r(p. » all)

The m°7° background - with two decay photons undetected - is smoothly varying
and estimated to be less than 0.5 events per 10 MeV interval.

The important question, which photon is emitted first, can be answered by in-
vestigating reaction (6.5) which only involves one photon. The detailed dis-
cussion in the next paragraph shows that the high solution gives the correct
mass assignment for Pc' In order to look for more intermediate states let us

add to the 3 constraint events in Fig. 6.7 those with one of the muons only
known by its direction (2 constraints) and eventsGO) from the MARK I detector
with one of photons converting in the beam pipe (also 2 constraints). The data
are shown in Fig. 6.8 together with the high mass projection. The dashed line
gives the expected 707 background. We observe two distinct peaks at about

3.51 and 3.55 CeV, and some indication of an enhancement near 3.45 GeV. The same
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YY u+u— final state was analysed by the DESY-Heide]bergsl) group with its non-
magnetic detector. Since none of the momenta were measured, they used 1 con-
straint fits (only the J/y mass as input) to obtain the invariant mass distri-
bution in Fig. 6.9 which looks remarkably similar to the projection in Fig. 6.8.
The 7°n° background is again indicated by the dashed Tine.

In order to investigate the hadronic decay modes of reaction (6.5) one needs
a magnetic detector with a large solid angle for measuring particle momenta.
SLAC—LBL62) has identified the following final states and adjusted the para-
meters via 1 constraint fits:

p' > 47 + vy

> ot KK o+ y
+

+~  bm +
+_

> T + v
+—

- KK +y

The presence of a photon is ascertained by observing a zero missing mass and

a non-zero missing momentum. In addition to kinematic fitting, time-of-flight
information is used to separate the first two reactions. For the last two
reactions the assignment is made solely on the ground of kinematic fitting,
since the particle momenta are too high (1.6 - 1.8 GeV) for time-of-flight
measurements. The event distributions are shown in Fig. 6.10. We observe three
peaks at 3.41, 3.51, and 3.55 GeV in the 4vi channel; the bump at 3.68 GeV

is due to y' decays without photon emission. These peaks are seen for some of
the other final states as well. In particular the m'n or K'K™ distribution
shows a strong enhancement at 3.41 GeV and an accumulation of a few events around
3.55 GeV. These enhancements have been termed x-states by the SLAC-LBL group.

In order to obtain information on spin-parity of the observed peaks, one can
investigate the angular distribution of the photon with respect to the

beam line. Since ¥' has an angular momentum of one, the most general form of
the angular distribution is:

Hgg6§§ ~ 1+ a cos?0

For x spin zero the a value is fixed uniquely and for spins J 2 1 the Towest
multipoles have been taken into account:
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spin o angular distribution
J=0 1 1 + cos?0
J=1 - 1/3 2 + sin%o
J=2 0.08 13 + cos?0

The angular distributions for the three states x(3.41), x(3.51), and x(3.55)
are given in Fig. 6.11. Only the spin zero assignment of the x(3.41) is con-
clusive; the spins of the states at 3.51 and 3.55 are certainly different from
zero.

Finally it is possible to look for monochromatic photons of reaction (6.6)
in an inclusive way; in other words the recoil system of the intermediate
states remains undetected. The MP25052

array of Nal crystals with good energy resolution and good discrimination of

group63) has used a highly sequented

charged and neutral particles. The -inclusive photon spectra measured by this
group are shown in Fig. 6.12: a) data taken at the J/y show no structure and
agree with the background expected from Monte-Carlo calculations (dotted Tine);
b) at the y' one observes several bumps exceeding the Monte-Carlo background.
Fig. 6.12.c shows these peaks with Monte-Carl background subtracted. The three
Towest photon lines at 121, 169, and 260 MeV correspond to the states at 3.55,
3.51 and 3.41 GeV. The fourth bump around 400 MeV is mainly a reflection of the
second photon from the decay via the Pc or x(3.51). The absolute branching
ratios BR(yx) are given in the table on the next page, which summarizes the
numerical results of the experiments discussed.

Remembering that we have selected intermediate states with positive C-parity,
we may deduce the fo]]oWing quantum number assignment:
a) x(3.41, 3.51, 3.55) - even number of pions
AN G-parity is positive and consequently I = O

b) x (3.41, 3.55) >, KK
N JPC - 0++’ o+

9 s

c) x(3.41) : J =0, x(3.51, 3.55) : J#0
/ymost Tikely triplet assignment:
x(3.41): gPC - ot
Po/x(3.51): -t 2%

x(3.55): =2t



BR(yx) * BR(x »~ ...)
4TrlL
mass Ref. T e KK BR(yx) a in
[MEV] JJU y Ktk” 6 (%] 1 + a cos 6
1 0.3 + 0.2
2 0.2 + 0.1
3413 + 3 3 0.2 + 0.2 0.15 + 0.04 0.8 + 0.2 7.5+ 2.6 1.4 + 0.4
x(3.41)
3413 + 9 4 3.3 + 1.7 7.2 + 2.3
1 < 0.4 (90% CL) -
2 0.6 (90% CL)
3.45
X{3_34} 3454 + 7 3 8+ 0.4
4 < 2.5
3509 + 11 1 1.7 + 0.4
P_/x(3.51) 3505 + 5 2 2.1 + 0.5 0.0 + 0.5
3503 + 4 3 2.4 + 0.8 0.4 + 0.1 0.1 +0.4
3511 + 7 4 5.5 + 1.5 7.1 +1.9
3551 + 11 1 1.4 + 0.4
£(3.55) 3547 + 6 2 1.1 + 0.4
3552 + 3 1.0 + 0.6 0.019 + 0.008 0.4 + 0.1 0.3+ 0.4
3561 + 4 2.2 + 1.0 7.0 + 2.0 |
2enc?

References: 1 = DASP; 2 = DESY-Heidelberg; 3 = SLAC-LBL; 4 = MP™SDS

ov
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The evidence for the x(3.45) is very weak and consequently nothing is known
about its quantum numbers (except C-parity = +1). Even the mass assignment
could be 3.34 or 3.45 GeV, since there is no indication which photon is
emitted first. Sometimes the X(3.45) is identified in the charm framework
with the 2'S_ state having J°C = 0%, but it could as well be the 3'D, state
with 27F. Some implications of the level spacing and the branching ratios

for the charm picture will be discussed in section 6.7.

