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1. INTROLUCTION

In our present understanding hadronic matter consists of quarks bound
together by colour fields in much the same way proton and electron are
bound by the electromagnetic field in the hydrogen atom. Quarks, in
addition to their electric and weak charges, carry colour charge which
takes three values (Greenberg 1964, Han & Nambu 1965). Hadrons are
assumed to be colour singlets (Bardeen et al. 1973). Gluons, the quanta
of the colour field, are colour octet states coupled to the colour
triplet charges of quarks. The interaction between quarks and gluons is
described by Quantum Chromodynamics {QCD) {Nambu 1966, Fritzsch &
Gell-Mann 1972, Fritzsch et al. 1973, Weinberg 1973, Gross & Wilczek
1973; for a review see Marciano & Pagels 1978).

The evidence for the quark composition of hadrons is based on the
spectroscopy of hadrons, on the structure of nucleons as revealed in
inelastic lepton scattering, and on results from efe” annihilation into
hadrons. The spectroscopy data imply that mesons are gq systems - shown
beautifully in the charmonium system - and baryons consist of three
quarks. Initial problems with the statistics of baryons (notably the
A++) got resolved when the colour degree of freedom was introduced.
Direct evidence for pointlike charged constituents of the nucleon is
provided by the observation (see e.g. Taylor 1969} of approximate scal-
ing (Bjorken 1969) in lepton nucleon scattéring. The angular dependence
of the scattering shows the spin of the constituents to be 1/2, and
comparison between electron and neutrino scattering aliows to determine
the average squared charge of the constituents. Putting everything
together one finds that the constituents, or partons, fit the warrant
for quarks (Feynman 1972). In addition, lepton nucleon scattering
nrovides evidence for neutral partons in the nucleon which are thought
to be gluons.

If quarks are hermanent]y confined in hadrons and unobservable as free
particles (see, however, LaRue et al. 1979), theﬁ the nearest approach
to observing a free isolated quark is to observe the jet of hadrons
into which a quark fragments. The clearest evidence for jets is found
in ete” annihilation at high energies (Hanson et al. 1975). These jets
emerge back-to-back with an angular distribution identical to that for



the production of pointlike spin 1/2 particles (Schwitters et al. 1975),
and the total jet production cross section is equal to the cross section
expected for production of pointlike coloured guark-antiquark pairs.
Long range charge correlations between opposite jets confirm that the
jets arise from charged parent particles (Brandelik et al. 198la). The
obvious interpretation of these results is that e'e” annihilation first
produces qq pairs which subsequently fragment into hadrons, producing
the two distinct jets.

The gluons predicted by QCD are more difficult to observe. They are
massless, flavourless, neutral vector partons. Since QCD is a nonabelian
gauge théory, the gluons are coloured and interact with each other. The
quark gluon coupling is described by an effective coupling constant

s that depends on the characteristic momentum transfer § of the pro-
cess; in leading order. of perturbation theory it is given by

[
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Here N% is the number of active quark flavours {(e.qg. Ne = 5 for u,d,s,
c,b) and 4 is the QCD scale parameter. The coupling strength decreases
with 1ncreas1ng Q , consistent with asymptotic freedom at large Q or
Tow Q or large distances the coupling strength increases until per-
turbation theory becomes invalid; eventually confinement may arise.

It is the short distance region where perturbative methods apply and
QCD can be directly confronted with experiment (for a recent review see
Llewellyn Smith 1980). Particularly fruitful areas, in this respect,
have been deep-inelastic lTepton nucleon scattering, quarkonium decay,
and jet production in e+e" annihilation. In these processes effects

are seen that are naturally interpreted as the traces of gluons ra-
diated by strongly accelerated quarks. This evidence will be the
subject of our presentation, which should be considered a status report
on a rapidly developing field. We restrict ourselves to the above
mentioned processes; other applications of QCD such as large PT pro-
cesses and lepton pair production by hadron hadron scattering are
beyond the scope of this review.
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2. DEEP-INELASTIC LEPTON NUCLEON SCATTERING

About a decade ago experiments on electron nucleon scattering have re-
vealed the approximate scale invariance of the nucleon structure func-

tions (for a review see Friedman & Kendall 1972). This scaling behaviour
(Bjorken 1969) provided convincing evidence for the existence of virtu-
ally free, pointlike constituents of the nucleon (Feynman 1972). The

success of the quark-parton model in describing these results was later
interpreted as being a consequence of asymptotic freedom, suggesting a
nonabelian gauge field theory of the strong interactions ('t Hooft 1972,
Politzer 1973, Gross & Wilczek 1973). In field theories of the strong inter-
actions, however, scaling is not expected to hold exactly bgcause of gluonic
radiative corrections. In recent scattering experiments the range of
momentum transfers has been extended to Q2 ~ 200 GeV2 and evidence

for these corrections has been found. The quantitative interpretation

can provide stringent tests of QCD. We will in this section concentrate

on scale breaking in nucleon structure functions. Effects of gluon
radiation are also expected to show up in the final state hadron distri-
butions; these are the subject of the paper by Renton & Williams (1981).

The diagrams describing deep-inelastic scattering in lowest weak or
electromagnetic order are shown in Fig. 2.1. We will discuss charged
current v and v and electromagnetic e and u scattering experiments.
Interference with the weak neutral current, as well as two photon
exchange, can be neglected. The final state partons (quarks, gluons)
and the "spectator" remnants from the incident nucleon are assumed to
develop into jets of hadrons. Only the initial ZN state and the final
Tepton &' is kinematically fixed; apart from the total c.m. energy

(s = (pE + PN)2) there are then two kinematical variables

q- = (pg - pg.)2 = -02 = sqguare of four-momentum transfer

2

W™ = (g + pN) total mass of final hadronic system squared

or equivalently



2 2 the Bjorken scaling variable {in the

- Q
X = g-pN) - Zva laboratory system, v = energy transfer)
(q-py) . the fraction of the laboratory energy
) (PQ'PNj ) E, E, of the incident Tepton transferred

to the exchanged current.

At high energy (s >> mﬁ) neglecting lepton masses, Q2 X OXYS,
W2 x 02(1/X-1) + My and the differential cross section for neutrino

and antineutrino scattering is given by

2, v. u 2 2
o 7o) - B3 £ (x,0% {1 + (1) - —L———y ]
dxdy 2m 1+ 1/R(x,Q7}
_ (2.1)
2, v v i
lo” 200 L83 ) [1- 107
dxdy 2m
while for charged ieptdn scattering
2 eu 2 2
do ™ - Fes fo(x,0%) [1 byt - — L ] (2.2)
dxdy Q 1+ 1/8(x,09)]

where Fi(x,Qz) are the nucleon structure functions for interaction with
the charged weak (in eq. {2.1)) or the electromagnetic current (in
eG.{2.2)) respectively, and

R(x,0%) = Fp(x,08)/2xFy (x,Q°) - 1 (2.3)

is approximateiy1 équa] to R = OL/UT. In the Timit of quasi-free quark
partons, R = 0. Equation (2.1) is written for an isoscalar target,
assuming charge symmetry of the structure functions. (This is not ex-
actly valid, since there is a small correction from the difference be-
tween the strange and charmed quark sea.) The electromagnetic and weak
structure functions are closely related (see eqn.(2.4)).

