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1. Introduction

Electron-positron annihilation is a fascinating part of particle physics. Unlike
in hadronic collisions the final states produced in e+e- annihilation possess
well defined quantum numbers - those of the mediating current. Furthermore, at
high energies, the current couples directly to the fundamental constituents of
matter. In fact, all reactions observed in the nonresonant region follow from the
same underlying process, pair creation of pointlike charged spin-1/2 fermions
(either charged leptons or quarks). For production by the electromagnetic current
- which is by far the dominant contributor at present energies - the cross
sections for these processes can be calculated. As a result, e'e” annihilation

is ideally suited to search for new charged leptons, new quarks or any other

type of particle that is charged and pointlike. It is also a good place to search
for new currents. If they couple to efe” they lead to a breakdown of QED. First
evidence for the presence of the weak neutral current has been seen just recently
at PETRA. The angular distribution for muon pair production when combining the
data from all PETRA experiments shows a distinct forward-backward asymmetry.

High energy ete™ annihilation has also become a testing ground for theories of
strong interactions. The acceleration of quarks in qq formation, ele + a9,
becomes so large that quarks have a fair chance to radiate energetic noncollinear
field quanta that can be detected. The three- -jet events observed at PETRA have
given strong support to QCD where such events follow from bremsstrahiung of
gluons. The rate of three-jet production provides a direct measurement of the
strong coupling strength o -
Electron-positron interactions offer also the opportunity to study photon photon.
scattering. Experiments have just started to explore this field and many of the
data obtained are still very preliminary. Nevertheless, the indications are that
a wealth of new physics is waiting for discovery.

These lectures concentrate on electron-positron interaction data obtained above
the upsilon family, W > 12 GeV. They also include material presented only after
the school at the Bonn Conference. No attempt is made to cover all experimental
data, rather some topics are selected which appear to be of particular interest.
More information on e e  interactions at high energies can be found in recent

review articles (see e.g. Wiik & Wolf 1979, Wolf 1980, Renard 1981).
and in rapporteur reports from the Lisbon and Bonn conferences (Berger 1981,

Duinker 1981, Holder 1981, Marshall 1981, Branson 1981, Braunschweig 1981,
Blirger 1981, Felst 1981, Fournier 1981, Hollebeek 1981, Litke 1981, Wedemeyer 1981).



2. PETRA and PEP
2.1 PETRA

Most of the experimental data available at present were obtained at the DESY
storage ring PETRA (Fig. 1) which was commissioned in autumn 1978. PETRA

has four short and four long straight sections with a total circumference of

2.3 km. Two of the Tong straight sections are used for the accelerating structures.
The maximum total c.m. energy W attained is 36.8 GeV. It is planned to increase

in 1982 the maximum energy to 41 GeV by doubling the RF-power and to 46 GeV in

1983 by doubling the number of cavities. The maximum luminosity at W = 30 GeV

in 1979 and 1980 was around 5-10°Ccm 2s™ ! which Tead to an integrated Tuminosity
of 100 - 150 nb_1 per day. At the end of 1980, by installing additional quadru-
poles in the interaction region (minibeta scheme), the luminosity was increased
by a factor of three to 1.7-103%en 257! and 400 - 600 nb—l/day. This gives
roughly 100 hadronic annihilation events per day and experiment.

Five large detectors were constructed and took data, CELLO, JADE, MARK J, PLUTO
and TASSO. CELLO and PLUTO share the same interaction pit in a push-pull fashion.
PLUTO was taking data in 1979, CELLO in 1980 and in the first half of 1931,

A1l detectors have almost compiete solid angle coverage for charged particles
and photons, and, except for MARK J, use a solenoidal magnet filled with
cylindrical drift and proportional chambers for charged particle tracking. The
MARK J detector is a calorimeter.

2.2 PEP

The SLAC storage ring PEP (see Fig. 2) has been put into operation in the summer
of 1980. It has a total circumference of 2.2 km and a maximum design c.m. energy
of W = 36 GeV. There are six inferaction regions and seven approved experiments:
MARKII, MAC, Free Quark Search, Monopele Search, DELCO, HRS and TPC. First pre-
Timinary results from the first four experiments were reported at the Bonn
Conference (Hollebeek 1981, Litke 1981).
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3. The structure of leptons

Muon pair production,

+ - -
ee -~ u+u (1)

is the simplest of all QED reactions and the prototype of almost all efe”
annihilation processes at high energies. It proceeds via time-like photon ex-

change (Fig. 3):

-Fig. 3 Muon pair production

The differential cross section reads

2
do _ o 2 a2y il
I —-Z; Bu {(1 + cos 09) + (1 Bu) sin }. (2)
_2, g - ~
where s = W, Bu pu/Eu' For pu Eu
2 .
do _ o 2
% (1 + cos™ @)
2 4s
The integrated cross section is given by .
2
4 o~ _ 87.6 nb . 2
Uuu =T T (s in GeV") (3)

At W = 30 GeV the muon pair cross section is of the order of 0.1 nb. An inte-
grated Juminosity of 500 nb_l/day will yield a maximum detectable event rate
of 50 per day.

If electron or muon are extended objects a deviation from the QED prediction
will be observed. This deviation can only depend on the mass squared s of the
virtual photon and can be parametrized by a cut-off parameter A,

2

+

Clearly, the higher the energy, the deeper one can probe for a structure of
electron and muon. The parametrization (4) includes also corrections to the
photon propagator or the exchange of heavy photon-like objects.
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Other second order QED processes which were studied to test QED are:
Bhabha scattering (Fig. 4a,b): efe™ » ete”
+_
Two photon annihilation (Fig. 4¢,d): e @& * Y

. . + - + -
T-pair production: ee -+ T1T7T

a) b) c) . d)

Fig. 4 The space like (a) and time-like (b) diagrams for Bhabha scattering and
the diagrams for two-photon annihilation (c,d)

Besides the electron structure, Bhabha scattering tests the photon propagator
in the space-like and time-like region. Two-photon annihilation is sensitive to
contributions from a seagull term (Fig. 5a) and from excited electrons (Fig. 5b).
A1l four processes have the same s-dependence, do/dQ ~ s'l. Fig. 5 summarizes

their differential cross sections as predicted by QED.

e*
a) b)

Fig. 5 Seagull term (a) and excited electron exchange (b) for efe” » vy

For a recent review see Dittmann & Hepp (1981).

The experimental data have to be radiatively corrected before a comparison with
QED can be made:

dCOY‘Y‘ meas
G LT (1) | (5)

The corrections account for photon emission, for electromagnetic modifications
of the vertices and for vacuum polarization due to Teptons and hadrons (see
e.g. Berends-and Kleiss 1981). '

Possible contributions from weak neutral currents will be discussed in the
next chapter.
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Fig. 7 displays the total cross section data on p pair production, They are seen
to agree rather well with the QED prediction (solid line). Agreement with QED

is also observed for Bhabha scattering (Fig. 8), for two-photon annihilation
(Fig. 9) and for ¢ pair production (Fig. 10a).

Table I summarizes the 95 % confidence lower limits on the cut-off parameter A.

The lower limits on A are found to be in the range from 100 to 200 GeV. Bearing

in mind that we made the implicit assumption that whatever modifies the photon

propagator or the lepton-lepton photon vertex has the coupling strength e the

results of table 1 can be rephrased by saying that QED has been tested down to s
distances of 1 - 2-10'16 cm and/or that e,u and 1 are pointlike down to this

- distance. e

Table 1. QED cut-off parameters: 95 % confidence lower limits in GeV.
From Branson (1981) and Hollebeek (1981)

- + -
e+e > e €

+ -
Hu

+
T T

Experiment , " 1, A A, Y A+YY A
CELLO 83 155 139 120 43 48
JADE 112 106 142 126 111 93 47 44
MARK J 128 161 194 153 126 116 55 38
PLUTO 80 234 107 101 79 63 46 -
TASSO 1140 296 127 136 104 189 34 42
MARKII 50 a1

The study of T pair production provided first measurements on the 1 lifetime.

Fig. 10b shows a typical 71" event with one 1 decaying into a u and the other

one into three charged particles. Using the latter tracks one can triangulate

the decay vertex and obtain the t Tifetime T from the distance between beam '
position and decay vertex. The expected flight path at W = 30 GeV is typically
700 u. The TASSO group (Brandelik et al. 1980a and Woodworth 1981) found

T > = ~0.25 3.5-10" 13 sec

and a 95 % C.L. upper limit of 5.7-10'13 sec. A more precise value was obtained

by the MARKII group (Hollebeek 1981). Fig.l0cshows their T decay length distribution.
There is an excess of 1's with positive decay lengths. From this distribution
a t lifetime of

T>=4.9: 1.8-10°13 sec

is deduced. Based on the assumption that the 1 - v coupling to the weak
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Fig. 8 Differential cross section for the reaction ee e+e— divided by the
QFD prediction. The data are corrected for radiative effects and hadronic vacuum
polarization. From Dittmann & Hepp (1981).
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Fig. 9 Differential cross section for the reaction ee » vy divided by the
QFD prediction. The data are corrected for radiative effects. From Dittmann &
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charged current is of the same strength as for e - ve,theory predicts

T = 2.8'10-13

sec, which is in agreement with the data.

TASSO1 .ALL13GEY RUN 2493 EVENT 7748 EBEAM= 6.5 GEV
7.1

TASSO
274GeV

7.3

Fig. 10b Candidate for T pair production,
efe” = 7 T

lﬁu+vv Iev + 3 charged

as observed by TASSO at 13 GeV.

R
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4. Weak neutral current contributions to lepton pair production.

The standard theory predicts neutral weak current contributions via 2° exchange
to Tepton pair production, efe” » 2747 (see e.g. Fig. 11).

et + +
e >z<“
T+
e W =P Th
Fig. 11 The electromagnetic and weak contributions to w pair production

The matrix element for the diagrams in Fig. 11 is given by (see e.g. Hepp and

Dittmann 1981)
G/ (2/2)

-1+ il

__Amag. oS M
M= —?r-zyuﬂey e B
2 m
by Z Z

5 S M
fy (v + ay )gey (v + ayg)e (6)

wheke'v 29 , @ = ZgA’ v*9p are the vector and axial vector couplings,
GF 1.02-10 5/m2 GeV 2, m..» r, are the 2° mass and width. In writing eq.(6)
lepton universality, 1i.e. 9y and 9p to be the same for e and u , was assumed.

It is convenient to define

o= F s = ——T—-— | 7
87 s/mg -1 v s/m, )
where ' << m_ was assumed and g = 4.5°107° GeV™%. At PETRA/PEP energies where
s << m§
D~ -g-s (8)

For W = 35 GeY, D = -0.065. The differential and total cross sections for

Y + z0 exchange read:

5 2
d 2
T 5 {(1+cos 0) {1+ 2v%D + (v +a%) 09
(9)
+ 4 cosO {aZD + 2v%a8 DZ}]
. 2 2 222

The Z° contribution leads to a deviation from the total cross section predicted
by QED and to a forward-backward asymmetry due to the presence of a coso term.
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In the standard model (Glashow 1961, Salam 1962, Weinberg 1967) the size
of these effects can be calculated. For all leptons:

gy = -0.5 g, = 0.5 (1 - 4sin’g,) (11)
Taking the current value for ew from the neutrino nucleon data, sin2@w = 0.228,

one finds g, ~ 0. The weak contribution to o“u expected at present energies is
9]

therefore very small,
0 402
+2) = 1+ aD") =~ 1.003-
Ouu(Y ) g ( a ) g

and cannot be detected with the available statistics.