6.4 Search for an S-State below the J/y

Since the 1150 state is expected to lie energetically below the 13S1 state and
has positive C-parity, a search for the 0~* state has been performed among the
radiative decays of the J/¢. In the following, the results on the three photon

final states observed with the DASP detector64) shall be reported.

Three photon final states may be caused by direct decays or by quasi-two-body
decays:

3Iv > 1% > yyy
>N Y > YYY
> 'y > yyy
> Xy > yyy

or by QED contributions: Y

e+ Y

e- Y
The latter poses a background problem in the search for any two photon inter-
mediate state, because it leads to a smooth contribution to the yy mass distri-

bution which cannot be eliminated by kinematic cuts, but must be subtracted.
The following cuts were applied to remove several sources of background:

(i) The smallest of the yy opening angles was required to be larger than
30°. This avoids overlapping showers from neighbouring photons and
eliminates ﬂoy events.

(i1) The coplanarity of the three photons had to be better than 5°. This
removes four and more photon events.
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Following these cuts, the three photon energies can be obtained from an 1 con-
straint fit. That the fitted energies E$ agree within errors with the energies
E$ measured in shower counters is demonstrated in Fig. 6.13. Among the three yy mass
combinations two are independent. Plotting the Towest two photon mass, results

in the histogram in Fig. 6.14 which shows a strong n signal and an accumulation
of a few events at the n' mass. The calculated QED contribution65) (dashed Tine)
accounts for most of the background. The fitted n mass of 547 + 4 MeV agrees
well with the known value of 548.8 MeV, and the width of 24 + 4 MeV - obtained
by a Gaussian fit - corresponds to the expected mass resolution of 20 MeV.

Using the n in this way as a bench mark for the experiment we can search for
unknown narrow states. The highest two photon mass combination is shown in

Fig. 6.15. On top of the eXpected background - indicated by the QED contribution
and the reflections from n and n' - we observe a narrow peak with a significance
of 5 standard deviations which is called X(2.83). Its fitted mass is 2.83 + 0.03
MeV, and its width of 40 + 14 MeV is compatible with the experimental resolution
in this region. The product of the branching ratios is:

BR(J/Y > Xy) - BR(X > yy) = (1.4 + 0.4) x 107°

For the three photon ewents at the y' energy we observe no statistically sig-
nificant peaks and therefore the measured spectrum of the highest photon pairs
in Fig. 6.16 can be directly compared to the QED predictionsGG). The yy spectrum
is similar to the one in Fig. 6.15 and shows that we have correctly estimated
the QED background for the J/y decays.

Evidence for the X(2.83) was for a Tong time supported only by the DASP
experiment. The DESY-Heidelberg group only quoted an upper 1imit61 , and

the non-observation in other e'e” storage ring experiments created a state of
uncertainty as to the existence of the X. Only recently this new state was con-
firmed by a CERN-Serpukhov experiment67) observing the two photon decay of

the X(2.83) in the m p charge exchange reaction at 40 GeV incident momentum.

In the charm picture one would like to identify the X(2.83) with the 1150

state or g To do this one has to determine the quantum numbers. But the only
thing, which follows from the two photon decay, is that the C-parity is posi-
tive and that the spin is different from one.
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6.5 Observation of States with Open Charm

In the preceeding three sections we have discussed states with hidden charm.

The pursuit of open charm at the ete” storage rings has been mainly a search

for the Tightest charm particles, the D mesons (see Fig. 6.2), and will be dis-

cussed in this section. Let us briefly recall some of the arguments given in

section 6.1:

- Charmed particles decay weakly, since A C = + 1 means changing a quantum

number conserved in strong interactions.

Due to the Targe mass M, and the Cabibbo angle ec involved, the rate for

D 9)

4 .
semileptonic D decays should be enhanced” by several orders of magni-

tude over semileptonic K decays:

(0" > R ™) ~ (My/M)’cot? o - T(K® > 17 €M),

These decays are expected to amount to 10 % of all the D decays.

Due to AC = AS, changing charm involves a change in strangeness, and the
enhancement factor for K production over purely pionic final states

is 20.

In order to establish the existence of charmed mesons, the above characteristics

have to be found by experiment. The following reactions have been investigated:

a)

b)

Inclusive single electron production aims at finding semileptonic
weak decays:
efe”>DD+ ...
[ L—+ hadrons

e+ ...

Inclusive K meson production points at the pair production of some e
kind of hadrons:
e'e” >DD+ ...

L L———+ hadrons
K+ ...

e-K correlation is a clear indication that the weak decays involve charm:
ete” DD+ ...

l_E————» K + hadrons
e F ...

Whereas in the above reactions one can infer the existence of a heavy meson
from a characteristic threshold behaviour, measurements of complete final
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states would establish the mass, width, and quantum numbers of the D
directly:

efe” > DD+ ...

L+ hadrons
K+mm's

In all the reactions one or both of the pseudoscalar D's can be replaced by
the vector D mesons. The D¥'s will most 1ikely decay via pion or photon
emission into D's.

When investigating inclusive electron spectra, one has to keep in mind that
low energy electrons can come from radiative QED processes or possibly from
the decays of heavy leptons or charmed mesons. Whereas heavy leptons decay
mainly leptonically or semileptonically, the decay of charmed mesons is ex-
pected to be mostly semileptonic or hadronic. Consequently, the particle
multiplicity of heavy lepton decays should be Tow and the average electron
momentum high68), and the reverse should hold for charmed particles.

In order to improve the electron/pion separation of DASP for low momenta,
69) . This
Cerenkov counter was inserted between the second and third wire chamber of
the inner detector (Fig. 6.17). in the spring of 1976 and first results
were available half a year later.

a Cerenkov counter was needed in addition to the shower counter

Data were taken at e‘e” energies between 3.99 and 5.2 GeV and control measure-
ments performed at 3.6 GeV to obtain a reliable estimate for background events
and at 3.68 GeV to see how frequently - with the y' as pion source - a pion
would fake an electron. Whereas the electron trigger was purely inclusive, it
was required in the data analysis that at least one non-showering track was
present, and this removed the QED events most'of which are produced with e+e'y
in the final state. In order to discriminate against various types of back-
ground, the following cuts were made7°’71):

(i) The pulse height of the scintillation counters So and SM in Fig. 6.17
had to be that of a minimum ionizing track. This rejects events with
Dalitz decays from m° or n or with pair conversion of photons in front
of the Cerenkov counter where one of the leptons curls up in the mag-
netic field.
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(i1)  The independent identification of particles in the Cerenkov and in
: the shower counter helps to avoid that pions or kaons fake electrons
via knock-on electrons.