In the ideal case of equal incident v and v fluxes, the experimental
determination of xF3 according to egn.(2.1) is straightforward. On

1) The precise relation is R = o /or = (1 + 4x‘mg/Q°)Fy/ 2xF -1,



the other hand, the determination of F2 depends on the value of
R(x,QZ). Obviously, R can be obtained from an analysis of the y depen-
dence of the cross sections at fixed x and Qz, by varying the total
energy vs. Its precise dependence on x and Q2 is not yet known; average
measured values are R = 0.10 = 0.025 (statistic) = 0.07 (systematic)
for neutrino scattering (0 < x < 0.6, 2 < 02 < 200 GeVz), or

R =0.21 = 0.10 for electron scattering (0.1 < x < 0.9, 2 < Q2 < 20 GeV
(de Groot et al 1980, Mestayer 1978).

%)

In the quark-parton picture of Fig. 2.la, the scattering is described
at high s as incoherent elastic scattering on the quasi-free pointlike
quark constituents of the nucleon. In this description, x is the frac-
tional momentum carried by the struck quark. The structure functions
will scale, i.e. depend only on x. In terms of the quark distribution
functions u(x}, d{x),... for the different flavours. in the nucleon,
they are given by

F (%) = 2xFy(x) = xla(x) +a(x)]1,

(2.4)

x[g(x) - q(x)]

xF3(x)

where for the weak current q(x) = u(x) + d{x) + s(x} + ¢(x). In the
electromagnetic structure functions each flavour is weighted by the
square of the quark charge, q(x) = gu(x) +‘éd(x) + %s(x) +‘%C(X). To
F3(x) only the valence quarks but not the gq sea contribute, and it is
therefore a flavour rnonsinglet. By contrast, Fz(x) measures all quarks
and antiquarks in the nucleon, i1.e. it contains a flavour-singiet

component.

It has long been known that exact scaling as predicted by the quark-
parton model does not hold (Fox et al. 1974, Riordan et al. 1974,

Atwood et al. 1976, Anderson et al. 1977). This is in fact expected,
since in field theories of the strong interaction real and virtual field
quanta can be emitted as shown in leading order in Fig. 2.1(b)-{e). The
diagram of Fig. 2.1(e) changes only the final hadronic distribution over
which we integrate; the other diagrams will lead to scale-breaking. The
qualitative pattern of the scaling violation can intuitively be under-
stood (Kogut & Susskind 1974). As Q2 is raised, the resolving power
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(a) the simple quark-parton model, (b) - (e) leading order

gluonic radiative corrections to (a), and (f) higher order

twist contributions.

IR ORI RO TR PR RIS IRV RURL T T STV L]

At e R AL IR AN ST W

prarn e



of the probing current increases and guarks begin to appear as systems
composed of quarks plus clouds of gluons or qq pairs. The fractional
momentum x carvied by the quark that is probed will thus appear smaller.
Conseguently the quark distribution function gq{x) will shrink towards
smaller values of x.

The ensuing QCD corrections to the basic quark parton scaling property
can be calculated by perturbative methods {Gross & Wilczek 1973,
Georgi & Politzer 1974). The structure functions are predicted to fall
lTogarithmically with Q2 for large x and to rise for small x. The only
unknown parameter involved in the prediction is the QCD scale parame-
ter A that describes the Qz—dependent quark gluon coupling uS(QZ).

Apart from these gluonic radiative corrections, other types of scale
breaking contributions to the structure functions are expected which
vary like powers of 1/02. Such contributions arise from the bound state
nature of the nucleon target, involving interactions of the struck
quark with other partons of the target as in Fig. 2.1(f). These higher
order twist contributions cannot be calculated perturbatively. Estima~
tion of their size is only possible in the framework of specific mo-
dels. For quantitative checks of .QCD these contributions must therefore
be isolated from the perturbative effects. In principle the different
QZ dependence of the scating violations - power of 1/Q2 VS. RnQ2 -
should allow a separation between the higher twist contributions and
the gluonic radiative corrections to the lTeading twist term. The higher
twist effects are expected to be particularly important at large x.

The observed scaling violations in the 02 region up to ~20 GeV2 may in
fact be largely dominated by these effects although this is not
unanimousiy agreed upon (Abbott & Barnett 1980, Donnachie & Landshoff
1980, Duke & Roberts 1980, Gliuck & Reya 1980, Pennington & Ross 1981,
Jaffe & Ross 1980). The data have also been fitted using a different form
of subasymptotic corrections motivated by the massive quark model

(Castorina et al. 1980).

Another éource of scaling violations is the onset of the production of
heavy guarks above some threshold in W. At fixed x, this will cause
structure functions to rise with increasing QZ. The production of charm
in deep~inelastic muon scattering nas been investigated by the Berkeley-



Fermilab-Princeton collaboration (Clark et al. 198Q) and by the
European Muon Collaboration (Aubert et al. 1980). These groups conclude
that c,c production is responsible for a significant part of the
scaling violations seen in Fz(x,QZ) at Tow values of’x (seé also
Donnachie & Shaw 1980).

For these reasons, the comparison of the scale breaking effects in the
nucleon structure functions with the predictions of perturbative QCD

has to rely on data from the region of high Q2 and neither too small

nor too large values of X. This is unforturately the region of x where

the ]ogarithmic QCD effects are smallest. The QCD predictions and the
problems of comparing them with data have been thoroughly discussed

and summarized by E111s (1979), Perkins (198C), Buras (1980) and Reya (1981}.

The most direct tests of the logarithmic QCD scale-breaking effects
involve nonsinglet structure functions like xF3(x,QZ), since they do
not depend on the (unknown) distribution g(x,QZ) of the gluons in the
nucleon. In this case the QCD predictions can be obtained by consider-
ing the change in the valence quark distribution qv(x,Qz) due to an
improvement in resolving power with increasing Q°. In leading order
of O it will be

aq,,(x QZ) o (QZ) 1 2
vy S dx' X

= A Coy BEME AR (2.5)
802/Q2 Figi i x' AT v

(Altarelli & Parisi 1977). Here, Pqﬁq(z) describes the probability

that a quark has split into quark and gluon with momentum fractions z
and 1-z, respectively. Pq+q(z) is calculable in QCD. Equation (2.5)
shows that a precise measurement of the quark distribution or structure
function at one value of QZ will allow to predict its behaviour for
other 02 values, provided as(Qz) is known.