The forward-backward asymmetry is given by

do/d(e < 90%) - do/dae > 90°)

A =
do/da(e < 90°) + do/da(e > 90°)
3 a®p + 2va’D
2 1+ 2veD + (v + a%)°D° - (12)

which in the standard wmodel reduces to
A=x=1,5D

At W = 35 GeV the expected asymmetry is sizeable, A = -0.10, and shoulid be ob-
servable with a few thousand muon pair events.

In extracting A from the data one has to correct do/dQ for radiative

effects which also produce a forward-backward asymmetry. Fig. 12 depicts some
of the QED diagrams of order of o o? which have to be included in the calcu-
Tation (see e.g. Berends, Gaemers and Gastmans 1973).

The occurrence of a forward-backward asymwetry can qualitatively be understood
by noting that the muon pairs broduced from some of the diagrams have negative
C parity - in particular from the lowest order diagram (a), but also from

(b), (d) - (f) - while other diagrams such as (g), (h) and the box diagrams
(i), (j) produce C = + y pairs. The interference between the C = - and C = +
diagrams will produce a forward-backward asymmetry. Its size depends on the
experimental conditions; e.g. different cuts in the acollinearity angle ¢
between the muons or in the muon energies Eu alter the relative contributions
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Fig. 12  QED diagram contributing to muon pair production.

f (e) - (h) and therefore the amount of interference. Fig. 13 shows as an
example the radiative corrections §, defined as
4cCorr 4 meas

a0 D (1-39)

as a function of cos® for the choice ¢ < 20° and Eu > 0.5 Ebeam‘ For a typical
acceptance of |cos®| < 0.8 the forward-backward asymmetry due to radiative
effects is +1.5 %, i.e. it is small and has the opposite sign from that expected
for the weak contribution. As a test of the radiative corrections Fig. 14
presents the acollinearity angle distribution for Bhabha scattering. The
agreement between data and theory is impressive.

Fig. 15 shows the radiatively corrected differential cross section for muon
pair production as measured at an energy of W = 33.5 GeV by the JADE group
(Bartel et al.198la). The data indicate an angular asymmetry: less u+ than u~
are emitted in the direction of the incoming el

Table 2 summarizes the measured and expected asymmetry values for the five
PETRA experiments. The total number of muon pairs that enter Table 2 is about
2700. The average over all PETRA experiments yields

-7.7 2.4 %
2

A
uu
at a mean s = 1100 GeVY
contribution in ete” anninhilation.

. This is the first evidence for a weak neutral current
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Fig. 13 The radiative corrections & {see text) for u pair production as a
function of production angle © for an acollinearity angle & < 20° and
U energy EU 2 0.5 E for c.m. energies of 30, 36 and 40 GeV.
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Fig. 15 Differential cross section for u pair production of an average anergy
of 33.5 GeV. The curves show the QFD prediction {(dashed) and the QED plus
weak neutral current contributions (solid). From Bartel et al. (198la).
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The observed size of A agrees with the standard model prediction, Atheor = -7.8 %.

It leads to the following value for the axial vector coupling:

+ 0.07
- 0.09

Table 2. The muon pair asymmetry as measured at PETRA. For TASSO A " has been

|g,| = 0.50

extrapolated to jcos®] £ 1. For the other experiments A " integrated
over the detector acceptance, typically |cos@| < 0.8, is given. The
theoretically expected asymmetry values were calculated from the stan~

dard model. From Branson (1981}).
S

experiment ey | A ) ACTEO" (%)
CELLO 900 - 1340 | -1.3 * 9 -5.8
JADE 900 - 1340 | - 11 * 4 -7.8
MARK J 300 - 1340 | -3 =+ 4 7.1
PLUTO 900 +7 £ 10 -5.8
TASSO 900 - 1340 |-11.3 * 5.0 -8.7

The asymmetries measured at PEP (Hollebeek 1981) for W = 29 GeV are -4.0 = 3.5%
(MARKII) and (-0.9 = 5.2 £ 1.5 %) (MAC).

Fig. 16 compares the measured A,,, value with the asymmetry pred1cted by the
standard model for s = 1100 GeVE and s = 1600 GeV2 as a function of the Z° mass.
The present data limit m, only from below, m, > 49 GeV with 95 % C.L. Much
higher statistics and preferrably higher energies are required to distinguish
between a four fermion interaction (mZ = » ) and a theory with a finite z° mass.
The standard model with sinzew = 0.228 predicts m, = 89 GeV.

As discussed above the size of the c%oss sections for lepton pair production
is sensitive to the vector coupling (gv) and therefore to sinzch. The fact
that no deviations from QED were observed provides rather tight limits on
sinzew. The average over all PETRA experiments yields

sin‘g, = 0.24 * 0.07
at s = 1100 Gevz. The nontrivial result is that sin Ow appears to be the same

at this mass squared as measured in vN scattering at Q of 50 - 100 GeV

The data can also be used to put Timits on weak models with more than one Z°
and/or W doublet. More information can be found in (Branson 1981).
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Fig. 16 The asymmetry A, measured by the PETRA experiments at s = 1100 GeV2
(dashed band) . The curvesg show the-expected asymmetry as a function of the
7° mass for s = 1100 GeV~ ard s = 1600 Gev2.
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5. Search for new particles.

As mentioned above an electron-positron storage ring is an ideal place to search
for new particles. Any charged and pointlike particle will be produced with a
sufficiently large cross section. For spin 1/2 fermions the pair production
cross section is given by the expression for u pair production (eq.{(2)). For
charged pointlike scalars the cross section has a different rise near threshold
and its asymptotic value is one guarter of % since the spin 1s zero:

Z

9 (e*e” - WHT) = & @7 sin‘e
3 (13)
+ - +, -
and (e ~HH) = S

The PETRA experiments conducted intensive searches for a great variety of new
particles. So far the findings have been negative. Some of these results put
stringent 1imits on new symmetry schemes. The discussion of these results will
follow the review by Biirger {1981).

5.1 Excited leptons

The existence of excited leptons (e*,u*,t*) will give the ground state leptons

a structure. As discussed in section 3 the lepton pair data rule out a structure
down to 10_16 cm. The presence of an excited electron could be seen directly in
two-photon annihilation, efe” » vy, where it adds a contribution described by
diagram 5b. The deviation of the cross section from the QED prediction can be

written as
do , + - do S .2
= (e'e »vy) =5 1+ sin“@ 14
do ( dQQED ( W ) ( )
where A =m,, - Yo a¥, Moy is the mass of the excited electron, o* its coupling

to electron and photon. As shown by Fig. 9 there is no evidence in the data
for any deviation from QED. Assuming o* = o the experimental lTower 1limit on
L is 50 GeV (see Tab.3).
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Table 3. Lower limits (95 % C.L.) on the mass Mo of a possible excited
electron, assuming o* = o. From Birger (1981).

experiment W(GeV) me*(GeV)
CELLO 35 >43
JADE 35 47
MARK J 35 58
PLUTO 31 46
TASSO ' 35 34
MARKII 29 50

Next we consider excited muons which could be produced either pairwise,
efe” = u*+u*- (15)

or together with a y,

efe” - MU (16)
For spin 1/2 u¥ the cross section for (16) can be written as
o 2
do , + - % . .22 (s + mu*) { 2
g0 (ee - p) = Aa —‘—gg——— (s + mu*)
- (s - mﬁ*) cosze } (17)

where the p*uy vertex factor is 2kecuv. The MARK J group searched for the
reaction (15) 1in u+u_yy final states. A u* with a mass mu* < 10 GeV is ruled out
by the data. MARK J and JADE studied events of the type u'u’y to look for
reaction (16). The py mase dietribution (Fiqg 17} ac measured by JADE agrees
well with QED and shows no evidence for a narrow p*. The data are sensitive to
1* masses up to 30 GeV provided the coupling X is sufficiently large. 1f i .#

is arbitrarily Tixed to m g = 16 GeV the data 1imit the cross section to

G 4, < 0-0075°0, with 90 % C.L. (see Fig. 18).

u*u
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5.2 Search for a heavy sequential lepton.

We know presently of three generations of leptons, (e,ve), (u,vu) and (T,UT).
Whether there should be a fourth one, (L,v ), or even more is an open question.
The cross section for pair production of L,

ete” » L7

is given by eq.(4).

!1r

-
v.g
Lo’

Fig. 19 Diagram for L decay into leptonic and semileptonic final states.

The possible decay modes of L (see Fig. 19) are either leptonic, L™ ~ vLﬁeﬂ_

or semileptonic, L - quq' and can be computed in the standard weak theory
following the same lines used in the case of the 1 (see e.g. Bjorken & Llewellyn-
Smith 1973). MNeglecting mass effects and possible enhancements one expects

all leptonic and semileptonic channels to have the same branching ratio (note:
the qq' channels count three times because of the colour factor), hence for a
lepton of mass 15 GeV, B(L™ ~ vLe'Ge) = 1/9. The possible decay channels lead

to characteristic event signatures which readily identify LT production.

Table 4 summarizes the various event topologies studied by different experiments.
No evidence was found and the existence of a heavy sequential lepton is excluded
for Tepton masses below 18 GeV.

Table 4. Mass limits on a new heavy sequential lepton. From Biirger (1981).
95 % lower limit

experiment on K (GeV) event signature

L
MARK J 16 single muon recoiling
Barber et against many hadrons
al. (1980a}
TASSO 15.5 single charged part. re-
Brandelik et coiling against many hadrons
al.(1981a)
PLUTD 14.5 single muon recoiling
Berger et against many hadrons
al.(1981a)
JADE . 18.1 two acollinear jets
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5.3 Neutral heavy leptons

The existence of heavy neutrinos was discussed in connection with the atomic
experiments on parity violation (see e.g. Harari 1977). A possible candidate
is the E® which has the same lepton number as the electron. It can be produced
by W exchange (see Fig. 20a) via

e'e »E% (18)
and will decay in the standard way (Fig. 20b), i.e. leptonically (E° - e_e+ve
with a branching ratio of 11 %) and semileptonically (E0 > e-aq’). The cross
section for reaction {(18) assuming V-A coupling is given by Bletzacker &

Nieh (1977) (see also Bjorken & Llewellyn-Smith 1973).