(iii) Beam gas events were rejected by an appropiate vertex cut.

After these cuts 256 events with one electron and at least one non-showering
track remain for an integratéd Tuminosity of 5540 nb'1 between 3.99 and 5.2 GeVY
centre of mass energy71). In order to distinguish between heavy leptons and
charmed particles, the multiplicity of charged tracks including the electron

is shown in Fig. 6.18. The shaded histogram gives the event with no addi-
tional photons. Remember that photons may occur in the decay of charmed par-
ticles (e.g. p* » Dy) and are unlikely to be found in heavy lepton decays,

and in addition heavy lepton events prefer low multiplicities. Observing

a particularly high bin of two-prongs with no additional photon in Fig. 6.18,
makes one suspect that heavy Teptons are in this sample. In fact, attributing
all events with multiplicity 2 3 to charm one can estimate that only 4.4 events
can belong to the (2-prong, no gamma) class, and only 6.7 events can feed
through from higher multiplicities due to the Timited detection efficiency.
This Teaves 29 out of 40 events unexmplained. We shall come back to these
events in chapter 7 when discussing the evidence for heavy leptons.

For the investigation of charm we shall only consider events with three or
more charged tracks including the electron. These events are plotted in
Fig. 6.19 as a function of the electron momentum.In spite of the rather
strict selection criteria .given above, there is still some contamination
from multihadron events. But this background {is well known from the control
measurements at 3.6 GeV and its magnitude and shape is given by the full
Tine. Assuming a 30 % branching ratio of the heavy lepton decays into many
hadrons plus neutrino gives a negligible contribution indicated by the dashed
1ine in Fig. 6.19. We observe that most of the electrons are found at Tow
momenta and that only a few have momenta above 1 GeY. The momentum spectrum
has been compared to model ca]cu]ations72) in Fig. 6.20. In order to avoid
a kinematic broadening of the spectrum, a narrow energy interval from 3.99
to 4.08 GeV just above the DD* and D*D* thresholds (see later discussion)
has been taken. The full curve in Fig. 6.20 shows an excellent agreement
for the D> e v K*(892) decay, but with the error bars given the D » e v K
decay (dashed) seems to be acceptable as well.
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Finally the energy dependence of the inclusive electron events with at Teast
two additional charged tracks is plotted in Fig. 6.2la. The background of mis~
identified multihadron events has been subtracted, so that the control point
at 3.6 GeV becomes compatible with zero. We observe a steep rise of the cross
section near 4 GeV and a slow fall-off above. In order to obtain the fraction
of semileptonic decays among all the charm decays we have to estimate what the
production cross section is. The simplest way is to subtract from the total
cross section Tiot the conbrituion R - O already present below charm thres-
hold and the contribution O L from sequential heavy lepton production (see

section 7):

Ocharm = Otot " R Y T %1t

73) and the corresponding

Inserting the Tiot measurements of the PLUTC group
value R = 2.3, we obtain the data points in Fig. 6.21b. Note, that we have

to devide by 2 - Ocharm’® because the charmed particles are pair produced,

From Fig. 6.21b we see that the branching ratio for semileptonic decays is

Be = 11 =+ 3 %. If we had taken the somewhat higher cross section values of
SLAC-LBLlO) we would have obtained 8 + 3. Both numbers agree with the value
mentioned in the beginning and show that there is a substantial semileptonic weak

decay.

Compared with the electron data just discussed, the experimental procedure for
obtaining kaon inclusive data is much simpler, because there is less confusion
with background and Tess competition from other processes 1ike QED or heavy
lepton decays. Charged kaons were identified via time-of-flight in the DASP
detector74) (see section 5.7), and neutral kaons were kinematically determined
by measuring the momenta of the decay pions in the PLUTO detector75) and cal-
culating the effective mass. In order to put charged and neutral kaon production
on the same basis, one has to account for the fact that long lived neutral kaons
escape from the detector and therefore only half of the neutral kaons, the

short 1lived Kg's, are seen. For this reason the inclusive Kg cross section is
plotted in Fig. 6.22a together with half the inclusive charged kaon cross
section, that is to say the measured cross section for pair produttion is

shown. Again we observe a sharp rise between 3.6 and 4 CeV and a levelling off
above. In order to obtain the branching ratio for strange decays of the new
particles, we can subtract the K pair production below threshold - scaled with

9)91d (dashed Tine) - and divide this difference by the

s7! and denoted as Q(KS
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corresponding difference in the total cross section. The result is shown

in Fig. 6.22b. We see that above threshold 40 % of the new events are pro-
duced with charged and 40 % with neutral kaon pairs. Therefore, finding a
fraction of 80 * 12 % kaons in the decay products, leaves not much room

for purely pionic decays. This certainly agrees well with the charm picture
outlined in the beginning. That the kaons are decay products from heavier
objects can be seen directly by comparing the charged kaon momentum spectra
above and below threshold. Near threshold the pair produced charmed particles
are nearly at rest and therefore their decay products can carry at most one
quarter of the total energy. This is observed for the invariant kaon spectra
in Fig. 6.23, where the excesé of kaons at 4.05 GeV over the kaons at 3.6 GeV
ends at about 1 GeV. Therefore the weakly decaying new objects are mostly
associated with kaons in their decays.

In going one step further one can try to detect electrons and kaons in coin-
cidence. This was done by the PLUTO group76) and the evidence for ng corre-
lation is shown in Fig. 6.24. The visible cross section peaks at about 4.05
GeV. After background subtraction and corrections for acceptance, branching
ratio, and unobserved KE mesons one finds a peak cross section for corre-

lated ng production of 3 = 1 nb.