A simple analytical prediction for the scaling violation can be
obtained in terms of moments
1 .

(0% = | A g, (08 (2.6)

0



of the quark distribution or structure functions, because for moments
the convolution in eqn.(2.5) reduces to a simple product. Defining
a, to be the n-th moment of the quark splitting function quq(z), one

obtains
dlanm @] a (@)
. - a. (2.7)
dlan Q4] 2

Such an equation holds in any field theory. The 02 dependence of uS(QZ)

is characteristically logarithmic for QCD while for fixed point theories
{e.g. Abelian vector,'or scalar gluons) it has a power behaviour. The
constant a is proporticnal to the anomalous dimension dn and depends

on the spin of the field. For QCD it is given by

G r—— o3 |y O jZZ J (2.8)
Equation (2.7) can be tested in two partiéular]y clear ways. Because
of

d[n M (0%)] e,

. 2.9
dln @] m .

a plot of 2n Mn(QZ) VS. &n Mm(QZ) must be linear in any field theory,

with a sTope given by the ratio of anomalous dimensions and thus
characteristic of the spin of the gluon. For QCD, inserting egn.(1.1)
into (2.7) one obtains

27-d _
2, _ Q n
Mn(Q ) = An {zn K?} (2.10)
where An is a constant that must be extracted from the data. This
Togarithmic Q2 dependence of the moments is a crucial prediction of
QCD; fixed point theories lead to a power law behaviour.

In Fig. 2.2 a plot of &n Mn(Qz) vsS. &n Mm(QB) is shown for two pairs
of moments of xF3. One set of data is from bubble chamber experiments
{the Gargamelie heavy liquid bubble chamber at the CERN-PS and the
BEBC chamber filled with Ne-H, at the SPS), combined by the Aachen-

2
Bonn-CERN-London-Oxford-Saclay Collaboration (Bosetti et al. 1979),
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Relations between Nachtmann moments of the structure function
xF3, from the Aachen-Bonn-CERN-London-Oxford-Saclay colla-
boration (Bosetti et al. 1979) using the bubble-chambers
BEBC/GGM, and from the CERN-Dortmund-Heidelberg-Saclay
counter neutrino experiment (de Groot et al. 1979) at CERN.



The other set of data is from the CERN-Dortmund-Heidelberg-Saclay

(CDHS) counter neutrino experiment using an Fe target (de Groot et

al. 1979), combined at low Q2 and high x with electron-deuteron scat-

tering data from MIT and SLAC (Atwood et al. 1976, Bodek et al. 1979).

A Tinear relationship between the different moments is indeed seen.

Moreover, the slopes are consistent with the ratios an/am given by QCD,

as shown in Table 1. This is an important result. Several cautionary

remarks on the moment determination are in order:

i)  There are no measurements at large Qz, small x, preventing the
evaluation of the lower moments. In the higher moments, the high-x
region gets strongly weighted; here, the corrections for experi-
mental resolution effects are large. Furthermore, an extrapolation
to x = 0 and x = 1 must be made.

i1) The moments of different order n are strongly correlated with one
another in a given experiment. Therefore, the.slopes for differ-
ent pairs of moments (as e.g. in Table 1) do not provide sta-
tistically independent information.

111) The bubble chamber data contain significant contributions from the
region Q2 < 10 GeV2 where nonperturbative effects are Tikely to
be important. The significance of the slopes from these data for
the gluon spin determination is therefore questionable. Even in
the higher-Q2 data of the CDHS collaboration kinematical target
mass effects are still important, as seén by comparing in Table 1
the Nachtmann moments (Nachtmann 1974) with the ordinary moments
(eqn.2.6) where the former imply corrections for these 10w-Q2
effects.

We conclude that the moment-moment correlation of Fig. 2.2 is indeed
as expected in field theory although for the 10wer-Q2 part the agree-
ment may be fortuitous. Vector gluons are slightly favored over scalar
gluons (see Table 1).

A test of the crucial logarithmic Q2 dependence (eqn.Z2.10) of the
moments is shown in Fig. 2.3. Here, the Nachtmann moments of xF3 have
been determined by the CDHS group (de Groot et al. 1979). The plot
shows Mn(QZ)'l/d

straight Tine with intercept RnAZ. The lines in Fig. 2.3 are results

N vys. &n Q2 for which QCD predicts, for each n, a
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Fig. 2.3 QZ dependence of the Nachtmann moments of the structure
function xF3, from the CERN-Dortmund-Heidelberg-Saclay expe-
riment at CERN (de Groot et al. 1979). The Tlines show the
result of a fit of the leading-order QCD relation (2.10} to
the data.
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of a simultaneous straight-line fit to these moments; the fit describes
the data well and gives, assuming Nf = 4 active flavours, the result

= (0.33 = 0.10) GeV. An attempt to fit the moments by a power law
violation of scaling between Q =1 and 10 GeV2 does not seem to fit
the data as well as the QCD Togarithm (E11is & Sachrajda 1979); however,
fixed-point theories can not be ruled out on the basis of these moments
(Reya 1979). A quantity more sensitive to discriminate QCD from other
field theories, according to Gliick and Reya {1379}, is the n = 2 moment
of a singlet structure function, e.g. the area under FZ' f a7
field theories only QCD predicts this area to decrease when QZ rises,
a tendency indeed supported by available data.

Although the moments allow a simple, clear-cut interpretation, a direct
confrontation of the measured structure functions with QCD predictions
has its own definite advantages. Among them are the avoidance of extra-
polation into x regions where no data exist, the absence of large sta-
tistical correlations between the data points, and the possibility to
clearly isolate kinematic regions where nonperturbative scale-breaking
effects as discussed above {higher twist contributions, quark thresholds)
or experimental uncertainties (resolution, assumptions on R(x,Qz), and
radiative corrections) might be important. The QCD predictions are
obtained by inverting the moments, or by solving the evolution equa-
tion (2.5) with a suitable parametrization of” the quark distribution
functions; the resulting structure functions can then be compared with
the data, adjusting the value of A in the parametrization of g (QZ)
(Abbott & Barnett 1980, Baulieu & Kounnas 1979, Buras & Gaemers 1978,
Gonzales-Arroyo et al. 1979, Martin 1979).