6.’ (1 M2)2
do _ °F s { 25(1 + cos@) - (s - M2) sinze} (19)
dQ 32T(2 2 2
g
(1-9)

"

where M is the mass of E° and q2

the square of the momentum transfer between
et and T°. The predicted cross section is surprisingly large, for W = 35 GeV
o(E%) = 3 pb which is roughly 4 % of o

For E° masses not too close to the c.m. energy W reaction (18) leads to events
with particles in only one hemisphere (Fig. 20c). The JADE group has searched
for such events and found none. Fig. 21 compares their upper limit with the

number of events predicted for V-A and V+A coupling. Assuming V-A (V+A) coupling

E° masses below 17 GeV (20 GeV) can be excluded.
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5.4 Supersymmetric scalar leptons

In supersymmetry the fundamental constituents of matter: Teptons, quarks, quanta
of fields with spin J have supersymmetric partners with spin J £ 1/2 (see e.qg.
Gol'fand & Likhtman 1971, Volkov & Akulov 1973, Wess & Zumino 1974, Fayet &
Ferrara 1977, Farrar 1987)

“Photino” "Photino’’
"Goldstino” Sl

Fig. 22 Production and decay of scalar Teptons

In particular, there should exist scalar electrons (Se) and muons (SU) as
supersymmetric partners of e and u. They can be produced in ete” interactions

by photon exchange with a cross section given by eq.(13)sscalar electrons can
also be produced by the exchange of a space-like photino or goldstino (Fig. 22a)
(see Farrar and Fayet 1980). The photino is the supersymmetric partner of the
photon and the goldstino is associated with the breaking of the symmetry. Both
have J = 1/2. The Se and SU are expected to be short lived and to decay by
photino emission, Se -+ % + photino (Fig. 22b). The photino behaves like a
neutrinoe in its interaction with matter. '

Production of scalar leptons (Se and Su) was searched for by several experiments
analysing events with two acoplanar leptons:

+ - + - L.
ee - £ 2 + missing momentum

Background from events of the type ete™ > efeTy, efe” > tftT = efe” + ',
efe” + eteTete™ (and similarly for u's) required special attention. No evidence
was found for scalar leptons. As Table 5 shows scalar electrons (muons) are

excluded for masses between 2 (5.5 GeV) and 16 (15) GeV.
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Table 5. Mass limits on scalar leptons.

Experiment Mass range excluded
by experiment (GeV)

S S :
€ u

JADE >16

{Cords 1980)

MARK J 3-15

(Barber et al. 1980)

PLUTO >13

{Spitzer 1980}

CELLO : 2-16.6 5.5~15

5.5 Free quarks

Using the dE/dx information in the central drift chamber the JADE group
(Bartel et al. 1980) searched for free quarks produced in pairs, and together
with ordinary hadrons:

e'e” » q3 (20)
e'e” » qg + hadrons : (21)

at energies between 27 and 37 GeV. The ignization loss dE/dx for quarks with
charge Q = 2/3 (1/3) will be 1/4 (1/9) of that for a charge Q = 1 particle
provided the velocity is the same. The detection efficiency for Q = 2/3 (1/3)
quarks lies between 0.15 - 0.36 (0.11 - 0.27) depending on the quark mass.

Fig. 23 shows the mean energy loss dE/dx for charged particles measured as a
function of the apparent momentum P/Q. Basically all particles Tie in one of
the regions expected for e, m, k, p, d or t. The p, d and t points result
mainly from beam gas scattering. In the region where Q = 2/3 or 1/3 particles
can clearly be separated from the known particles no events are found. Fig. 24
shows the upper limits for free quark production in (20) and (21) as a function
of the quark mass. There are two different curves for inclusive quark produc-
tion (21) based on different assumptions of the quark momentum distribution.
Also shown in Fig. 24 are the upper Timits obtained by MARKII (Weiss et &1.1981)
at lTower energies and by the free quark search experiment at PEP (Litke 1981).
The upper Timits are roughly 10'2 - 10"4 below the cross section for muon pair
production.
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In summary, as the title of this section: "Search for ..." suggested, no evidence
has been found yet for excited electrons or muons, for new heavy leptons, for
neutral heavy leptons, for supersymmetric scalar leptons, nor for free quarks.
The upper limits obtained exclude for most of these particles mass values below
~16 - 20 GeV.
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6. Jet formation in e'e” annihilation.

6.1 The quark parton model

In the quark parton model ete” annihilation into hadrons,
ete” - hadrons |

proceeds in two steps {see Fig.'25). First, e” and e annihilate into a photon
which then materializes into quark(q) and antiquark{g). In the second step q
and g fragment into hadrons. The first step is almost identical to the pro-

duction of a pair of muons,

g
e’ q hadron

a) g b

Fig. 25 ote” annihilation in the quark model

The quark model description of ete”™ annihilation into hadrons has been exten-
sively tested and has been found in surprising agreement with experiment. The
evidence for the model rests on the following observations:

1) The total cross section
The total cross section is readily calculated. The cross section for producing
a free qq pair is the same as for producing a u+u_ pair except that the quark
charge eq replaces the muon charge of unity. Assuming that the produced qq
pairs turn into hadrons with unit probabiiity one finds

R=o0o

_ 2
tot/ouu =3 z eq . (22)
+S ..

q=u.d
where the factor of three accounts for the fact that quarks come in three
colours. At energies above W = 10 GeV where all five known quarks: u,d,s,C,b
can be pair produced the predicted value of R is

2

2 2 4,2
R R I R

R =3 {3
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Fig. 26 shows R up to the highest energy measured at PETRA, W = 36.6 GeV
(Felst 1981). The error bars indicate the statistical uncertainties. The
systematic errors are typically of the order of 7 - 10 %. The cutstanding
features of R are spikes due to the excitation of vector states, p,...,
J/Ys..., T... and the fact that in between these families of vector states
and above R is rather constant. The data above 1.5 GeV indicate two steps.
Between 1.5 and 3.8 GeV R is approximately 2 - 2.5. Near charm threshold
(at 4 GeV) R rises sharply to reach a new level around 4 which persists up
to 36.6 GeV and which is in striking agreement with the quark model pre-
diction of 11/3 (see curve in Fig. 26).

The high energy data on R can be used to test the pointlikeness of quarks
(Soding & Wolf 1981). In terms of the quark electric and magnetic formfactors
GE’ GM the ratio R is given by

2
Zm
- 2 q

where mq is the quark mass and mé <<$ has been assumed. If GE ~ GM and

7+ layts)1?) | (23)

all quarks have the same form factor we find:

R/R, = 1Gy(s)}? (24)
with R, = 3 Eeg. With the ansatz
y(s) = (1 - s/M)7! (25a)

treating RO as a free parameter and including the systematic uncer-
tainties of o, . the data yield for W > 17 GeV,M > 124 GeV with 95% C.L.
If quarks are composites of 3 subquarks GM may have a dipolie behaviour:

Gy(s) = (1 - s/MD)_ (25b)
For this case the fit gives MD > 176 GeV with 95 % C.L. Converting the
M parameters into a length we conclude that quarks behave pointlike
down to distances of ~1-1071° cm,

An analysis in terms of the cut-off parameter A yields A, = 190 GeV,
A= 285 GeV (Branson 1981).
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2) The occurrence of jets
The quark-parton model predicts the occurrence of jets: at high energies the
hadrons will be collimated around the direction of the primary gq pair. This
can belunderstood in the following way. Consider a hadron emitted by a quark
with Tongitudinal and transverse momentum components Py, and Pr relative to
the quark direction of flight (Fig. 27). If the average by is energy inde-

Fig. 27 Hadron emission by a quark

pendent and the average particle multiplicity <n> grows only slowly with
energy then for high energies

(26)

<p“> = <px = N>

P> _
and <’T‘_N W l' (27)
apu,

The produced hadrons will be emitted more and more closely to the primary

quark direction as the enerqy increases. The mean half opening angle of the
<P _
jet cones is given by <§> = = T} ; thus the jet cones shrink roughly ~W 1.
fi .
(Actually, in a realistic calculation of the guark model using the fragmen-
-1/2)

tation functions of Field and Feynman (1978) one finds <§> ~ W

The presence of a two-jet structure is commonly tested in terms of sphericity,
S (Bjorken and Brodsky 1970) and thrust, T (Brandtet al. 1964, and Fahri 1977):

S = 3/2min (3p5)/(zp5) © 0 <S <l
1 1 - - (28)
T = Max (%ipy 1)/ (2py) 0.5<T <1
Sphericity measures approximately the square of the jet cone half opening
angle,
S =z 3/2 <62>

Extreme jettiness (8 = 0) leads to S = 0 and T = 1 while for spherical events
S-1and T > 0.5,
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The two-jet structure of hadronic events produced by e*e™ annihilation was
first observed in 1975 by the SLAC-LBL group (Hanson et al. 1975). Fig. 28
shows the energy dependence of the average sphericity as measured at DORIS

and PETRA. At low energies, W s 4 GeV, the observed <S> values are close 1o
those predicted by phase space, <$> = 0.4. Above 5 GeV <S> decreases rapidly
with increasing W, i.e. the partic1es become more and more collimated in clear
distinction to a phase space behaviour. A power law, <S> = 0.8 w'1/2 describes
the data well. The jet cone half opening angle as inferred from <S> shrinks
from ~31° at W = 4 GeV to ~17° near 36 GeV.

05 T | I ] [ | | I l_[ i I T 1 1 T T I T l T T T 1
N I JADE observed _
o v PLUTO observed .
0.4 | ® TASSO corrected - _
L .
> - —
-
G 03~ ]
o
w - .
T
a B - -
z N tt,Ry=4/3 _
o 2 N
<
o 02
=
< -
-
0.1 -
0 AT SR RN S VU NSV TN SN SN AN SN NV S DU H SN N SN S N SN S SO
0 ‘ 10 20 30 40 50
W (GeV)
05.02.81 ' 32295

Fig. 28 The average sphericity as measured by the JADE, PLUTO and TASSO
groups (see Cords 1980}.
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Fig. 29 shows a typical two-jet event at W = 35 GeV,

3)

The jet angular distribution
The angular distribution of the jet axis relative to the beam axis is of the
form (Schwitters et a. 1975)

2
} ~ 1 + cos Cﬁet

in agreement with what is expected for production of a pair of spin 1/2

W(cos@jet

particles. For comparison spin 0 particles would lead to

a ~ 1 - coséc
w(cosujet) 1 - cos Ojet'

two-jet events at high energies (W = 30 - 36 GeV). The agreement with the

Fig. 30 shows a measurement of w(cos@jet) for

2
1 + cos @.e

jet form {solid curve) is good.