Whereas the experiments at DESY pursued the charm search along the 1line of
inclusive particle spectra, the SLAC-LBL experiment was from the beginning
aiming at the detection of exclusive decay channels and followed an inde-
pendent Tine of investigation. When plotting all two particle mass combi-
77), SLAC-LBL found small bumps at 1.74, 1.87, and 1.99 GeV in the in-
variant mass distributions of the W+ﬂ-,ﬂi K*, and KK combinations re-

nation

spectively (see Figs. 6.25 a,b,c). The question then was: which is the correct
combination and can the ambiguities be resolved by time-of-flight measurements.
The MARK T detector - with 1.5 m flight path and C.4 nsec time resolution -
offers good pion/kaon separation for momenta up to 600 MeVY. This is demon-
strated by Fig. 6.26 where the particle momentum is plotted versus the time

of flight mass squared. However, from our previous discussion we know that

the charmed particle two-body decay leads to momenta of about 1 GeV. Instead
of attempting a clear-cut event separation, SLAC-LBL plotted the events
weighted by the probability for the particular mass assignment. The plots
obtained in this way are shown in Figs. 6.25d,e,f. The peak in the m° K¥
combination appears now enhanced whereas the remaining bumps in the mtr” and
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and K'K™ combinations are compatible with misidentifications from the m KF
channel. For the neutral four particle combinations the pion/kaon separation

is much cleaner because the particle momenta are smaller. The invariant mass
plots in Figs. 6.25g,h,i show an enhancement only in the Kmmm combination,
and its mass value of 1.86 GeV agrees well with 1.87 GeV found in the Kr
distribution. These peaks can be taken as evidence for the lowest lying neutral
charmed meson, the D°.

The corresponding charged mesons, D" and D™, have to be looked for in the
invariant mass distribution of three charged tracks. The K¥rin® distribution78)
in Fig. 6.27a reveals a peak at 1.87 GeV whereas no structure is observed for
the K'r'n~ combination of Fig. 6.27b. How can one explain this difference?
In fact, the observation of only one of these decay modes is a confirmation
of the selection rule AC = AS = + 1 for weak decays of charmed particles.
Starting with charm C = 1 and no strangeness S = 0 for the D+, we end up

with C = 0 and S = -1 for the decay products which means that Kn'n' is the
only correct combination for the D" decay. This combination is called exotic
because due to the Gell-Mann Nishijima relation (see section 2.3) positively
charged mesons are always associated with positive strangeness, or stated
differently: positively charged mesons with negative strangeness cannot be
constructed within the framework of conventional up, down, and strange
quarks. Therefore the charged D meson is observed as a state which cannot be
confused with traditional resonances.

Since charm is supposed to be conserved in e+e— arnihilations, charmed par-
ticles have to be produced in association. In order to find the associated
partners, SLAC-LBL has looked at the recoil mass spectra of the identified

D mesons. The ¥" resonance at 3.77 GeV (see section 6.2) lies just above

charm threshold and is found to decay almost exclusively irtc D:CSj. How-
+ - - . . .

ever, at e e annihilation energies above 4 GeV the recoil mass spectra

reveals no significant peak at the position cf the D mesons. Instead,

-n

a streng enhancement is seen at higher mass va]ues‘j), indicating the pro-
duction of the heavier D mesons. In fact, a detailed analysis shows that

~ T

. . . . *
ahove a cms energy of 4 GeV charm production mainly procceds via LI and
58)

D¥D%. The most accurate mass assignments obtained by SLAC-LBL are:



Mo = 1863.3 = 0.9 MeV
Mg+ = 1868.3 + 0.9 MeV
Myto = 2006.0 + 1.5 MeV
Moxs = 2008.6 + 1.0 MeV

From these mass values it follows that three out of four transitions from the
D* to the D mesons are energetically just allowed to proceed via the emission
of pions. In the following diagram the numbers give the energy released or Q

D**

value when emitting a pion

D*o

-1\.9:\1.7
TEO Tc_ \ no
A \ 53¢09
1T N
57405 % ¥

[)o
The dashed line indicates the forbidden m transition. The widths of the new
mesons are compatible with being less than the mass resolution of 40 MeV.

The various D° decay modes and their branching ratios to all mesonic decays ex-

pected in the statistical model of Quigg and Rosner8°)

are shon in Fig. 6.28.
Three out of the four measured decays only partly fill the provided boxed (hat-
ched areas). There seems to be some diagreement between the model and the data,

but many more decay modes still have to be measured.

6.6 The F Meson: a State with Charm and Strangeness

The discovery of the D mesons has been the most evident confirmation of the
charm model. Looking at the hexadecuplet of Fig. 6.2 we see that now the F
meson is the only missing element. Being a cs compound it carries charm and
strangeness. In order to find out which decay modes might be accessible by
experiment, let us consider the following diagrams for mesonic decays:
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From the left-hand diagram and from the presence of the ss state ¢ in the
right-hand diagram we may conclude that the F mesons can be a particu]arly
rich source of K mesons. But one has to single out these kaons among many
others already present from D meson decays and it may be difficult to detect
a small signal. Let us, therefore, look at mn and wn' decays more closely.
The admixture of ss can be found from the quark composition of the singlet

8)
/Cr (ss + uu + dd)

7Tss - [V« o)

and from the usual mixing (6 = 100) in the physical states:

and octet states

.
.

M

g

n
n' N €0s9 - ng sind

n sing  + Ng cosH

We see that n is mainly an octet state and therefore has the strongest ss
admixture. In addition the n' decays via the n in 68 % of the cases. Therefore
an excessive production of n mesons can be a hint at F meson production.

A search for inclusive n production has been performed with the inner part

of the DASP detectorsl) by looking at the invariant mass spectrum of two
photons (38 % of the n decays). To become more selective in the data analysis
a soft third photon of less than 140 MeV was required. This additional cri-
terium was chosen because - in analogy with the D ﬁeson observations - FF* and
F*F* may be enhanced over FE production and the mass difference between F

and F* is expected to be of the order of the pion mass. Since the F mesons are
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isospin singlets, the ¥ may not decay into the F via single pion emission

but the emission of a photon is allowed. The result of this restricted inclu-
sive n search is shown in Fig. 6.29 for various energy regions. A clear n signal
in the invariant yy mass distribution is observed only at 4.4 GeV.The width

of this peak agrees with the expected mass resolution. The background curves
were obtained by using uncorrelated photons (i.e. photons from different events)
and noramlizing them to the observed number of photon pairs above a yy mass

of 0.7 GeV. At the low side of the mass spectrum a 0 signal is seen. In order
to show how significant the n signal is, the visible cross section for n plus
low energy photon production is plotted in Fig. 6.3C for the various energies.
Having found some encouraging evidence for the possible existence of the F meson,
let us try to single out exclusive final states of FEX or E*?* production. By
aiming at detecting the mn decay mode of the F and the photon transition from
F* to F we may consider the following two reactions:

e+e— N Fi i ¥
Y 1ow
m n
e+e— N F*i ?* b
+
F™ +

Yow
L .
T N
The DASP group employed the following event selection criteria:

a) A pion identified by one of the magnetic spectrometer arms
has to have a minimum momentum of 600 MeV.

b) A pair of photons seen by the inner detector has to have an
invariant mass between 350 and 650 MeV.

c) A thirdlow energy photon Y1ow below 200 MeV has to be
detected.
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This selection Teads to 35 events for a total integrated luminosity of 1400 nb—l.