Results for xFB(x,QZ) and Fz(x,QZ) from the CDOHS neutrino experiment
are shown together with a QCD fit in Fig. 2.4 (de Groot et al.1980).
These data have improved statistics compared with the previousiy
published ones (de Groot et al. 1979). Recall that the structure
function F2 has a singlet component (eqn.2.4) and that therefore the
diagram of Fig. 2.1(d) contributes. This adds a term proportional to
g+q(x ) g(x ,QZ) in the evo1ut1on equation and reguires an assumption
on the x distribution g(x, Q } of gluons in the nucleon. In extracting
2(x,Q ) from the cross section data a constant R(x,Qz) = 0.1 was used.
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Both structure functions in Fig. 2.4 are seen to behave quatitatively
similar, rising with Q2 at small x and falling at large x (above x=0.3).
The small-x data extend only to moderate QZ. The increase with 02 in
this region is more marked for F2 than for xF3. This is presumably
due to the combined effect of the qg sea and the onset of charm
production, both of which should not affect xF3. In the large-x
region the structure functions are strongly falling with increasing
QZ, particularly at the lower 02 values; this is a region possibly
affected by higher order twist and target mass effects. (Note that

at x = 0.7, Q2 = 20 GeV2 the total mass of all final state hadrons,
including quark and target fragments, is only W = 3.1 GeV.) There is

2 where the Q2 dependence at

a region of intermediate x and Q2 > 10 GeV
fixed x is clearly indicative of a Togarithmic fall, and is well de-
scribed by the QCD fit. This leading order o fit to the data with

Q2 > 5 Gev® gives

A= 0.3 0.1 (statistic) = 0.1 (systematic) GeV.

The fit was made to xF3 for all x, and to F2 for the valence-dominated
(nonsinglet) region x > 0.4.

Results from other neutrino experiments than the ones discussed,
although of Tess statistical power, have also shown scale breaking
effects in the -structure functions (Barish et al. 1978, Benvenuti et
al. 1979, Sciulli 1980).

The structure function F2(x,02) for charged leptons has been measured
in a similar kinematic range as spanned by the neutrino data. In

Fig. 2.5 the results of the Chicago-Harvard-I1Tinois-Oxford (CHIO)
collaboration from muon proton scattering at FNAL are shown (Gordon

et al. 1979), together with SLAC and SLAC-MIT electron proton data
(Atwood et al. 1976, Bodek et al. 1979). In the extraction of F2 from
their data, the CHIO group assumed a constant R(x,Qz} = 0.52 equal

to the average of their measurements over a restricted range of small x.
Figure 2.6 presents results from the European Muon Collaboration (EMC)
at CERN using an iron target; F2 was evaluated under the assumption
R(x,QZ) = 0.2 (Aubert et al. 1980). For comparison with the correspond-
ing neutrino structure function one has to remember the weighting by the
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Fig. 2.5 The electromagnetic structure function F2 from the Chicago-
Harvard-111inois-Oxford experiment at FNAL (Gordon et al.
1979, circles), combined with results from the SLAC and SLAC-
MIT groups (Atwood et al. 1976, crosses, Bodek et al. 1979,
triangles), showing scaling violations in the region

0.2 < 0% < 80 GeVZ.
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squared quark charges (a factor 5/18) and to note that the EMC muon data
have been corrected for nuclear Fermi motion effects; taking these
differences into account the muon and neutrino data are consistent with
each other in overall normalization within their assigned errors (see,
e.g. Sciulli 1980).

The electromagnetic structure function Fz(x,QZ) shows definite scaling
violation which is smaller in the region of higher x than at low x.
Part of this at Tow x can be explained by charm quark production
(Aubert et al. 1980)..The Q2 dependence in the higher x region is
slightly weaker than in the neutrino data; this difference can not be
attributed to the Fermi motion effect and probably also not to assump-
tions on R(x,QZ) which affect the structure function mainly at low x.

QCD fits to these data can well describe the obseryed scaling viola-
tions. The quantitative results for A depend somewhat on the value of
R(x,QZ) assumed and may be affected by higher twist and target mass
effects operative at the lower 02 values. For the high-Q2 experiment
of EMC, a fit to the valence dominated range 0.25 < x < 0.65 is shown
by the curves in Fig. 2.6; the resulting value of A is

A= (0.10 + 0.10) GeV

where the error includes systematic effects 1ike uncertainty in R(x,QZ),
Fermi motion corrections, and experimental resolution (Aubert et al.
1980). Fits to the 1ower—02 data of Fig. 2.5 have generally tended to
yield larger values of A (Gordon et al. 1979, Duke & Roberts 1980,
Quirk et al. 1980).

Scale-breaking effects have also been observed in other muon scattering
experiments at FNAL and CERN (Bail et al. 1979, Bollini et al. 1980).
In particular, the Bologna~CERN-Dubna-Miinchen-Saclay collaboration
(Bollini et al, 1980} has collected data with very high statistics at
large QZ; a preliminary analysis has shown only a very weak 02 depen-
dence of F2. The EMC group in adgition to u-Fe scattering has also
measured pyp scattering at high Q°, with preliminary results on A being
identical to those obtained with the Fe target (Aubert et al. 1980).
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Fig. 2.6a The electromagnetic structure function F2 measured by the
Furopean Muon Collaboration at CERN (Aubert et al. 1980).
The 1ines show the result of a fit to the QCD evolution
equation. (The rise with Q2 for 0.1 < x < 0.35 at high Q%
may be connected with radiative effects; it is not nearly
as marked in the hydrogen target data of the same group.)
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The leading order GCD analyses that we have discussed so far imply the
tacit assumption that the next-to-leading order G contributions can be
neglected. Computations of these contributions have been made (for a
review see Buras 1980). They are found to be large enough to be
observable yet not so large as to completely invalidate the leading
order predictions, Thus, the higher-order contributions will lead to
deviations from the 11near relat1onsh1p of Lt (QZ) VS, ian(Qz)

(Fig. 2.2) and of M () -1/dn o, ang?/ 4 (F1g 2.3). While the
leading-order QCD formu]ae, although useful to fit data, yield values
of A that have no well-defined relationship to those values extracted
from other processes like ete” annihilation (Bace 1978), in the next-
to-leading order A can be meaningfully defined within a given renorma-
lization convention. A sensitive way to search for the higher order
effects is offered by a particular scheme that absorbs the next-to-
leading order corrections to the moment Mn(QZ) into a redefinition of
A such that the leading-order relationship (eqn.2.10) remains formally
valid, however with higher order contributions causing the scale A to
depend on n (Bardeen et al. 1978, Para & Sachrajda 1979). Data have
been examined for these corrections and while there is no unambiguous
evidence for them in the higth2 region where target mass effects and
higher twist contributions are small, the data are certainly not in-
consistent with the higher order corrections (Buras 1980, Duke &
Roberts 1980, Ellis & Sachrajda 1979, Gordon et al. 1979, Para &
Sachrajda 1979, Quirk et al. 1980).