Long range charge correlations
The back-to-back produced quarks have opposite charge. Since in the standard
picture of quark fragmentation the primary quark is found predominantly in
one of the fast particles, one expects a correlation between the charges of
teading particles in opposite jets. Besides this long range correlation also
a short range charge correlation is expected since neighbouring particles
in the jet cascade should have preferrentially opposite charges. First evi-
dence for long range correlations was presented by the TASSO group (Brandelik
et al. 1981b). The effect was established in two ways, from a study of the
weighted jet charges and from charge correlations measured as a function of
rapidity along the jet axis. The first method goes back to a suggestion by
Field and Feynman (1978) who proposed to use the momentum weighted jet charge
jet
Ger(1) = T ey (29)
i=1
as a measure of the charge of the parton that initiated the jet. In eq.(29)
the charge of the i'th particle ei'in the jet is weighted with a power vy of
its fractional momentum X5 = pi/pbeam; njet is the number of particles in the
jet. According to current ideas on fragmentation a fast particle has a larger
probability to contain the primary parton as a constituent than a slow one.
Therefore the weighted charge qjet(Y) for positive exponents v is expected to
be more strongly correlated to the primary parton charge than the unweighted jet
charge Qjet = qjet(O). It is convenient to take out the strong v dependence
of qjet by introducing the quantity qﬁet:
¥ XY
Q5ep(Y) > Qleply) = ﬂv}; 9ty ) (30)
i
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Fig. 30 Angular distribution of the jet axis for two-jet events as measured

by TASSO at W = 30 — 37 GeV.
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Consider now the average product of weighted charges

PU(Y) = - <qi(¥) ap(v)> (31)
of the two jets in an event where < > denotes the average over the event
sample. Fig. 31a shows P'(v) for all two-jet events at W = 27.4 - 36.7 GeV.
The data show a small but positive value for ¥'(v). However, this could be
a trivial consequence of charge conservation: if there is a net positive charge
in one jet there has to be a net negative charge of the same magnitude in the
opposite jet. The contribution of charge conservation to P'(Y) was determined
by randomly redistributing in each jet the observed particle charges amongst

rand(

the particles of the jet. This yields P' v) which is shown by the solid

curve. For Y<1 it is seen to be of almost the same size as P' (Y}, i.e. most of the
value of P'(y)is a result of charge conservation. This is no longer so if one
requires each jet to have at least one particle with fractional momentum
X > X, = 0.35 (see Fig. 3lb). In this case P'(Y) is clearly iarger than P‘rand
which shows that the fastest particles in opposite jets know about their

relative charge.

We shall discuss the study of charge ccrrelations with respect to the ra-
pidity y in a rather superficial manner. For the mathematical details the
reader is referred to the paper of Brandelik et al. (1981). The analysis is
illustrated in Fig. 32, where y is defined in terms of the particle energy
and longitudinal momentum pl‘re1ative to the jet axis,

y =0.5 2n [(E + p“)/(E - p”]). We consider now a reference particle with
charge ei(y‘) at position y' and ask where is its charge compensated. The
answer is given by the charge compensation probability which, roughly
speaking, is defined by

+- ' -+ vy ooyt ' - !
Cly,y') = N' (yay') + N (y>¥') N (yoy') + N (yoy') (32)
N(y")
where N+_(y,y') is the two-particle density for having a positive particle

in the internal y,y + Ay and a negative particle in y',y' + 4y; similar de-
finitions hold for N°7, N**

y',y' + Ay'.

and N”~. N(y') measures the particle density at

Consider an idealized two-jet event (Fig. 32c) with the fastest particles in
jet 1 and jet 2 being positive and negative, respectively, and exactly one
positive and one negative particle in all other y intervals. If the fastest
particle in jet 1 (position y' in Fig. 32d) is chosen as the reference par-
ticle, C is zero everywhere except for the interval containing the fastest
particle in the
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Fig. 32 Illustration of the charge correlation studies

a) particle vectors in a two-jet event

b) rapidity distribution; y' indicates the position of the reference particle

c) idealized charge distribution along the rapidity axis. For this case (d) shows
the value of the charge compensation C if the reference particle is at y' in the
fragmentation region of jet 1 and (d) in the central region.
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opposite jet. This is called a long range correlation. If, on the other hand,
the reference particle is in the central region (y' near zero, see Fig. 32e)
we have a short range correlation: C is nonzero at y = y' and zero everywhere
else.

Fig. 33 shows the properly defined charge compensation probability 5r(y,y') as

a function of y for various positions y' of the reference particle, indicated
by the shaded area. Also shown is 5:and
distributed randomly amongst the charged particles of an event (open circles).

In contradistinction to é:and, P shows a clear peak centered near the position

which is obtained when the charges are

y' of the reference particle which moves with y' as y' is moved from the central
region to the fragmentation region of one jet. This is evidence for the presence
of short range charge correlations also observed in hadron-hadron collisions
(Drijard et al. 1979, 1980).

When moving out to higher values of (y'| 5r exhibits, besides the peak at

y = y', an increasing skewness, showing finally for -2.5 > y' > -5.5 a long
tail in the opposite jet, y > 0. This demonstrates the presence of Tong range
charge correlations. The probability that the charge of a particie at y' < -2.5
is compensated in the opposite jet at y > 1 is found to be (15.4 + 2.6)%. The
observed long range correlation proves that the primary partons which produte
the particlejets are charged, in agreement with the assumption that these
partons are quarks.

The strong evidence for the quark parton model make e'e” annihilations into
hadrons a good place to test strong interaction theories, in particular,
Quantum Chromodynamics (QCD). Before comparing QCD with the data we remind
the reader of some of the ingredients of QCD.

6.2 Elements of QCD

QCD (Nambu 1966, Fritzsch & Gel1-Mann 1972, Fritzsch et al. 1973, Weinberg 1973,
Gross & Wilczek 1973) describes the interaction between quarks. The force is
provided by the exchange of gluons (see Fig. 34a) in much the same way proton and
electron are bound in the hydrogen atom by photon exchange (Fig. 34b).



05} $ Data 2
a) 0=ly'1=0.75 o Random charge

04r distribution

03 ¢ Charged parton mode

02

~

Charge compensation probability ¢p{y,y’)

0.4 -

MC (qg +qgg)

-~

=04

-5 -4 -3-2-1 0 1 2 3 4L 5 8
Rapidity y

Fig. 33 Charge campensation probability @r {v,y'} as a function of
rapidity y for a particle produced at y', as measured by TASSO
(Brandelik et al.1981b). The open circles show the expegggtion for a
charge distribution randomized ¢ver the whole event, &2 (y,v'). The
solid line shows the prediction of model MC(q§ + qag),’the dashed
line the prediction of a neutral parton model MC (gg) .
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q e~
gluon photon
9 P
Fig. 34a qg system bound Fig. 34b electron and proton
by gluon exchange bourd in the hydrogen

atom by photon excharge

The properties of gluons are:

- massm=290

spin, parity ;=1

-~ gluons are colour octet states. There are 8 different gluons. They interact with
the colour charges of the quarks (see Fig.35}).

Orb

Qr q
g, NP
3

Fig. 35 Quark-gluon inte.raction.
- The gluon quark coupling strength O is indeperdent of the quark type (or
flavour), i.e. O ig the same for u, 4, 8, ....

- In contrast to photons, which are electromagnetically neutral, gluons carry
colour charge. As a result gluons can interact with themselves which leads to
the presence of three— and four gluon vertices (Fig.36) in the theory.

Fig. 36 Three- and four—gluon vertices.
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~ The coupling strergth o is not constant (running coupling constant). In
lowest crder

8 = 12w (33)
S (33-2Mp)¢n Q2 /n2

where Nf is the number of different quark types, Q2 the characteristic momenium
transfer and A is the QCD scale parameter. The 02 behaviour of o s is sketched in
Fig. 37. The coupling strength decreases with increasing Q2 consistent with asymp-
totic freedom. That is to say, for small distances (large Q2) between quarks &g
becomes small and the quarks behave as free. For low Q2 or large distances

% » 4% a  will become of order one and confinement may arise: quarks never

became free; in this regime perturbation theory becames invalid.

Fo\
| Large distances Small distances
RN —

m | Confinement Asymptotic freedom
|

© i
|
|
I
I
|
1

0 2

A Q2

Fig. 37 Qualitative behaviour of the strong coupling strength G

The most stringent tests of QCD are provided by large Q3 processes where per-—
turbative methods can be used. Examples are deep inelastic lepton nucleon
scattering and e+e" annihilation at high energies. We shall concentrate on the
latter field with the emphasis on R and jet production.

6.3 QD modifications to R

The predictions of the quark parton model are modified by the emission of gluons
(see Fig. 38 ). For R the QCD

e’ q et q ¢ q
Daa Ui BDaa
& (a) 9 & (b) qe€ (c) g )

Fig. 38 Quark parton diagram and lowest order QCD diagrams for e'e - g4, 999
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corrected expression is

> o O‘.s 2

R=3[e-q {1+T+C2(?) +---} (34)
9

The corrections have been camputed up to secord order (Dine & Sapirstein 1979,

Chetyrkin et al. 1979, Celmaster & Gonsalves 1979). In the MS scheme

C2 = 1.99 - 0.12 Nf

where Nf is the number of quark flavours.
After a careful examination of the theoretical problems at low energy (W < 2 GeV)
Eidelman et al. (1979) deduced fram low energy O, . data a value of

A m O.1 GeV. (CD fits to the intermediate energy region (4 to 7 GeV) have been
performed by Barnett et al. (1980). We compare the OCD expression to the data
measured above 20 GeV. This energy region is well above heavy quark thresholds;
furthermore,higher twist effects should be negligible. The average over all PETRA
experiments gives -

R = 3.91 + 0.04 (stat.} = 0.3 {syst.)

for W = 33 GeV. After corrections for weak neutral current contributions (which
amount to Aﬁweak = 0.03 for sinz@w = 0.228) one cbtains o, = 0.16 * 0.03-(stat.)

+ 0.26 (syst.). In Fig. 39 the QCD prediction for A = 0.3 GeV is compared to the
data (rote that only statistical errors are shown). The agreement is good. Unfortu-
nately, the large systematic uncertainty of R prevents a precise determination

of ¢ Still, the data show thgt Ehe gecond order contribution is smaller than

the first order cone, i.e. C2 (Ts) < —Tr§ suggesting that the perturbative cal-
culation is reliable.

For a detailed discussion of possible weak contributions to R see Bartel
et al. (1981b), Barber et al. (198la) and Branson {1981).

6.4 Gluon bremsstrahlung

At high e'e” energies the acceleration of the quarks in qg formation becames so
large that the quarks have a fair charce to radiate a hard gluon. This offers the
possibility to observe ghwons directly (Polyakov 1975, Ellis et al. 19376, De Grand
et al. 1977, Hoyer et al. 1979, Kramer et al. 1978, 1979, 1980) .
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Deroting by Xy %, the fractional energies of the quarks, X, = 2Ei/w, the cross
section for gluon emission (see diagram in Fig. 40),

e'e” »qay (35)
et q
g
e 9

Fig. 40 First order QCD diagram for ete™ » q3g

is given by (Ellis et al. 1976, De Grand et al. 1977):

- 20 x2 +-x2
do(ggg) . S & 1 2 ' 6
i, aX., 31 o (1)) (I=x,) (36)

where o, = 30, Zeé. The energy and angular distribution of the radiated gluon
is equal to that of bremsstrahlung photons. For small gluon energies ¥ ard

angles O (see Fig. 4D

o

dU (q-gg) ~ ] ( 37 )
dKdo Kgind
q

Fig. 41 Illustration of the process €'e” - gag

Since gluons are coloured we cannot observe them as free particles. Like quarks
they materialize into a jet of hadrons. The emission of hard noncollinear gluons
changes the event structure from back-to-back jets to a more camplicated cne.

- The most conspicuous effects predicted are (Ellis et -al. 1976, De Grand et

al. 1977) .

1) Broadening of the transverse momentum -(pT) distribution of hadrons relative -
to a common jet axis with increasing c.m. energy W. The reason for this is
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X B

32368

Fig. 47 Examples of three—jet events as cbserved in the TASSO and JADE de-
tectors.