In a subsequent fit it is required a) that the mass of the photon pair is com-
patible with the exact n mass and b) that the recoiling system (indicated by
dots in the above reactions) has a mass equal to the F-mn system for the first
reaction or equal to the F* 5 ™ Y1 ow system for the second reaction. With
these two constraints 15 events gave a good fit (x? < 8) for the first reaction.
The result is shown in Fig. 6.31 where the fitted mn mass is plotted vs. the
?Y1ow mass which includes the recoiling system. le observe that 5 events
cluster in a narrow region around M(mn ) = 2.04 GeV and M(-y1OW + ...) = 2.17 GeV;
the events below 2 GeV are attributed to background. We may consider the ob-
served clustering as evidence for FE* production. However, the second reaction
is kinematically so very similar to FF* production that 14 out of the 15

events for the first reaction fit the second reaction as well, which then

can be taken as evidence for F*?* production. This ambiguity is certainly due
to the small F/F* mass difference. Nevertheless the F and F* masses can be
fairly well determined:

MF = 2.03 £ C.06 GeV MF* = 2.14 + 0.06 GeV

where the errors given include systematic uncertainties and the uncertainty
about the correct hypothesis.

6.7 Present Status of Charm Investigations

A large amount of experimental information has been collected since the dis-
covery of J/v and y' in late 1974. This information has in an impressive way
confirmed the charm picture, the characteristics of which can be summarized
in the following three points:
i) The charm model can be adjusted to account for several of the
Tevel splittings and transition rates of cc bound states. The
observed states and transitions are again shown in Fig. 6.32
and the respective branching ratios in percent are given as numbers
next to the emitted particles.
i) Particles carrying the charm quantum number have been identified
in various decay modes as D and F mesons. The pair production of
charmed baryons in ete” annihilation is inferred from observed

thresho]dsSg) at about 4.6 GeV for inclusive proton and A production.



53

iii) The region above the threshold at 4 GeV is difficult to analyse.
Such an analysis will involve model dependent calculations, an

82) of which is given in Fig. 6.33. It seems that the various

example
mesonic pair production processes are not sufficient to explain
the complex structure of the experimental cross section above

3.9 GeV, a detailed discussion of which is deferred to chapter 8.

After having praised the charm model, let us now turn to some of the problems.
It is a remarkable observation that the spin orbit splitting of the PC or X
states is of the order to 100 MeV and therefore relatively large with re-
spect to the separation of the states J/¢ and y' with different main quantum
25+1LJ) _ E(25+1LJ_1) -3
for the energy levels E in a Coulombic potential the relative splitting of
these P-wave states is expected to be

numbers. Furthermore, according to Landé's rule E(

e (°Py)- E (%p))

£CP)) - E (P,)

9

and experimentally we observe

3552 - 3508 _
3508 - 3414

0.47.

However, the second term in the expression (6.1) for the potential reduces
this discrepancysz) and possibly both terms have to be modified or addi-
tional terms included.

Whereas the details of the P-wave splitting may be taken as an indication for
an appropriate choice of the potential, the X(2.83) and x(3.45) states pose a
real puzzle. That the hyperfine splitting of these 1So states with respect

to the corresponding 351 states J/y and y' is of the order of 250 MeV and
therefore much larger than the spin orbit splitting is surprising and not easy
to explain. However, the real difficulty in associating these states with the
charm model arises from the observed transition rates. The hadronic decay of
the pseudoscalar states into hadrons should be less suppressed than for the
pseudovectors J/y and ¢', because the cc annihilation may proceed via two
gluons instead of three:
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: C
ne = X(2.83) { m > hadrons
C k

The expected hadronic widths are of the order of a few MeV, but only radiative
decays have been observed so far. A quantitative comparison for the radiative
transitions reveals a discrepancy of at least a factor of 20 for X(2.83) and
of a factor of 103 for x(3.45):

>
Tmodel(JNH YX) = 20 x Tobserved

. 3
BR bserved (V' = ¥ x(3.45)> vy d/) ~ 107 x BR 4.y

Assigning the quantum numbers J'C = 27F of the 31D2 state to the x(3.45)

leads into similar difficulties and seems to be equally unacceptable. These
inconsistencies have lead to the suggestion that X(2.83) and x(3.45) are not
the hyperfine partners of J/y and ¢' and that the missing singlet states Ne
and né lie just below the triplets where they are as yet undiscovered. The
assignment of X(2.83) and x(3.45) in the quark model is then again open and
various schemes have been devfsed83). This question will remain unsettled as
long as the quantum numbers of these objects are not determined. A certain
hope is that a high statistics experiment at the y' mass might reveal the
decay y' >yng-

Only some aspects of the charm model could be treated in this report. For
a more detailed discussion of level splittings and transition rates the
reader is referred to reports by Jackson49) and Schopper‘84).
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7. Evidence for Heavy Leptons

The cross section for the pair production of a point-1ike heavy object T
of spin %—15 given by ouu(see section 2.1) modified with a kinematic factor:

e+ 1:1-

3g-83
[0) .
TT uu

In the following we shall only consider the case of a sequential heavy lepton,
which means that the lepton and its associated neutrino carry a separate quan-
tum number and form a third left-handed doublet in the sequence:

The possibility of other types of heavy leptons has been discussed in a parallel

85)

seriesof lectures by E11is /. Assuming a Y-A coupling of the T and its mass-

less neutrino the following branching ratios have been calculated for the decay

of a heavy sequential 1epton86) with a mass of 1.9 GeV:
T decay mode branching ratio number of charged particles
% in final state
v, e_ Ye 20 1
V. u- vu 20 1
v 11 1
T -
v_ K 1 1
T -
V. p*_ 22 1
v K 1 1,3
T -
v A1 7 1,3
vt hadronic continuum 18 1,3,5,...
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From all the decays 85 % give only one charged particle in the final state, so
that a considerable fraction of heavy lepton pair production and decay should
show up in the event class with two observed oppositely charged tracks. The
PLUTO detector has a large angular acceptance of 85 % and very general particle
trigger which allows to measure the two-prong cross section87). In Fig. 7.1

the ratio R2 of two-prong to u-pair cross section is shown. The dashed line
indicates what is expected for heavy leptons of the above type and we see that
there is sufficient room in the data to accomodate such objects.