In summary, both the neutrino data on xF3 and Fy, and the muon data on
F2 show scaling violations up to the highest Q2 explored so far. QCD
can well describe the 02 evolution of the structure functions. The
size of the logarithmic scale-breaking effects, determined by « (QZ)
or, equivalently, A, is still uncertain mainly as a consequence of

other scale-breaking effects that may be important in Q < 20 GeV2 nd

can cause the value of A extracted from the fits to depend on the kine-
matic region used. Nevertheless, an assumed uncertainty of A between,
say, 0.05 and 0.5 GeV is equivalent to an uncertainty of o (QZ) of
only about a factor 2: for Ng = 4 at Q = 50 GeVz, ag would lie
between 0.15 and 0.28. A reliable and precise determination of A in
deep-inelastic scatter1ng will require either a firmér theoret1ca1
framework for the low- Q behaviour, or an extension of the Q range

well beyond the present maximum values of about 200 GeVZ.



14

3. e'e” ANNIHILATION INTO HADRONS |

3.1 The Total Cross Section

a) Experimental results

A precise measurement of the total cross section for e'e” annihilation
into hadrons, Tint? offers a particularly clean test of QCD. Separation
of the one photon annihilation events from hadronic events produced by
two-photon scattering, which becomes increasingly important as the energy
increases, is straightforward. It is achieved by demanding that the
observed hadron energy exceeds a certain fraction of the total energy W.
This cut eliminates also background from beam-gas scattering. Conta-
mination from t pair production is usually suppressed by a multiplicity
and an effective mass cut. The acceptance efficiency of the high. energy
experiments is typically 70 - 80 % after all cuts are made. The Tumino-
sity is determined from small angle (few degrees) and/or Targe angle
Bhabha scattering, eTe” + efe”. Sizeable corrections have to be applied
for radiative effects such as photon emission in the initial state,
vertex corrections and vacuum polarization (Bonneau & Martin 1971,
Berends et al. 1974, 1980). The systematic uncertainties in acceptance,
Tuminosity and radiative corrections are roughly of the same magnitude
(typically 5 % each) and lead to a total systematic error of about *10 %.

2

It is convenient to express o in units of the high energy 0(a“)

tot
cross section for u pair production,

R = otot/cw
fre? 87.6 2 2 (31
. OO - . . :
O T 35 (= S nb, s =W 1in GeV")

Fig. 3.la shows R up to the highest energy measured at PETRA,

W = 36.6 GeV. The error bars indicate only the statistical uncertain-
ties. In order to reduce the Statistica] errors of the high energy data
in Fig. 3.1b averages have been taken over the PETRA experiments
(Timm1980, Cords 1980).

The 1 contribution has been removed in all experiments. It should be
noted that a contribution from pair production of a sequential charged
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lepton heavier than the t is excluded by experiments at PETRA up to
W = 35 GeV (Barber et al. 1980a, Brandelik et al. 1980b, Berger et
al. 1981, see also Cords 1980).

The outstanding features of R are spikes due to the excitation of
vector states, p,..., and the fact that in between the families of
vector states (p,....» J/¥...s T»...} 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 nises sharply
to reach a new level around 4 which persists up to 36 GeV. This is in
striking agreement with the quark parton model where ete™ annihilation
into hadrons proceeds in two steps: first a pair of quarks is produced
(Fig. 3.2a) which then fragment into hadrons. The total cross section

(c)

Fig. 3.2 Quark parton diagram and lowest order QCD diagrams for
efe” > qq.

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 1. Assuming that the produced gq pair turns
into hadrons with unit probability one finds

R = 00/, = 3 qéu,d,..eé (3.2)
where the factor of three accounts for the fact that quarks come in
three colours. Up to 3 GeV where only u,d and s contribute eq.(3.2)
predicts R = 2. Above charm threshold R should rise to a level of 3.3.
Beyond the T family the b quark contribution raises R to 3.7. The
presence of the hypothetical t quark (eq = 2/3) should manifest itself
as a further step increasing R to R = 5. Both, the R measurements as
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well as the analysis of the event shape exclude a possible t contri-
bution up to W = 36 GeV (see Cords 1980).

The high energy data on R can be used to test whether quarks are
pointlike, provided the quark parton picture is correct. In terms of
the guark electric and magnetic formfactors GE’ GM the ratio R is
given by
2
2m
2 2 2
R =3 zeq {—751 [Ge(s) ™ + [Gy(s)i } (3.3)

where mq is the quark mass and mg <<$ has been assumed. If GE ~ GM and
all quarks have the same form factor we find:

2
R/Ry = [6y(s)] (3.4)
with R =3 Xeg. With the ansatz
By(s) = (1= s/n%)7! (3.5)

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

-2

Gy(s) = (1 - /M) (3.6)

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 ~1-10_16 cm.

b) Comparison with QCD

In QCD the quark parton result for R is modified:

n-
o4

_ 3 502 T s |
R=3 éeq [1 + nzl C, (=) (3.7)

.
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where quark masses have been put to zero. 2 The perturbation coeffi-
cients C have been computed up to second order (Dine & Sapirstein
1979, Chetyrk1n et al. 1979, Celmaster & Gonsalves 1979). The first
order coefficient Cl = 1. The higher order coefficients depend on the
normalization procedure. The preferred values are (see Barnett 1980,
Llewellyn Smith 1980)

C2 1.99 - 0.12 Nf < - minimal subtraction scheme

1t

or C2 -2.19 + 0.16 Nf . momentum space scheme.

After a careful examination of the theoretical problems at low energy
(W < 2 GeV) Eidelman et al. (1979) deduced a rather small A value from
the Op data, A~ 0.1 GeV. QCD fits to the intermediate energy region
between 4 and 7 GeV have been presented by Barnett et al. {1980). W
compare the QCD expression to the data measured above 20 GeV. This 1is
an energy region which is well above heavy quark thresholds; furthermore
higher twist effects should be negligible. The individual experiments
yield as an average over 20 < W < 36 GeV {Cords 1980):

= 3.84 £ 0.10 JADE
4,17 + 0.10 MARK J
3.82 + 0.14 PLUTO
4,00 £ 0.13  TASSO

+ O+ W

1+

A 10 % systematic uncertainty has to be added.
The average over all high energy data gives

R = 3.97 *+ 0.06 (stat) + 0.4 (syst) for W = 33 GeV.

The systematic uncertainty prevents an accurate determination of O -
The data are in agreement with the perturbative expression and an ex-

traction of a_ yields dg = 0.24 + 0.06 (stat) £ 0.26 (syst) or
ag = 0.30 + 0.07 (stat) _ + 8 g {syst) depending on whether the first or
c

the second expression for 9 is used. Despite the large uncertainties

2) Corrections for finite quark masses have been calculated for R
(Schwinger 1973) and for o (Georgi & Politzer 1974). If A = 0.2 GeV
is assumed the mass corrections reduce O by 10 - 15 % in the region
of interest (W = 15-40)GeV while R is changed by less than 1 %.
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it follows from these values of o that the second order contribution
to R is smaller than the first order one, i.e. Cz(as/w)2 < as/w,
suggesting that the perturbative calculation is reliable.