(1/0,,) do/dP? (GeVic)™

Fig.

- 56 -

1 -1

I ] 1 | I
2 MC DATA 1
10 (Q) (b) --=-0 W=12 GeV , TE §
— @ 274=W=31.6GeV ]
—— X 33.0=W=365GeV] -
101 1 =3 = =
m - - -
1 - . 2
-\ - . _
- - \(:)\ _J ..+
N

10° & - 4 3
E 0 S I -
0 N
107 &= 4
N ]
107 = E

10-3 | L 1 | 1 . i 1

0 2 4 6 8
2 2
P; (GeV/c)

43 Distribution of the square of the transverse momentum of charged

particles with respect to the jet axis at 12, 27.4 - 31.6 and 35 - 36.6 GeV

as measured by the TASSO group (Brandelik et al. 1979a,

Brardelik et al.

1981b) . The curves show the QCD prediction for o, = 0.17.
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that the average transverse momentum of the gluon, KI" grows with W like

K> ~ oW (38)

2) Presence of planar events since q,q ard g lie in a plane.

3) Occurrence of events with a three-jet structure.

All three effects have been cobserved almost instantaneously when PETRA reached
energies around 30 GeV in summer 1979 (Brandelik et al.1979, Barber et al.1979,
Berger et al. 1979, Bartel et al. 198Cb). Roughly 10 % of the hadronic events
observed at W = 30 - 36 GeV are non two-jet events and half of these have a clear
three jet structure. Two examples of three jet events are shown in Fig. 42.

In discussing the experimental evidence, we begin by showing in Fig. 43 the
transverse momentum distrilution 1/o ot dc:/dp,}z.1 of charged particles evaluated
with respect to the jet axis for c.m. energies between 12 and 36 GeV (Brandelik
et al. 1979, 1981lc). The broadening of the p,‘?:, distribution with rising energy
is clearly borne out by the data. The 12 GeV distribution is well fitted by the
oq model using a gaussian py distribution with ¢ q= 0.3 GeV/c. To fit the high
energy data with the same model Oy had to be increased to 0.45 GeV/c.

One of the several methods devised to study event shapes and test for planar
events starts from the momentum tensor (Bjorken & Brodsky 1970) . The method is
similar to the characterization of an extended body by its ellipsoid of inertia.
The tensor is formed from the N measured particle momenta:

N .
= ' = 39
MO‘.B le pja pJB a,B XY 2 ( )

Iet ﬁl’ ﬁz and ﬁ3 be the eigenvectors of this tensor associated with the eigen-—
values Al' A2 and A3 which have been ordered such that Al < Az < {\3. The Ai give
the sum of the squares of the momentum conponents with respect to the ﬁi axis:

—— 2 ) ‘
= Jeghp (40)

The principal axis is the ﬁ3 direction which is identical to the jet axis. The
event plane is spanned by ﬁ2 ard ﬁ3; ﬁl defines the direction along which the sum
of the momentum camponents is minimal (see Fig. 44).
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Fig. 45 Distribution of the mean_transverse momentum gquared pexr event for
charged particles, nhormal to (<p'Ib t>) and in the (<p, in>) event plane as measured
by the TASSO group (Brandelik et ST 1979a, 1981b) at C.m. energies of 12,

27.4 - 31.6 and 33 - 36.6 GeV. The curves show the predictions for oy = 0.17.
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The Ai measure the flatness (Al), width (A2) and length (A3) of an event. In
Fig. 45 the distribution of

A ,
> a2 21
¥ (By-A)” = ¥ (41)

2 =
<P

2

square of momentum camporent normal to the event plane) is compared with that of

A

2
<p§,in> = % ) (5j'ﬁ2)2 =5 (42)

—
il

(= square of mamentum component in the event plane and perpendicular to the jet
axis). The data show little increase in <p t> from low (W = 12 GeV) to high

enerqy (W = 30 to 36 GeV).There are basmcally no events with <p’Ib 2 0.4 (GeV/c) .
The distrilution of <p§. >, however, beccomes much wider at high energies with a
long tail of events with high <p§, 2 . The tail extends well beyord 1.2 (GeV/c)2

i.e. for a fraction of the events <pT > >> <pTO t> This demonstrates that the

data contain a certain number of planar events (Brandelik et al. 1979, Berger et
al. 1979, Bartel et al.1920b). The same conclusion is reached when the energy

flow arourd the jet axis is studied (Barber et al. 1979).

In order to test whether for planar events the particle momenta are distributed
uniformly in the plane or collimated into three jets the TASSO group (Brandelik

et al. 1979, 1980a) amalysed all planar noncollinear events at W = 30 GeV as
three jet events and determined the three jet axes. Fig. 4¢ shows the distribution
of p,% of the charged particles where the Pp of each particle was calculated with
respect to the jet axis it had been associated with. The average transverse
nmomentum is found to be about 0.3 GeV/c. The distribution is compared with the p’I‘
distribution of particles fram events at W = 12 GeV analysed as two jets. The

p% behaviour is found to be the same in both cases, i.e., the particles from
planar events at high energies are collimated as closely around three coplanar
axes as particles from lower energy events are collimated around a single jet axis.

The three jet structure of planar events can also be seen in the following way
(Marshall 1981). The event is first analysed as a two-jet event. After summing

the transverse momenta of particles in each jet, } Py s the narrow jet which
jeto T

has the smaller J pp is found.
i

Then, as illustrated in Fig. 47, the angular distribution of particles in the
event plane is fourd with respect to the direction of the narrow jet. © is the
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® 3-Jets 27.4-316 GeV
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Fig. 46 Distribution of the square of the transverse
momentum of charged hadrons from planar events with
respect to the three axes found by the generalized
sphericity method at W = 30 GeV (@) . It is campared
to the pZ distribution relative to the sphericity
axis for all events at W = 12 GeV analyzed as two

jet events (o). The curve shows the CD prediction
for o = 0.17. The analysis was made by the TASSO
group (Brandelik et al. 19804a) .
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Fig. 47 Particle angular distribution in the event plane expected for three-jet
production {(a) and two~jet production (b).

angle between particle i projected into the event plane ard the direction of the
narrow Jet. For a planar event with three-jet structure (Fig. 47a} no or only
few particles will be found in the direction opposite to the narrow jet amd the
particle yield will show a dip at @ = 180°. On the other hand, for a two-jet
event (Fig. 47b) the angular distribution will show no dip at 6 = 180°. Fig. 48
shows the momentum weighted anqular distribution for planar events. There is a
narrow peak at 9 = o° which represents the particles in the nmarrow jet. In
addition there is a broad distribution around 0=180° which has a distinct dip at
0 = 180° giving evidence to the three—jet nature of the events. The two bumps
result from the two jets opposite the narrow jet.

6.5 Quantitative comparison of jet production with QCD

The observation of three-jet events is one of the great successes of QCD. It does,
of course, not rule ocut other mechanisms as possible sources of these events.
Therefore quantitative tests are called for. The quantitative comparison with CCD
faces the problem that QCD predicts the parton distributions (e.g. for q,q and g in
e'e™ + qag) but what can be cbserved experimentally are the particle jets. Since
the hadronization process is not calculable in perturbative QCD one has to combine
the QCD calculations with a model that describes quark and gluon fragmentation

into hadrons. Most of the analyses have been done using the model of Field ard
Feynman (1978) where quark fragmentation into hadrons is treated as an iterative
process: (see Fig. 49) a quark g fragments into a hadron h plus another quark a'.
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Fig. 48 The momentum weighted angular distribution of particles
from planar events measured in the event plane O = O
is the direction of the narrow jet. From Marshall {(1981).
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" Then q' fragments into h' plus 9” and so on until the available energy/momentum
is used up. The (three) fragmentation parameters

h

——

| A
| Ya a G Ao
| aq / Gy .
| R 94
| I\ MG

e

Fig. 49 Quark fragmentation into mesons in the Field-Feynman model

such as the average transverse mcmentum of the produced hadrons have to be deter-

] mined fram the data itself.

In the guantitative coamparison of data with the QCD prediction, two elaborate
Monte Carlo programs have played a major role, that of Hoyer et al.(1379) and an
extension by Ali et al. (1980). The first one considers only contributions up to
: first order in Cg {(first 3 diagrams in Fig. 50}, the second one includes those

' second order terms that lead to four—jet events (diagrams at bottom of Fig. 50).

) D{Qsol

' 2-jet

, 0{0.5) 4

. 2-,3-jet

' O LT e e

: . o(ugl J

. 2-,3-jet

: o(agl ]

. 2-3-,4-jet '
- 3%

Fig. 50 Lleading and next to leading order QCD diagrams for hadron production.
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Both programs use the Field-Feynman scheme to describe quark fragmentation. In

the analysis of the TASSO group (Brandelik et al. 1980a) the strategy followed

was to determine first the fragmentation parameters and the strong coupling
constant Cge using as little of the measured information as possible (to be pre~
cise, the distributions at W = 30 GeV for <p§,o at ! for the charge particle momenta
and multiplicity) and then to use the remaining information for a quantitative check
which then o longer involves any free parameter ‘-x The fit yielded

o, = 0.17 + 0.02 (stat.) * 0.03 (syst.) at W= 30 GeV. The (CD predictions obtained
in this way for p,%, <p'§'out>’ <p,%in> and for the 3-jet P"I?' are shown by the curves

in Figs. 43, 45, 46. The agreement is excellent. In particular the strong c.m.
energy dependence of the data for p,?. and <p,?,in> is well reproduced by QCD.

Similar conclusions have been reached by the other PETRA groups. ' Some of these
results are presented in the Figs. 51 - 54.

6.6 The gluon spin

The angular correlation between 4,9 and gluon (see Fig. 652) depends on the spin
of the gluon. For vector gluons the first order cross section in terms of the
scaled parton energies X, = 2Ei/w is given in eq. (36). Fram this the distrﬁ.bution
of the argles @i between the partons e.l can be calculated with the following
relation: :
2 s.in@i
Xy = - : (43)
sm@l_+ SlD@z + s:l.nO3 :

In order to see that the a_ngular correlation between the jet axes is indeed
" sensitive to the spin of the gluon we also consider a theory with scalar gluons

which lead to (Ellis et al. 1976):

-~ 2
do - 39_. o x3 - (44)
dxldx2 3T o (l—xl) (l—xz)

vhere X, = 2E3/W for the gluon and &S is the gluon quark coupling for the scalar
case. The vector expression (eq. 36) has both collinear and infrared divergencies,
whereas for thel scalar cage there is only a collinear divergence which leads to a
sanewhat weaker deperdernce on X, . Unfortunately, the difference is largest when

Xy (ox XZ) is near 1 where cne approaches the two jet configuration, and where the
quark and gluon jets become difficult to separate.