7.1 Signatures for Heavy Leptons and Observed Processes

Since the heavy seqUentia1 leptons decay with a high percentage purely lepto-
nically into e's or u's, one would expect the following experimentally ob-
servable signatures:

+ . .
a) e uT* events provide a clean signal due to the reaction

The experimental requirements are:

- Find e" 1" or e ut. 8 % of the decays are expected to proceed this
way (see above table).
- No other charged particles or photons must be present.
- The missing energy has to be large due to the many unobserved
neutrinos.
- The Tepton momentum spectrum is hard, i.e. it extends to higher
values than for charmed particle decays (see section 6.5).
In the following diagram the difference between heavy leptons (full line)
and charmed mesons (dash-dotted 1ine) is sketchend and in addition the ex-
pected momentum spectrum for 2-body decays (dashed 1ine) is shown:
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."-\‘.,,' from charmed mesons

/
./ \ heavy leptons
P S

2-body decays

—-_TV

+ _ . _
B) e XForyu® XT events yield another signature from reactions 1ike:

+ - + -
ee > T + T

+ /.
z{<; e ve vT X

where X~ can be any charged particle 1ike e, u~, m or K .The experimen-
tal requirement is to find an e or ui and one additional particle of oppo-
site charge. With this event selection one can obtain up to 40 % of all
decays which is a much Targer sample than for the previous signature but
the background problems may be more severe.

A background source for the first signature is the QED process efe™ e+e’ u+u—
with two Teptons missing the detector. Because we required two different

type leptons for the final state, the much larger background from the QED final
states ee, uu, eey, upuy , eeyy, upyy is avoided. Due to the 1imited acceptance
- i.e. hadrons missing the detector - both signatures will contain background
from charmed particle decays and from hadronic events with one or two hadrons
decaying leptonically and thereby faking leptons. These latter types of back-
ground are most severe for the second signature events since only one lepton

is identified there.

The first indication for heavy leptons came from eiu; events. Early SLAC-LBL
data88) are shown 1in Fig. 7.2 and the two curves represent the energy depen-
dence for heavy sequential leptons of two different masses. That one really
observes a pair production process, can be seen from the colinearity distri-
bution in Fig. 7.3. Whereas there is little correlation at low energies close
to fhresho]d, the two Teptons are produced nearly back to back at high energies.
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89) of 1 X¥ events are compiled in Fig. 7.4 and the curve

Several measurements
illustrates that the energy dependence is as expected for heavy leptons. In
addition, the electron momentum spectrumgl) from "X ¥ events in Fig. 7.5 is
that of a 3-body decay and agrees with the model calculation based on V-A
coupling, é massless neutrino, and a heavy lepton mass of 1.9 GeV. The experi-
mental distribution is incompatible with a many-body decay 1ike for charmed

mesons and with a 2-body decay (see the schematic diagram above).

7.2 Properties of the New Heavy Lepton

When observing a third lepton T one would like to know whether it has all the
properties of the conventional leptons e and u or if it is different in
some properties other than the mass. Let us therefore ask the following
questions:

- Has the T really a 3-body decay?

1

Does it couple to its neutrino V. 1ike V-A or
V+A?
What is the upper 1imit for the mass of vT?

How do we best determine the T mass?
What is the spin of the T?
Which semileptonic decay modes do we observe?

1

The first question had already been answered in the affirmative when presenting
the lepton momentum distribution in the previous section. The SLAC-LBL group88)
has studied this point in detail by combining the e* u* events of all enrgies
and plotting the scaled momentum r =-§;i-gigggs-where Pmax is the maximum
possible momentum for a particular energy and p = 0.65 GeV is the cut-off momen-
tum for leptons. The data in Fig. 7.6 agree well with a 3-body decay (full line)
but disagree with a 2-body decay (dashed curve for unpolarized bosons and dash-
dotted curve for bosons produced in a helicity = 0 state).

The question as to the type of coupling is answered by again comparing the
scaled momentum to various model ca]cu]ationsgo). This is done in Fig. 7.7

where the V+A coupling (dashed 1ine) has only a 0.1 % probability to fit the
data, Among the curves represénting V-A coupling the best agreement is obtained
for zero neutrino mass; however, a v, mass of 500 Mey cannot be excluded. In
fact, the result from the SLAC-LBL data is that V-A coupling is strongly fa-
voured and that the upper 1imit for the neutrino mass is 600 MeV. The upper

Timit quoted by the PLUTO experimentgl) for the QT mass is 300 MeV.
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It was already evident from the two curves in Fig. 7.2 that different mass
assignments for the heavy lepton give the strongest variation in the cross

92)

section at energies close to threshold. The SLAC-LBL group has taken a

large amount of data at the y¢' and ¢" resonance and thus obtained accurate
cross section values at the threshold for t pair production. For the et u;

events the quantity

R = Reu

T ZBe BU
is plotted in Fig. 7.8 where R denotes the ratio with respect to the y pair
production cross section and By = Bu = (0.186 is taken for the leptonic b:anghing
ratio of the t. The three curves show the range of variatian. From the e~ Xt
data of the DASP experimenth)a best fit of 1.81 + 0.02 GeV 1is obtained for the
T mass.

In order to see whether there is any preferred spin assignment for the t, we com-
pare the cross section data - e.g. the R values in Fig. 7.8 - with the following
cross section formu1a594) for point-1ike particles of various spins:

spin O: %00 =-% o B?
.1 38 - gt
spin »: Orr = Ty _§—?—§—
. S \2
spin 1: 011 = %‘ O\ g3 (1 - gaﬁ) , only GE $+ 0

The observed decay mode T~ - v, u Gu amounts to roughly 20 % of the sp1n~%

cross section o__, but it would by far exceed 100 % of the spin 0 cross section
Oy Ner threshold. There is not only the factor 1/4 but also a strong suppression
due to the kinematic factor B83. Inserting a heavy lepton mass of M = 1.81 GeV

and a cms energy of 2E = 4 GeV into the expression 82 = (E2 - M?)/E? we obtain

for (38 -R3)/2 a value of 0.6 as shown in Fig. 7.8. However, g® = 0.077 is

almost an order of magnitude smaller. Therefore, due to the large cross sections
for the leptonic decays near threshold, spin 0 is excluded and spin 1 is very
unlikely. The spin %- assignment confirms the leptonic nature of this new

object.