5.2 The Upsilon and the Three-Gluon Decay
a) Decay width

The direct decays of heavy quark-antiquark states, QQ, into light
hadrons in QCD proceed by annihilation into gluons (Appelquist &
Politzer 1975). For vector states V such as J/¢ or T the lowest order
intermediate state has three gluons since one gluon is forbidden by
colour and two by angular momentum conservation.

Q______frrfr
yrrey

Q——7rrr
Fig. 3.3 QCD diagram for J/v or T decay into three gluons.

In the nonrelativistic approximation assuming the gluons turn into
hadrons with unit probability the decay width is given by

2
160 , 2 ov.3 ly(o

r(V > ggg + hadrons) = 280 (.93, w;
where M is the vector meson mass. The QQ wave function at the origin,
y(0), can be eliminated by comparison with the decay width into

Tepton pairs:

2
[V > ee”) = 16ma’ eg v(o)| (3.9)
M
which Teads to
> 3
T(V > ggg + hadrons) _ 10 =°-9 % ' (3.10)
r(v »e*e’) Lo ega2
This expression is obtained in leading order QCD. The first order QCD

corrections modify I'(V - ee) by a factor (1 - %g-as)(Barbieri et al.1375).
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Since the next order corrections for T(V - hadrons) are unknown we
prefer to use eq.(3.1C). In Table 2 the o values determined from the
J/y and T parameters are shown. For T(V - ggg - hadrons) the width
for direct decay of V into hadrons was usea:

Tqir = Tiot - T(V > yX) - (NQ + R)T(V > ee) (3.11)
where NQ is the number of different lepton pairs ¥ can decay into, and
R = Utot/guu off resonance. The ratio of the o values,

r = aS(T)/aS(J/w) - 0.89 + 0.23 may be compared to the prediction of
eq.{1.1), r = 0.81 for A 0.1 GeV and r = 0.54 for A'= 1 GeV. Either
value is compatible with the data.

1i

Since the direct decays are supposed to proceed via a three gluon
intermediate state we expect hadrons from T direct decays to emerge

in three jets. Consequently, the final states produced in T decays
should differ markedly from the two-jet structure observed off reso-
nance. In case of the J/¢y the available c.m. energy is too low to test
for a three-jet structure: the average particle momentum is only

0.4 GeV/c.

b) Gluon energy spectrum and event configuration in T =+ g4g

We mention some of the properties expected for three gluon decay
{Koller & Walsh 1977, Brodsky et al. 1978, Fritzsch & Streng 1978,
DeRujula et al. 1978, Koller et al. 1979). The energy spectrum far
(massiess) gluons in terms of their fractional energies

X .-

; 2E1/M is given by

2 7 2
o~ 2 Cx-XX3) +(1 - xz) (5 Xl) (3.12)
X{9%2  1f-9 1%2 X3%1 Xo%3

Integration over X, yields the single giuon distribution

2
x(L=x) , 2%, [1 - x _ (1 =X ¥ yn(1- }
{(2 T2 x ' (2 - x)3] n(1=x)
(3.13)

i

2
ﬂ2—9

1
o_‘a_
> |

The most probable configuration is one where two of the three gluons

—————rr e TR R TOE IR TR R L R LA L L L a1 L)



share almost all of the available energy. 0f course, such a configu-
ration will produce nearly two-jet events. The gluon

Fig. 3.4 Most probable configuration for T 3g decay.

momenta 1ie in a plane. The scaled energies are directly related

to the angles @i between the gluon directions {see Fig. 3.5).

Fig. 3.5 Schematic diagram for the T - 3g decay.

2sin®1
X_]_ = - - - ) (3-14)
s1n@1 + s1n®2 + s1n®3

We may ask for the probability to observe three well separated jets:

in 38 % of the events the three gluons are emitted within +20° of the
symmetric configuration (@i = 1200), i.e. smallest angle between any

pair of gluons is 80°.

The orientation of the three-gluon configuration in space can be
described in terms of © and B, the angles of the most energetic gluon
and of the normal to the three gluon plane, measured with respect to
the beam axis:

W({coso) = 1 + 0.39 c052® : (3.15)
W(cosp) = (1 - %-coszs). (3.16)

For scalar gluons the © distribution would be-(Ko11er and Krasemann 1979)

W(cos®) = 1 - 0.995 coso (3.17)
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c) Jet measures

The jet structure of the final hadron states is commonly studied in
terms of sphericity S (Bjorken & Brodsky 1970) and/or thrust T
(Brandt et al. 1964, Fahri 1977):

s = 3/2 (3P2,)/(P%) 0<s<1 (3.18)
T =zl 1/2P 0.5 <T<1 (3.19)

where the P are the total particle momenta, and PT R PH are the
transverse and longitudinal particle momenta relative to the jet axis,
which is chosen such that ZP%1 E|P“ is minimal {maximai) for
sphericity (thrust). Sphericity measures approximately the square of
the jet cone half opening angle (<&> = <PT/P”>), S = 3/2 <62> Extreme
two jettiness (& = 0) leads to S = 0 and T = 1 while for spherical
events S approaches 1 and T approaches 0.5. Both, S and T have their
particular merits: sphericity being proportional to the square of the
transverse momentum is more sensitive to changes in the PT distribution.
Thrust is linear in the particle momenta. Therefore T is unaffected by
splitting of momenta as it happens infragmentation or particle decays
(Sterman & Weinberg 1977, Fahri 1977).

The topology from T decay has been studied in terms of the triplicity.
Triplicity, T 3 is a genera]1zat1on of thrust and is def1ned as follows
(Brandt & Dahmen 1979): Group particle momentum vectors p into three

nonempty classes Cl,C2 and C3 with total momenta p(CR) = Zp The
18C

triplicity is then obtained by taking all possible permutat1ons and
maximizing the sum of the moduli lp(C ME

T, = Max {15((21)1 AT ICRN A (3.20)

The values of T3 vary between T3 = 1 for a perfect three-jet event
and T = 3/3/8 = 0.65 for a spherical event. The jet directions are
given by the p(C }. The jets are then ordered such that

iB(C) | > 1p(Cy) \>1p UL
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d) Models for quark and gluon fragmentation

At very high energies quark and gluon jets may be pictured as pencil
beams cof particles which are well isolated in space. At presently
available energies the fragmented particles spread out and cause over-
lap between jets. An infrared stable way to define and measure jets

n QCD has been introduced by Sterman and Weinberg (1977). In this pro-
cedure the jet cross section is defined for suitable chosen cuts on the
Jet energy and opening angle. It is equivalent to the technique used in
QED to deal with bremsstrahlung in the infrared 1imit and is expected
to Tead to finite results in perturbative QCD. Unfortunately, at avail-
able energies the effects of hadronization cannot be neglected. There-
fore detailed fragmentation models have been used to unfold the primary
parton distributions from the observed particle distributions. At the
same time the models allowed to evaluate the corrections for detector
effects. In most analyses, the framework of Field and Feynman (1978)
was used to describe the fragmentation of quarks into hadrons. The
fragmentation process is treated as a recursive cascade in which a
quark radiates mesons. The process is characterized by several
parameters:

(1) ap. The primordial fragmentation function fh(z) of a quark into
a hadron h, g ~q' + h is taken to be

f(z) = 1 3a_(1 - 7)2 Yy o (3.21)
z) =1-ap + 3a -Z), z-= .