* A more thorough description of the treatment of hadronization can be found in
S&ding and Wolf (1981).
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Fig. 51 FEnerqgy flow observed for planar events as a function of the

azimuthal angle in the event plane relative to the thrust
axis. From the MARK J group (Barber et al. 1981lb). The curves
show fits by i) a QCD calculation (full curve) with

ag = 0.18; ii) a two-jet o model with a Gaussian (dashed)
of exponential (dotted) p,, distribution; iii) a pure phase
space distribution (dashed-dotted curve).
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Fig. 52 W-dependence of average thrust, energy-
weighted jet broadness, squared invariant mass
of the “heavy" jet, and of the integral over the
wide-angle part of the energy-energy correlation
function in the reaction ete™ - hadrons measured
by the PLUTO group (C.Berger et al. 1981b). The
curves show the results of fits by a two-term
. formula a/4n(W2/A%) + b/W; the first term de-
scribes the logarithmic W-dependence of the o(ocs)
OCD contributions (on the parton level), the
second term approximates hadronization effects.
From the size of the perturbative QCD terms one
extracts oy = 0.18 + 0.02.
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Fig. 53 On the top, a procedure of studying the structure

o£ the wide jet in planar events from the reaction

e'e” = hadrons is shown. The lower part shows the compari-~

son of event shapes measured by thrust (T = 1/2 for spheri-
cal, T = 1 for collinear states), i) for the wide jet
(transformed to its rest system) of planar events at

30 Gev, and i1} for camplete events at 12 GeV (nearly all
being 2-jet events). From the JADE group (Bartel et al. 198Ch!.
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Fig. 54 Parton thrust distribution for three jet events as measured at
W = 34 GeV by the CELLO group (Behremd et al. 1981). The curves
show the QCD prediction for ag = 0.1 (solid line) and the pre-
diction for scalar gluons (dashed line).
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In the analysis of the TASSO group (Brandelik et al. 1980C) the angles Gi were
reconstructed from the jet axes determined fram the charged particle vectors. Fram
the angles the parton energies were determined and ordered such that Xy 2 Xy 2 Xj.
Using Monte Carlo generated events it was ascertained that the Xy obtained by this
approach agree closely with those of the parent partons. The resolution in Xy is

6 % and systematic biases are very small (of the order of 1 %).

In order to avoid the problematic area near x; = 1 only events with x, < 0.9 were
considered. A quantity particular sensitive to the question of vector or scalar
gluons is the angle 0 illustrated in Fig. 55b (Ellis & Karliner 1979). The aqg
system is Lorentz boosted into the c.m. frame of partons 2 and 3 (one of which by
virtue of the ordering of the X is more likely to be the gluon) and 0 measures
the angle between the 2, 3 axis and the parton 1. Assuming massless partons

X, - X sinf., - sind
X 51nOl

The measured distribution of cos® is shown in Fig. 56. The comparison with the
vector gluon hypothesis (QCD) involves no free parameter sirnce ag has already been
determined. The agreement between the data and QCD is perfect. The prediction for
scalar gluons fails badly; the cbserved deviations correspond to 5 s.d. The scalar
gluon hypothesis is inconsistent with the data (see also Berger et al. 1980b}.
This conclusion is strenghtened by the fact that the 9 distribution predicted for
scalar gluons at the parton level is hardly altered when fragmentation is in-
cluded (see Fig. 56).

6.7 Alternative explanations of the three-jet events?

hfter the cbservation of three-jet events several models were proposed which
maintain that the three jet events are rot necessarily due to gluon bremsstrahlung
but can be explained by a different mechanism. A detailed comparison of these
mxdels with experiment was recently presented by S&ding (1981) using the TASSO
data. In this comparison the most sensitive distributions were found to be the
angular correlations between the jet axes, or equivalently, the distributions of
the fractional energies X, -

The jet Dalitz plot determined from the TASSO experiment for an average c.m. energy
W = 33 GeV with 4945 events is shown in Fig. 57a. Collinear two-Jjet configurations
(for which X, = 1) lie along the base line of the plot, symmetric three-star con—
figurations at the top corner. The QCD prediction for a = 0.17 predicts a very

similar event distribution (Fig. 57b). The projection onto parton thrust X1
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25GeV<W<36.608V 23 2/3

Fig. 57 Dalitz plot of the three reconstructed jet energies
for the reaction e€'e” = hadrons at <W> = 33 GeV, from the
TASSO experiment (top plot). For comparison, the QCD predic-—
tion with ag = 0.17 is shown using Monte Carlo simulations
with the same number of events (bottom). From SGding (1981).

33174
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normalized to ¢ ot is shown in Fig. 58. The (CD prediction agrees well with the
data (solid curve).

We turn now to the camparison of the data with the alternative models. In the
constituent interchange model (CIM) (T.A. De Grard et al. 1977} a hard {large pT)
meson or resonance is emitted instead of a gluon. This is a higher twist contri~
bution. Extending an earlier analysis by the PLUIO group (Berger et al. 1980b) the
TASSO data have been compared (Stding 1981) with the CIM making the conservative
assumption that a whole spectrum of mesons can be emitted. The quark meson coup-
ling strength has been adjusted such that the model fits the pZ distribution at

= 12 GeV (Fig. 43 ). To describe the data at W = 33 GeV the coupling constant
has to be increased by a factor of four (which means a factor of 16 in the cross
section) . Moreover the model fails to describe the parton thrust (xl) distribution
as shown by the dashed-dotted curve in Fig. 58. As a result no more than 5 % of
the three-jet events can be attributed to hidher twist effects.

A scmewhat similar mechanism is suggested by the massive quark model (Preparata
1981). This model gives a good description of the p,% distribution at W = 12 and

30 GeV. Whether the model can also account for the properties of the planar events
such as the parton thrust (xl) distribution or the distribution of p,% with respect

to the three jet axes has not yet been tested.

The emission of a large p, meson from a quark in the process ete” + qq ~ qM may
also involve a contribution with the same W dependence as the leading process

ete” - qq but with an intrinsic pT_4 tail of the hadron distribution. For compari-
son, gluon bremsstrahlung (which is point-like) has a p,:[,-2 behaviour. On the other .
hand the most common assumptlon for hadronization is a gaussian Prp distribution as
used e.g. in the Field-Feyrnman model (1978). It turns out that while it is possible
to adjust the Prp -4 tail so as to reasonably fit the TASSO p,I, distribution (Fig. 43)
e.g. at W = 12 GeV the strong W dependence of the pT distribution is not reproduced.
Furthermore, the model predicts too few three-jet events with large angles between
them (i.e. close to the symmetric three-star configuration).

The large tail of the pT distribution at high W could also be due to the fragmenta—
tion of the heavy quarks ¢ and b which might impart a much larger intrinsic pT
their fragmentation products than light quarks do. In other words, the intrinsic
transverse momentum g, distribution could have two terms:
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Fig. 58 Distribution of the maximum reconstructed jet energy x, (= parton thrust
for three-jet events) in the reaction e'e = hadrons at <w> = 33 GeV, from the
TASSO experiment. The full curve shows the QCD prediction to ofug) with og = 0.17,
the dashed curve the prediction for scalar gluons (with the coupling cg = 1.6
optimized to furnish the best overall description of a number of event variables).
The dashed-dotted curve is the prediction from the cons%ituent interchange model
with a scaled-up coupling constant such as to fit the pf distribution at the same
energy. From Sdding (1981).
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-qT/zc
gE’jﬂ:Ae q+Be

qu

where the first is due to the light quarks (u,d,s), the second is due tocand b
quarks, ard % >> crq. In crder to reproduce the observed pT distribution % has

to be rather large (G = 0.8 GeV/c campared to Gq = 0.3 GeV/c). This has the con-
sequence that planar events fram this model show a much weaker collimation around

the three jet axes than the data shown in Fig. 46.

In conclusion mone of the models which have been proposed as alternatives to QCD can
describe all features of three jet prodcution. Whether the massive quark model is
more successful remains to be seen.

6.8 The value of o and the next to leading order corrections

The number of three-jet events is directly related to the value of the quark gluon
coupling strength Og - The ag values obtained at energies of 30 GeV are sunmarized
in Table €. Some of the results were determined in leading order (labelled as) '
some were obtained using the Ali et al. program which includes some of the next-to
leading order diagrams (labelled some ai) .

Table 6. Determination of o from three-jet production near W = 30 GeV. First
error is statistical,second systematic. From Braunschweig (1981).

Experiment | | order in o Gy l
CELLO a 0.15 + 0.015 * 0.03
JADE o 0.18 £ 0.03 + 0.03
MARK J some a2 0.17 £ 0.02
PLUTO o 0.16 + 0.02
TASSO some o 0.17 + 0.02 £ 0.03

All four experiments are seen to agree on the value of Ao vielding an average
of oy = 0.17 * 0.0l with a systematic uncertainty of 0.03.

A still open question is the effect of the canplete second order corrections. An
evaluation of all secord order terms (which are displayed in Fig. 50) was re-
cently made by three groups, R.K. Ellis et al. (1980), Fabricius et al. (1980}
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and Vermaseren et al. (1980). Although working all in the MS renormalization scheme
they arrived at apparently conflicting results which led to different conclusions.
Fabricius et al. fournd that the O(ai) corrections are camparatively small, while
the two other groups concluded that the second order corrections to three-jet
production are roughly 30 - 40 % of the first order contribution (Kunszt 1981,

Ali 1981). All three groups fourd that the energy partition between the three jets
and therefore the angular correlation between the jet axes is almost the same in
o) as in ofa) which implies amongst other things that the conclusion on the
gluon spin is unaffected by’ the second order corrections (see e.g. Kunszt 1981).

The reason for the discrepancy between the three theoretical analyses appears now
to be urderstood (Buras 1981). It is due to different definitions of what is called
a three-jet event and of thrust, the quantity directly compared with experiment.
Fabricius et al. work with a Sterman-Weinberg (1977) type definition; a three-jet
event is defined as an event which has all but a fraction €/2 of its total energy
distributed within three separated cones of full opening angle § (see Fig. 59).

Fig. 59 Definition for a three—jet event used by
Fabricius et al.

values used for £,8 in the calculation of Fabricius et al. were ¢ = 0.2, § = 45°.
The use of this type of jet definition is suggested by physics: If for a fixed W
the angular separation of, say a quark and a gluon is below some minirum angle
(defined by the hadronization process) it is impossible to separate the fragments
from the two partons, and, consequently to dbserve two separate partons.

s . + - - . .
Now consider the diagram for two gluon emission, e e * dagg, 1n Fig. 60.

. + - -
Fig. 60 CD diagram for e e -~ gdgg
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The effective mass squared of the parton system 1, 2 1s given by the product of

+he four momentum vectors, M§2 = 2plp2. Because of the cutoff in ¢ partons 1 and 2
are defined to be in one jet if ¥1o = Zplp2ﬂN2 > LD-Z. In the calculations of

Z1llis et al. and Vermaseren et al. the diagram shown in Fig. 60 is calculated on
the parton level and is considered to represent a four-jet event down to extremely
small vy, values (y12 - 10_5). The differences between the O values extracted from
rhe data at W = 30 GeV using one or the other approach are presently of the order
of 20 %: Fabricius et al., find o, = 0.17 while Ali (1981) and Kunszt (1981) based
on the work of Ellis et al. obtain oy = 0.12 - 0.13, These results should be

considered as preliminary.