In addition to the leptonic decays various semileptonic decays have been ob-
served, some branching ratios of which are given in the following tab1e92)
and compared with the model predictions:
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decay mode BRexp BRmode]
ew or pwv 19 +2 % 20 %
PV 24 + 9 % 22 %
Kv < 1.6 % 1 %
Apv 11 x4 % 7%
™V 2 +39% %) 11 %

For ew and pvv an average of various experimental numbers has been taken and
these numbers imply that the two leptonic decays have the same branching ratios.
We see from the table that the semileptonic branching ratios agree reasonably
well with the model calculations except for the mv decay, the measured value

of which is much smaller than expectedijhese and many more experimental numbers

92)

are reviewed in Perl's talk at the Hamburg conference.

We can summarize the discussion on heavy leptons by stating, that the T seems
to have all the properties of its 1{ight partners e and u. Because the mass

of the T is so large - 1.81 GeV -, there are many semileptonic decay channels
open, the details of which have to be investigated in a model dependent way86),

8. Total Cross Section

Measuring the total cross section is one of the first objectives when entering
a new range of energies and it keeps the physicist busy until at last he might
have succeeded in breaking down the total cross section into its various com-
ponents. In section 2.3 we have already discussed early measurements and found
that 4 quarks and 3 colours are needed to describe the e*e” annihilation into
hadronic final states. The quark-gluon coupling constant Qg which we intro-

duced in section 6.1, gives rise to an additional correction. Therefore - out-
side resonance and threshold regions - the cross section ratio R should be-

have 1ike95):

4+ - a (E)

) - had

R = g(e+ep iﬁrons) - 3 2 Q? (1+ ST_r )
agle'e »up) 3

%) Note added in proof: Two recent experiments have obtained mv branching ratios
of about 9% (not yet published) in agreement with the

model value,
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In contrast to the cross section formula in section 2.3, the colour factor of 3
is given explicitly in this expression so that the sum index i extends only over
3 or 4 quarks. The value o = 0.2 (see section 6.1) gives a gluon correction

of 6 to 7 % and the energy dependence of O is such46’47) that it decreases
logarithmically with increasing energy.

87) has compared the above

Neglecting the correction due to Qg s the PLUTO group
expression with their measurements. The data points are plotted in Fig. 8.1

"and the composition of the total cross section is shown schematically. R = 2

is obtained for the old up, down, and strange quarks. On top of it we find

the contribution from heavy 1epfon pair production, the threshold behaviour of
which was discussed in the previous section. The remaining fraction is called

the new part of R and most of it can be explained by the charmed quark contri-
bution of 4/3. As indicated in section 6.7, the threshold behaviour of charmed
particle production can be very complicated. The top band in Fig. 8.1 is certain-
1y partly due to the thresholds of charmed meson and baryon pair production and

the gluon correction might contribute as well.

The DASP co]]aboration96)

and obtains the total hadronic cross section in Fig. 8.2. The data points are

has analysed their data by excluding heavy leptons

somewhat lower than in Fig. 8.1 but the overall structure is the same. The full

curve is obtained by fitting 3 Breit-Wigner resonances on top of a smooth back-

ground (dashed 1ine). This curve represents a convenient parametrization of the

cross section and it is understood that part or all of the resonance-like struc-
tures might be explained by thresholds for charmed particle production.

One has to point out that the detection technique is quite different for the
various experimental arrangements. Whereas SLAC-LBL and PLUTO base their cross
section determination on the identification of charged particles (solid angle

of 65 % and 85 % respecitvely), the inner non-magnetic part of the DASP detector
is sensitive to charged particles and photons. At DASP the trigger- and detection -
efficiencies for charged particles and photons are nearly the same and the de-
tection acceptance covers 76 % and 62 % of 4m respectively. Because of the diffe-
rent systematic errors involved it is interesting to compare the three experi-
mental results. This is done in Fig. 8.3. The heavy lepton contributions are

now included and the curve fitting the DASP data is superimposed on the PLUTO

and SLAC-LBL points. The PLUTO and DASP data agree well in shape, but the curve
exceeds the PLUTO points by about half a unit in R above 4 GeV. The agreement in
magnitude is better between the SLAC-LBL and DASP data, but the separation of the
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peaks at 4.04 and 4.16 GeV is not so clearly yisible in the SLAC-LBL cross
section. Remembering that systematic errors of about 15 % are involved, one
cannot observe any significant discrepancy between the data. The general energy
dependehce of all three epxeriments is remarkably similar. |

One may now compare the structure in the total cross section with model pre-
diction583) for bound states and thresholds. In Fig. 8.452) the observed vector
mesons are given by their symbols and the bumps above charm threshold by their
energy values. For the peaks at 4.04 and 4.16 GeV it is an open question whether
they can be interpreted as 3351 and 4301 states or as threshold enhancements

of the pair production processes indicated in the fiqure. An example for a model

predicted threshold behaviour has been given in section 6.7 (Fig. 6.33).

9. e'e” Physics at Higher Energies

The unexpected findings at present energies, which brought electron physics
into the Timelight of physics interest, have caused an ever increasing urge

to continue the e*e” investigations at energies beyond the presently available
range, Some of the points of interest are:

(1) A careful measurement of R, the ratio of hadronic to u pair cross
section, for finding possible new degrees of freedom, i.e. possible
evidence for additional quantum numbers. '

(i1) Since the electromagnetic cross sections are falling as the inverse
square of the cms energy, other types of interaction will become
increasingly important, such as weak interactions and two photon
processes.

The discovery97) of the Upsilon last year and its recent confTrmationgs) in
e'e” collisions at DORIS have already signalled the presence of one or more

additional quarksgs)

. However, due to the large Upsilon mass of 9.46 GeV the
associated step in R is expected to occur above 10 GeV which is outside the
range of present storage rings. Therefore, further implications of these new
degrees of freedom have to be investigated at the next generation e'e” colliding

beams.