F F (ﬂ‘ + E)q
ar is assumed to be the same for u,d,s quarks, for ¢ and b: a-=0.

(see e.g. Bjorken 1978).

(i1) Oq. The distribution of the transverse momentum qT of the quarks
in the jet cascade is assumed to be ~exp(-q$/2oé)dq%

/q
Ay, jet axis

Fig. 3.6 Quark transverse momentum.
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(iii) P/(P+V}. Only pseudoscalar (m,K,..) and vector mesons (p,K*,..)
are assumed to be produced. P/V is the ratio of pseudoscalar to

vector mesons produced in the primordial cascade.

(iv) qq pairs are generated from the vacuum with the probability
o 1 dd : ss =2 :2: 1.

Field & Feynman (1978) found that a satisfactory description of the
available data could be obtained with ap = 0.7, 0q = 0.25 GeV/c and
P/(P+V) = 0.5. A recent anatysis of high energy ete™ jet production
(Brandelik et al. 1980c) yielded rather similar values, 3p = 0.57 + 0.20,
Oq = 0.32 + 0.04 GeV/c and P/(P+V) = 0.56 = 0.15.

Different assumptions have been used to describe gluon fragmentation.
For example

(i)  the gluon fragments via g ~ qq by imparting its whole momentum
to one of the two quarks (Hoyer et al. 1979);

(ii) the two quarks share the gluon momentum according to the
Altarelli-Parisi (1977)'splitting function (Ali et al. 1980):

fz) = 2% + (1 - 2)° 2 = Eg/E,-

The quarks then turn into hadrons as described above.

The fragmentation process 1is incorporated in elaborate Monte Carlo pro-
grams {Hoyer et al.197%, Ali et 21.1979,1680) which can be used to simu-—
late the detector, impose the sane selection criteria as used in tne
analysis of the real data, and account for radiative effects (Berends

& Kleiss 1980).

e) Experimental results

Fig. 3.7 shows oy 4 in the vicinity of theTas measured at DORIS
(Berger et al. 1978, Darden et al. 1978, Bienlein et al. 1978).
Comparison of the final states below and at the resonance reveals a
dramatic change in event shape. The two-jet structure dominant off
resonance disappears on resonance. This is best seen from the energy
dependence of the average sphericity <S> in Fig. 3.8. At low energies,
W 5 4 GeV, the observed <S> values are close to those predicted by a
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pure phase space distribution, <S> = 0.4. Above 5 GeV, <S> decreases
rapidly with increasing W; the particles become more and more collima-
ted. The jet cone angle <&> shrinks from ~31° at W = & Gev to 17° near
36 GeV. Events from T decay on the other hand have a large average
sphericity, <S> = 0.4, a value close to the prediction for phase space.

A. detailed analysis of the event shapes from T decay was presented by
the PLUTO group (Brandt 1979, Berger et al. 1550a). Three processes
contribute to events in the ' region, the direct hadronic decay, the
decay through the one-photon channel and the nonresonant continuum:

= g

o .+ C
on dir

+ 0

cont (3'23)

Iy

01Y can be related to Teont using the rate of . pairs observed on and
off the resonance Teading to

Oon

_ yy
“dir = n ~ Ycont ;5?? (3.24)
M

3? is 1.24 + 0.22. The total number of

events available for the analysis were 1781 on resonance and 447 in

The value measured for 033/0

the continuum (near W = 9.4 GeV). The latter events were used to de-
termine by proper subtraction the distributions for the direct decays
of the T. The study included charged particles and neutrals (i.e.
photons). The data shown below are uncorrected. The model predictions
to be shown include the effects of acceptance and initial state ra-
diation. The thrust distributions (Fig. 3.9) show the distinctly dif-
ferent behaviour of the T direct decays (Tdirect) and of the off re-
sonance region. The off resonance data prefer hish T values or a two-
Jet structure while the on resonance distribution peaks at lower T
values. The model for quark pair production, ete” - qq, describes the

off resonance data rather well (see curve) but fails for T Phase

space may be considered as the opposite extreme to two-jetdgiggzction.
In Fig. 3.9 the Tdirect data are compared to two versions of phase space,
one where only pseudoscalars (m,K) are generated-and one where pseudo-
sca1ars'and vectors (p,K*) are generated in equal proportion. The two
versions predict similar T distributions. They reproduce the trend of
the data but fail to give a quantitative description by many standard

deviations. On average the predicted thrust is lower than observed.



(1/N) (dN/dT)

(1/N} (dN/dT)

Fig. 3.9

’7 [ T T T
-4 T dat PLUTO
: aid
8 direct — ggg MC
' Phase Space MC:
= - —~ — pseudoscalar »
6 ----- pseudoscalar/
™ i vector mesons
i ",/-.-\—“\
L+ B
2 - _
— / —
0 l

05 06 0.7 0.8 0.9
THRUST

I | ! 1

off Resonance

8 T (9.4 GeV) -
—qgMC

]

0.5 0.6 0.7 0.8 0.9 1.0
THRUST

Distribution of thrust for T-direct decays and off-resonance
events. The curves show fits with a three gluon model and
for phase space models with only pseudoscalar and pseudc-
scalars plus vector particles. From the PLUTO group
(Ch.Berger et al. 1980a).



25

The three-gluon decay distribution supplemented with a Monte Carlo
calculation of gluon fragmentation is also shown in Fig. 3.9. It is seen
to fit the resonance data well.

The T events where searched for a three-jet structure using the tri-
plicity method. The procedure was tested with Monte Carlo events
generated according to T - ggg. Defining 61,62,63 to be angles

between the original gluon directions and the reconstructed triplicity
axes the test yielded <]c0361|> = 0.78, <]c0562|> = 0.71 and

<|cosd3|> = 0.53. No correlation means <|cosé|> = 0.5. Clearly, only
the two most energetic jets can be reconstructed with some reliability.
This is a consequence of the comparatively Tow mass of the T.