The comparison with QCD presented akbove dealt primarily with processes where
a single hard gluon is emitted. Work has also started to search for effects of
waltiple, soft gluon emission which could affect, e.g. the two particle corre-
lations. The conclusions from these tests are strongly model dependent since
the effects are intimately related to the question of hadronization. Reference
to these studies can be found e.g. in the review of Criegee and Knies (1981).

6.9 Sumary of the QCD tests

The observation of three-jet events in high enerqy e+e— annihilation into hadrons
may be considered a major triumph of the theory. QCD had predicted such events to
occur as a result of hard gluon bremsstrahlung. Close examination of the details

of three~-jet production at PETRA shows consistency with QCD and confirms the vector
nature of the gluon. The rate of three-jet events yields in leading order of (XD

a, = 0.17 = 0.02.

The observed topology of the direct decays of the T, ee + T (9.4 GeV ~ hadrons
(Brandt 1979, Berger et al. 1980a, Niczyporuk et al. 1981} which has not been
discussed in this review — exclude colourless gluons (Walsh & Zerwas 1980).

In conclusion, the experimental results show a strong preference for a theory with
coloured vector gluons - just what QCD is. Two important characteristics of QCD have
not yet been verified by experiment,the existence of the three—gluon vertex, and
asymptotic freedom, i.e. the decrease towards zero of ag with increasing Qz. The
first is related to the existence of bound gluon states or glue balls. The first
glue balls might have been observed recently in radiative decays of the J/y

(Scharre 1981). The second point will require higher Q2 than presently available

or a study of "cleaner" processes such as yy scattering at large Q2.
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7. Quark and Gluon fragmentation

As seen above the hadronic final states in high energy e+e“ annihilation are

a result of quark and gluon induced jet formation. By analysing the final
states one can hope to piece the jet fragments together and reconstruct the
properties of the primordial parton, such as charge, flavour etc. This section

summarizes briefly what is known on the final states at high energies.

7.1 Energy carried by neutrals

The energy fraction pY carried by photons (either from ﬂo, n... decay or from
direct production), and Oy by neutrals obtained by subtracting the charged
particles energies,

o, =1 E ./M

v v (46)

=1-} E. /W

PN CHI

is shown in Fig. 61. py includes the energy carried by K° and A particles. The
fraction of energy carried by photons and by neutrals appears to be energy
indeperdent. Roughly speaking, one third of the energy goes into neutrals.The
difference oy pY provides an upper limit on the fraction of energy ey taken
up by neutrinos. The JADE group fourxd o, < 10 % (95 % C.L.) which disfavours

the free quark medel of Pati and Salam (1978) where P, = 18 - 28 % was predicted.

7.2 Charged particle multiplicity

In Fig. 62 the average charged particle multiplicity* <n...> is plotted és a

CH
function of c.m. energy. Above ~7 GeV <nCH> is seen to rise (logarithmically)
faster than at lower energies, Phase space predicts <n.. > ~ sl/4 which fits

CH
the data rather well (see curve B); it fails, however, to reproduce the dis-

t

persion of the multiplicity distribution, D = JQngH> - <nCH>2 which was found

to increase with energy like Dy

The simplest form of scaling of charged particle production leads to

My =2+ b Ins. This is certainly at variance with the data if the full
energy range ii considered. The observed rise of <nCH> cannot be attributed to
the onset of bb production which is fourd to yield an increase by ~0.2 units.
In OCD an increase of Dy OVEr the scaling curve is predicted due to the
additional contribution from gluon fragmentation. The exact form of the result-

ing energy dependence is not yet clear. If the result for infinitely heavy

* <Dpgy” includes the m° caming from K > i decay. This contribution amounts
t00.4 units at 7.4 GeV, 0.6 at 12 &V and 1 unit at 30 Gev.
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Fig. 61 The energy fractions carried by photons (py) and by neutrals (pN).
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quarks is taken for guidance, one expects <nCH> to grow like (Ellis 1980,
Furmanski et al. 1979)

Doy = n,+a exp(b/in(s/A7)) -

Fits of this form with A = 0.3 GeV yield n, = 2.0 £ 0.2, a=0.027 + 0.0],

b = 1.9 + 0.2 and reproduce the trend of the data (see curve A in Fig. 62).
One may therefore be tempted to attribute the rapid rise to hard gluon effects.
The solid lines in Fig. 62 compare the Rty data with the gq model,

+ - - , . . . .
e e - qgq -hadrons using the Field-Feynman fragmentation functions but without

hard gluon contributions. The model accounts well for the rise seen above

~5 GeV*. The inclusion of hard gluon emission raises the prediction by a
negligible amount below 10 GeV; at 35 GeV it adds 0.8 units. We conclude there-
fore that the rapid rise of <nCH> is mostly due to the growing phase space:

particle masses matter less as the energy increases.

In Fig. 63 the e'e” multiplicity distributions are compared in a KNO plot

(Koba et al. 1972) with pp and pp data. Plotted is P, “<n.> where P, is the
probability for observing a final state with Ny charged particles versus
nCH/<nCH>. The e+e— data obey KNO scaling between 9.4 and 35 GeV. They agree
well with the pp data but disagree with the pp data which have a larger disper—

gion.

7.3 Inclusive particle spectra without particle identification

The differential cross section for producing a particle h with momentum and
energy P, E and angle © relative to the beam axis can be expressed in terms
of two structure functions Wl and Wz which are closely related to W, and W,
measured in inelastic lepton hadron scattering (Drell and Coworkers 1969)

2 2
a%s _ o 12 = .2
_dﬁ—?Bx{rrWl+4S wizsln@} (47

vwhere m is the mass of h, B = P/E, x = E/Ebeam = 2B//5 and v is the energy
of the virtual photon as seen in the h rest system, v = (E/m) Vs.

% At lower emergies the model is presumably less reliable because of the
approximations made for the fragmentation.

*1
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E§+

Diagram for inclusive particle production

At particle energies large enough that particle masses can be neglected, x can
be replaced by the normalized momentum X = P/E] and the scaled cross section

reads

1

sdo/dx = dmo® X i, + T XA (48)

The structure functions in general deperd on two variables, e.g. x and s. If

scale invariance holds Wi ard VW, are functions of x alone and sdo/dx is energy

independent.

Scaling behaviour is e.g. expected in the quark parton model: at energies large
encugh that particle masses can be neglected, the number of hadrons h produced
by a quark g with fractional energy X, Dg(x), is independent of g. This leads to

2
do + - - . h 8o 2 h
— (e e =~ -+~ h) =0 = 2D = e D
ax ( aq ) G q(x)

q49q

(%) {49)
S
Fig. 64 displays scaled cross sections not separated according to particle type.
In this case the particle energy is unknown and x is defined as ¥ = 2p/W. The
data in Fig. 64 were measured at c.m. energies between 5 and 35 GeV. At low x
values (x < 0.15%5) the particle yield shows a dramatic rise when the c.m. energy
is increased from 5 to 35 GeV. This rise is related to the multiplicity growth
seen above. At X > 0.2 only little energy dependence is observed; most of the
variation with energy occurs between W = 5 and 12 GeV, with the low W data being
higher. A similar behaviour is seen by MARK II comparing data taken at SPEAR
and PEP (Hollebeek 1981). This type of scale breaking is expected in QCD where
at high W gluon emission depletes the particle yield at large x and increases

it at small x. However, scale breaking effects are better studied with the
cross sections for spezific particlie types (7,k,p...) rather than with the
unseparated cross sections which at lower energies are strongly affected by
mass effects. For instance, proton production passes its phase space maximum
only at a momentum of 1 GeV/c (see below) which corresponds to an xp value of
0.4 at W =5 GeaVv.
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Fig. 65 shows the rapidity distributions normalized to the total cross section
as measured by TASSO between 13 and 31.6 GeV. The thrust axis was taken as the
jet axis since in this way the corrections for the y-axis relative to the true
axis were found to be smaller at large y than if the sphericity axis had been
chosen. To compute vy, the particles were assumed to be pions. Also plotted in
Fig. 65 are the data from SLAC-IBL measured at low energies (4.8 and 7.4 GeV).
They were determined with respect to the sphericity axis. One observes a
plateau near y = O that broadens with increasing c.m. energy. The height of
the plateau is not constant but rises with increasing energy {(see insert in
Fig. 65). In the fragmentation region {y close to Yiax © 0.5 ln(s/mz)) the par-
ticle yield is a steeply descending function of y. The width of the fragmenta-
tion region is roughly one unit, which is similar to what has been observed in
hadron~hadron scattering.

The enerqgy dependences of the plateau and fragmentation regions show that the
faster than logarithmic growth of the average multiplcity at high energies is
correlated with a rise of the plateau which is due to low energy particles.

The same effect was observed in PP collisions (see e.g. Glacomelli & Jacob 1979).

7.4 Particle separated cross sections

+ +
Inclusive cross sections were measured for a variety of particles: n KRS,
P,A. Table 7 lists the techniques used and the mamentum range covered by various
experiments.

We start with a discussion of the differential cross sections do/dp. Fig. 66
summarizes the cross sections near W = 30 GeV for the 6 particle species. The
curves are drawn to guide the reader. Within errors there are twice as many i
as 1°. Pions are by far the most abundant type of particle which dces not come
as a surprise. At momenta below 1 GeV/c one finds large differences between the
7 yields and those for the heavier particles. As the momentum increases these
differences become gradually smaller. The ratio ﬂi : KQ,KQ : A, A is of the order
I0:10: 1l near p = 0.5 GeV/c and 4 : 2 : 1 at 10 GeV/c. All cross sections
rise at low momentum, go through a maximum and drop off towards higher momenta.
The position of the maximum increases with the particle mass; it appears to be
below 0.4 GeV/c for pions, arourd 0.7 GeV/c for kaons and near 1 GeV/c for
lambdas. Most of this turn-on phenomenon at low momenta is an artifact of phase

space. Consider the lorentz-invariant phase space cross section E_ %

4ﬁpz dp
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Fig. 65 Rapidity distributions VS ¢or do/dy for charged particles {assuming
the mass to be the pion mass) measured by SLAC-LBL, at 4.8 and 7.4 GeV
(Hanson 1978) and by TASSO between 13 and 31.6 GeV (Brandelik et al. 19%80Ca).
SLAC-IBL used the sphericity axis, TASSO the thrust axis. The insert shows
1/0 do/dy averaged over 0.2 <y < 1 as a function of the c.m. energy.
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Table 7. Experiments measuring particle separated cross sections
type of . . momentum range
particle experiment technique (Gev/c) rerark
+ 1
m TASSO TOF 0.4 - 10
Cerenkov
JADE dE/dx 0.7, 2-7 preliminary
° TASS0? liquid Argon 0.5 - 4
K* TASSO™ TOF <1.1
JADE dE/dx <0.7 preliminary
K, R° TASS0° K ~nn all p
PLUIO4 n n
JADE " " preliminary
MARK IT " " preliminary
PP mnssot TOF 0.5 = 2.2
JADE dE/dx 0.3 - 0.9 preliminary
MARK II TOF 0.5 - 2.0 preliminary
s JADE” T Bt 0.4 - 1.1
7 + dB/dx
TAsso® A pr 1 - 1o
MARK II " preliminary
1 Brandelik et al. (1980d) and (19814d)
2 Brandelik et al. (198le)
3 Brandelik et al. (1980e) and (1981f)
4 Berger et al. (1981l¢)
5 Bartel et al. (198lc)
6 Brandelik et al. (1981f)
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and assume some momentum dependence C(P) for it:

S =cm (50)
P
2 2
do _P . P
or & fC(P) v = Ci{p) for p << m (51)

The low c.m. energy data (W = 4 - 5 GeV, Brandelik et al. 1979a) are well
described by an exponential,

with b around 5 GeV_l. This form describes also the high energy data up to
particle energies around<l GeV if b = 3.6 GeV is chosen (see dashed curves in Fig.6o).
The relative fractions of Tl'i, Ki and p,p as a function of particle momentum p

at W = 30 GeV are shown in Fig. 67. An average event at this energy has approxi-
mately 11 7%, 5.5 1°, 1.4 K°,K°, 1.4 K%, 20.4 p,p and 0.3 A, [ in the final state.
The number of Ko, K° is a factor of 3 larger than observed in pp final states:
at a c.m. energy of 27.6 GeV there are 0.46 * Q.02 KO, h1.<_6 per event (Kichimi

et al. 1979). Whether the excess of kaons in e e annihilation is due to the c

and b quark contributions is not clear (see below).