As an example of weak interactions, their influence on u pair production has been
studiedgg). In addition to one photon exchange with its 1 + cos?6 angular
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distribution we have contributions from the weak neutral current:

Neglecting effects from electron or positron polarization, the interference
of weak and electromagnetic interactions will modify the simple (1 + cos?8)
behaviour in the following way:
2E2 2 g
do _ o? Yy 42
= {(1 + - ) ( 1+ cos?8) + cos 0}
da ~ TeE? mo(4EZ- M%j ma(4E*- M7

where E is the cms energy, MZ the z° mass and 9y 9p the vector and axial-
vector couplings. The difference %g in the integrated cross section measures

-

the vector coupling, and the asymmetry A =-E:——gi—, which can be interpreted

o. +0
as a charge asymmetry, determines the axial vectgr coupling. From standard
V-A theory and from the Weinberg model it is expected that changes in o and in

A will be of the order of 10 % for beam energies of 15 GeV.

Two photon processes, which are of fourth order in QED, become increasingly
important at higher energies:

o(E) ~ & (an B9z (i By
e e

where E, m, are the electron energy and mass and n 2 1 depends on the specific

final state X. Note that this cross section does not drop Tike 1/s, but the
cms energy is replaced by the threshold mass m of the state X. One can also
see from the cross section formula that one power of o is approximately can-
celled since (&n £:) ~ 100 for E = 15 GeV. However, to positively identify

the two photon processes, it would be advantageous to catch at least one of
the electrons scattered at small angles with respect to the beam. Therefore,
a special forward detector close to the beam line would be a useful tool to
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obtain information on these processes.

A more detailed discussion of the physics interest in high energy eiectron
positron colliding beams and of possible implications for detector arrange-

ments has been given elsewhereloo).

9.1 Next Generation Storage Rings

As has been the case in the past, the competition in ete” colliding beam phy-
sics between SLAC and DESY will also continue in the future. Both electron-
positron rings - PEP in Stanford and PETRA in Hamburg - will cover the same
energy region, extending up to 36 and 38 GeV respecitvely in their initial
phase of operation. Since the PETRA machine is nearly a year ahead of PEP,

I shall only discuss the European project and the experimental detectors in-
volved here.

Fig. 9.1 shows the layout of PETRA. The circumference of the ring is 2.3 km
and the bending radius 197 m. The ring has octogonal shape with rounded cor~
ners. There are eight straight sections, two of which house the radio fre-
quency system. The other six are avialable for experiments, but at the begin-
ning only four interaction regions will be equipped. Fast and relatively
inexpensive construction of PETRA is possible by using the 7.5 GeV electron-
synchrotron and the storage ring DORIS as injector and intermediate storage
ring. The originally forseen scheme of injection is indicated in Fig. 9.2.
Electrons and positrons, injected into the synchrotron by two linacs, are
accelerated in DESY up to 2 GeV and transferred and accumulated in DORIS.
Fast kickers will then eject individual bunches form DORIS for re-injection
into DESY. After acceleration up to 7 GeV, these single bunches will be in-
jected into PETRA. This scheme assures short filling times of the ring which
are estimated to be of the order of 10 minutes. In order to relieve DORIS of
the burden as an intermediate storage ring, a 450 MeV storage ring PIA (Posi-
tron Intensity Accumulator) will come into operation in the middle of 1979.
Since the electron source is much more intense, no such device is needed for
the electron bunches. After an initial phase of restrictions, the physics
program at DORIS can proceed without being interrupted during PETRA injection.
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The PETRA proposal was submitted to the authorities in the fall of 1974 and
approved one year later, Ground breaking took place in January 1976. The con-
struction of the tunnel, the injection channels and the experimental halls were
finished in spring 1977. The installation of machine components is expected

to be completed in July 1978. First injections into the PETRA tunnel took

place in 1977. The installation of the experiments may start in 1978 and data
taking commence at the end of the same year. The initial operation of PETRA

will be at 15 GeV, and the luminosity is expected to be close to 1032 2 1

cm “sec .
The variation of the lumindsity with the beam energy is shown in Fig. 9.3,
where we see that for the highest energies the number of bunches has to be re-
duced in order to conform to the maximum available rf power (see section 3.1).
It is also indicated in this figure that with the finally envisaged maximum

rf power of 9.6 MW the beam energies can extend up to 22.5 GeV.

9.2 Detectors for PETRA

A1l of the experiments, proposed to be installed in the interaction regions
at PETRA, use a magnetic field surfounding the interaction point and try

to cover as much as possible of the full solid angle. The various experi-
ments differ in some of the means of particle identification.

Five proposals have been accepted for the first round of experiments. Colla-
borations from the following universities and institutions are involved, and
their projects have been given the short names on the left:

CELLO: DESY—Kar1sruhe-Munich-Orsay—Paris—Sac]ay101).

TASSO: Aachen-Bonn-DESY-Hamburg-London-Oxford-Rehovot-Rutherford Lab.-
wisconsinloz).

MARK J: Aachen—DESY—MIT—Nether]and5103).

JADE:  DESY-Hamburg-Heidelberg-Lancaster-Manchester-Rutherford Lab.-
Toky01°4).

PLUTO: Aachen—DESYhHamburgeSiegen-Wupperta]105).

The experiments can be classified according to their physics objectives.
Three examplesare taken from the 1ist above. Experiment MARK J (Fig. 9.4)

has a very narrow core of wire chambers and shawer counters surrounded by
magnetic iron into which drift chambers are inserted. The main interest of
this experiment is to determine weak interaction effects by observing u pair
final states. Experiment JADE (Fig. 9.5) uses a magnetic solenoid of approxi-
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mately 1 m radius surrounded by Tead glass counters and range counters. This
set-up intends to carefully identify electrons and photons; the directions

of the photons can be obtained by using the coordinates of the interaction
point known from the charged tracks. Experiment TASSO (Fig. 9.6) has a magnetic
solenoid of close to 1.5 m radius. Electrons and muons are identified by

shower and range counters in a large fraction of the solid angle and hadrons

are classified by a set of Cerenkov counters with a Timited spatial acceptance.
Further details on future epxeriments at PETRA should be obtained from the
written proposals.

It is a pleasure to acknowledge the help of many colleagues at DESY for
supplying me with data and figures on the respective experiments. I want to
thank J. Korner for helpful comments.
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