The W dependence of the inclusive cross sections for K’ and A production are
shown in Figs. 68 and 69. The K° yield rises fromW = 5 to W = 30 GeV at about
the same rate as the average charge multiplicity does while for lambdas the rise

could even be faster (see curves).

7.5 The scaled particle cross sections

The scaled cross sections s/8 do/dx (x = 2E/MW) for m, K, p, A are shown in
Figs. 70 = 72. All particles exhibit similar features: the cross section falls
exponentially with a break in slope around x = O.l. For n ‘ KO,KO and A,L which
were all rteasuréd up to large x values the same x dependence is observed for

x » 0.15, s/B do/dx ~ exp(-8x) (see Fig.72). For the 'r° data the

cross sections measured at energies below W = 8 GeV are systematically higher
than those measured above 12 GeV which suggests the presence of scale breaking
effects. Qualitatively, they seem to be of the magnitude predicted by QCD
(Baler et al. 1979, Frazer & Gunion 1979) but a quantitative comparison has
not yet been made.



- 90 -

W= 30GeV n*: = JADE e TASSO
preliminary K* o o
p+P: v A
100 T T T T T T T ¥ | I

2L ey,

> s i

2 | b - d

R R R

2 | #

¥ 50} .

" _ i

3 o

E - -

i o i
0 | ]
o L 6 8
29880 P {GeV/c) 30526

Fig. 67 Charged particle fractions as a function of momentum. From Pandoulas

(1980) .



a1

Moo + (xu)o) = Ty

“U0L303s SS040 Jled 1 BYz 03 BALIR[B4 UOL3ONPCAd Y + V
SALSN[OUL 404 UOL}I3S SSO0UD (301 3Ul 69 "Bl
X%

(A29D) M
0s 0€ 0< 0l S £ 4
o | pry T 4 i

|
J
o
=
(V+V]Yd

187-0vIS §
OSSVL ¢

171

|rLE

05

Mo s((x )0 + (x,W)0) = Oy

SUOLYO9S 55040 dired ™ By 0} w>wpmmw; uoL3ONp
-oud S R SALSN|OUL 404 UOL1DDS $SOAD B30} dylL 89 'Bld

Ot

T

797-0VIS ©
OlNId *
0SSVl ¢

i
c~




100

10

s/B do/dx (ubGev2)
Pt

- 92 -

Tlllll} I ll,lll]

T

|

I I

e*e™ = nt + anything

o

00— D" -e~ - ¢

49-74GeV LGW
14GeV TASSO
34GeV TASSO -

12GeV TASSO
30GeV TASSO

L1 11151

1

Lol

i ,(( + + ]
01 | -
0.01 | ! 1 | : {
0 0.1 0.2 0.3 0.4 0.5 0.6
x=2E/W 33220
Fig. 70 The scaled cross section s/B do/dx for m° and

(rt + 77) /2 production. From Brandelik et al. (1981¢)



- 93 -

f i T } ! )

L L 1ttt

B — N

- K°+K° .

i ]

| _

B JADE o 35 GeV i

i e 30 GeV .

10%% __

n N

x :

_ -

ST ﬁ’ -

> L ]
v

O L ii % 4
0
3

L 2 : E

T ..

B F ]

© } i

o | 4
"

_ T ﬂ

o1k J
B
1 ] i | [ 1
0 0.2 0.4 0.6‘ 08
X=2E/Vs
— 33266

Pig.. 71 The scaled cross sections for x>, K° production



- 94 -

| I I |

| o U +TT 33 GeV
% TASSO e K°+K® =

|

DA"'K s 7

L1 1111]

I

1 lllfll

lllll_ll

]llllll

]
|

] | t | L 1 1L

0 0.2 0.4 08 08
X=2E/Vs ©oes

‘ i + - O -
Fig. 72 The scaled cross sections for m + T, K° + ¥° and A + R production.




L

- 95 -

We turn now to the large K yvield observed in e'e  annihilation as . compared
e.g. to that for pp collisions. At firgt sight it would seem natural to assume
the strange quark in the kaons to be either primary produced or to originate
from the weak decay of ¢ or b quark. By generating Monte Carlo events according
to e+e” ~ gq, qag and using a Field-Feyrman type fragmentation one can study
vhere the kaons are coming from (Holder 1981). Fig. 73 shows the comparison
between the calculation and the data. The sum of all contributions gives a
good description of the data. The curves labelled s, ¢ + b show the amount

of ¥° production by primary s, c or b quarks; They are seen to account only
for a about one third of the produced kaons. For the majority of the kaons the
s quark is picked up from the sea. It is surprising to see that this is true

even at x values as large as 0.4.

7.6 Where are all the baryons from?

The most surprising result of the inclusive measurements is the large yield of
haryons* and their x deperdence which is very similar to that for mesons. Very
roughly, every other event contains a baryon-antibaryon pair. There is a long
standing prediction by Drell and coworkers (1969) that nucleon production will

) I W_2 {although the cross section for

not vanish at high energies, i.e.
= 10

R _
- (ptp _
the exclusive channel, ee” > pp, disappears presumably like W as a result
of the dipole behaviour of the nucleonh form factor). The prediction is based

on the assumption that if scaling holds proton production in e'e” annihilation,
ee” > pX {52)
can be related by crossing with inelastic electron proton scattering,
ep > X (53)

Strictly speaking, the crossing relation holds only at x = 2E/W = 1 (Gatto
and coworkers 1972) but the hope was that it could also be applied in the
region c¢lose to X = 1. Gribov and Lipatov (1971) related the structure func-
tions for the two processes using a field theoretic model. This permits to
express the cross section for the annihilation process in terms of the proton
structure functions Fl and 32 determined from (53) at & = %:

1.2 _
)""6'8 Fz(w—

2
A O )} (54)

Wi
|

{xFl(w =

#* A probably related phenomenon is the large yield of forward produced protons
in yp scattering observed by EMC (Aubert et al. 1981c) .
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Fig. 74 compares the Gribov Lipatov prediction (shaded bands) with the data at |
W= 12 and 30 GeV. Like at lower energies (W = 4 - 4.5 GeV, Brandelik et al. 1597%a)
the theoretical prediction is below the data. Part of the discrepancy - if not

all - may have to be attributed to contributions of the type

ete” >nx, h =R ,_%_'“ , etc
g 1 Bx
which should be excluded from the e e data before making the comparison

{Schierholz & Schmidt 1975).

Several Iodels were recently proposed which incorporate baryon production in the
fragmentation (see e.g. Ilgenfritz et al. 1978, Casher et al. 1979, Ritter &
Ranft 1980, Andersson et al. 1981, Hofmann 1981, Meyer 1981, Schierholz &
Teper 1981, Bowler 1981l). The simplest approach assumes that a quark can not
only pull a g but also a diquark=-diantiquark (qq,qq) out of the vacuum

(see Fig. 75). '

meson ~ baryon
q qqq

qa
q // . q ‘//L_:_g
— oy 3

Fig. 75 Quark fragmentation into a meson (a) and a baryon (b)

A good fit to the p,p and A, R data is obtained if the relative probability for
picking up a diquark, P{(qq}/P(q) is determinad from the data and all other
fragmentation parameters for baryons are assuned to be same as for mesons

(T. Meyer 1981). Fig. 76 shows a comparison with the p,p and A& data for
P(qq)/P(q) = 0.075. Both data sets are represented well by the model. A more
detailed description of baryon production, starting also fram diquarks, was
developed in the string model (Andersson et al.1981, Bowler 1981). The dashed
curves in Fig. 76 show the result of the first group. The p data which had
been used to fix the parameters of the model are reproduced. The model fails
for the A data where the predicted cross sections are a factor of 2 - 3 too
small. The model appears to be flexible enough to resolve this discrepancy.

The requirement of diquark-antidiquark states in the vacuum runs into a
problem with R: if diquarks are pointlike R will receive a large contribution
from diquark pair production; e’e” + (qq) (@) . This is excluded by the data
A wayout is to assume the diquarks to be extended objects with a size of

order Gev L.

<

¢
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In conclusion, the question asked at the beginning on how baryons are formed,is
still open. It remains to be seen whether the diquark concept can be sub-
stantiated by other data. A far less exciting alternative is to assume that a
quark pulls only gq states out of the vacuum; however, quarks and antiquarks
from several of the fragmentation steps are so close in phase space that they

rearrange into mesons or baryons in a statistical manner.

7.7 Gluon fragmentation

Three-jet events interpreted as hard-gluon bremsstrahlung offer the possibility
to campare directly guark and gluon fragmentation. It is generally expected
that gluon jets will yield a higher multiplicity and a softer hadron spectrum
as well as larger jet cone angles than quark jets of the same characteristic
momentum (see e.d. Konishi et al. 1979) . The reason is the larger colour charge
of gluons which leads to a larger parton multiplicity in their evolution.

In gluon bremsstrahlung e'e” > qqg) the gluon has on average, a lower energy

than quark or antiquark. However, in practice the identification of the gluon
amongst the three jets sofar has been possible on a statistical basis only.

An attempt to compare gluon and quark fragmentation has been ‘presented by the

JADE group (Bartel et al.l981). In planar events the slim jet (g) and the two
subjets which together form the broad jet were identified. The subjet with the
smaller angle relative to the slim jet was called the "gluon" jet (g),the other the
"quark" jet (g). Monte Carlo studies indicated that in 50% of the events the gluon is
correctly identified. The particle yield is plotted in Fig. 77 as a function

of the fractional angle ©/0 A between the particle and the g direction (a) for

the region between q and ¢ and (b) between g and g. One finds that in the

center region, ©/0 e S 0.5, the particle angular density in the region between

g and g is considerably larger than between g and ¢. It is unclear whether

this difference is due to higher order effects in QCD or whether it indicates

a difference between quark and gluon fragmentation. The string model approach

to qqg has predicted such a difference (Andersson et al. 1980).

+>
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