For the sake of comparison between the on and off resonance region the
triplicity analysis has been applied in both regions. Fig. 3.10 shows
the distribution of 93, the angle between the two most energetic jets
for on and off resonance events. As expected, off resonance the two
most energetic jets are almost anticollinear (63 = 1800). On resonance
the average angle is considerably smaller, 93 ~ 150°. The conclusion is
the same as drawn from the analysis of thrust: the T direct data do not
show two-jet structure; they are not fit by phase space; they are well
reproduced, however, by the three-gluon model as shown by the curves

in Fig. 3.10. Similar conclusions have been reached by the LENA group
(Niczyporuk et al. 1981b).

As mentioned before the angular distribution of the most energetic
gluon with respect to the beam axis is sensitive to the gluon spin.
Fig. 3.11 shows the LENA data for the most energetic jet together with
the predictions for scalar and vector gluons. The data disagree with
the scalar prediction while they are consistent with vector gluons.

The T data Tead to several conclusions:

1. The event structure is inconsistent with the two-jet model. This
excludes the possibility of colourless gluons (Walsh & Zerwas 1980).
If they would exist the T would decay via a single gluon inter-
mediate state (the dominant process in this case) into a pair of
light quarks, T » g + qq giving rise to two-jet events.
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2. The data disagree with a phase space 1ike behaviour. They are also
inconsistent with decay into three scalar gluons.

3. The data are well described by the QCD prediction of T decaying
into three vector gluons, T - ggg.

No attempt has yet been made to identify the exclusive final states
reached from T decay or produced off resonance. A comparison between
the two cases should provide interesting information on the differ-
ences between quark and gluon fragmentation. There are two pieces of
data that bear on this gquestion. The average charged particle multi-
plicity <Ney® for T direct decays is found to be larger than off re-
sonance, viz.

<Ney (Tdir)> = 8.2, <nCH(off)> = 7.6.

However, this does not imply that a gluon of given energy produces more
charged particles in the fragmentation process than @ quark; a similar
increase e.g. would be expected if the T would decay into three quarks.
To see this, assume <Ny, for a guark jet of energy Ejet to be given

by one half of <My observed 1in ete” annihilation at energy W = 2 Ejet‘
From the average jet energies of 4.1, 3.4 and 2.0 GeV measured in T
decay (Berger et al. 1980a) one then expects (Hanson 1978,

Niczyporuk et al. 1981b):

)> = 8.0, off)> = 7.6

Doy (Tgir Ny
which is in accord with the observations. The analysis of the inclusive
particle spectra of the DASP II group (Schmidt-Parzefail 1980) shows
that Tiirect decays yield a factor of two more protons (antiprotons)
per event than off-resonance production. It is interesting to note that
a similar observation has been made by the DASP group {Brandeiik et

al. 1978b) for the J/u.
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3.8 Three-det Production in the Contimuum
a)  Transverse momentum distributions

The data from hadron scattering suggested a Gaussian PT distribution
for quark fragmentation into hadrons,

do/dp? - exp(-p%/z(:rs ) (3.25)

The parameter Gq for pions was measured to be of the order of

0.25 GeV/c almost independent of the reaction energy. Deviations from

a simple Gaussian behaviour were observed at high energies and large

Pr values (see e.g. Darriulat 1980). The e'e” annihilation data from
SPEAR (Hanson 1978) and DORIS (Berger et al. 1980b) at energies up to

10 GeV were found to be consistent with an energy independent o

around 0.3 GeV/c. (For a review see Wiik & Wolf 1979). With the advent of
PETRA higher energies became available and a rapid broadening of the PT
distribution with increasing c.m. energy was observed (Cashmore 1979). It
was found to be correlated with the production of planar events some of
which showed a definite three-jet structure (Soding 1979, Brandelik et al.
1979b, Barber et al. 1979b, Berger et al; 1979b, Bartel et al. 1980). The
occurrence of three-jet events due to hard gluon bremsstrahlung had
actually been predicted by Polyakov (1975), E1lis et al, (1976),

De Grand et al. (1977), Hoyer et al. (1979), Kramer et al. {1978, 1979,
1980).

In discussing the experimental evidence, we begin by showing in

Fig. 3.12 the transverse momentum distribution I/Gtot do/dP% evalu-
ated with respect to the sphericity axis for three regions of total
C.m. energy W between 12 and 36 GeV (Brandelik et al. 1979b, 1981b).
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
qq two-jet model assuming o = 0.3 GeV/c. To fit the high energy
distribution with the same modeT, oq had to be ingreased to 0.45 GeV/c.

In Fig. 3.13 the average PT and P% values are shown as a function of
C.m. energy W. Above 12 GeV both <PT> and <P$> rise with W; the in-
crease is most pronounced in <P$>. The observed behaviour lead to a
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detailed analysis of the event shapes. If it was caused by an energy
dependence of o_ the events would still possess a two-iet structure
but the diameter of the "cigar" in terms of <P$> will increase with

energy (see Fig. 3.14).

\ N
|—high W
/

low W

Fig. 3.14 Illustration of the P distribution arcund the jet axis.

QCD predicts an increase in the average P% through gluon brens-
strahlung. In lowest order this leads to the process eTe” ~ qog de-
scriped by diagram ¢ in Fig. 3.2. Quark, antiquark and the gluon span
a plane in the total c.m. system. Provided all three partcns have
syfficient energy and the gluon was emitted under a large angle the
hadrons resulting from fragmentation tend to lie close to a common
plane. Denoting by X15%0 the fractional energies of the guarks,

X; = ZEi/w, the cross section for gluon emission (diagrams 3.2(c))

3
is given by (E11is et al. 1976, De Grand et al. 1977}:

2

doladg) . s o At (3.26)
dx, dx 3n 0 )

where o = 3 Zeg. The infrared singularity in the integrated version

g

of eq.(3.26) Egnce1s exactly against that arising from the interference

of diagrams (2} and {b} in Fig. 3.2. The energy and angular distribu-

tion of the radiated gluon is equal to that of bremsstrahlung photons.

For small gluon energies k

: q

g« = .-
K

Fig. 3.15 Illustration of the process eTe” -~ qaq.

do(qdg) . __°s
dk d@ kK s1nd (3‘27)
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From diagrams (a) - (¢) of Fig. 3.2 the average transverse momentum
<kT> of the gluon relative to the momentum direction of the most ener-
getic quark is found to grow almost linearly with energy:

<kT> v og s W~ W/ TnW (3.28)

The curve in Fig. 3.13 shows the QCD prediction for the energy depen-
dence of <P$> made prior to the measurements (Hoyer et al. 1979). It
describes the trend of the data well.

If KT is large compared to the typical transverse momentum o in the
fragmentation of a quark, the event will have a three-jet topology.
Detection of the gluon jet requires high ¢.m. energies for two reasons.
Firstly, at low energies gluon and quark jets overlap. Secondly, at
low energies o is Jarge such that multigluon emission becomes impor-
tant and perturbative QCD will eventualiy fail.

Various methods have been proposed to study event shapes and to search
for three jet structure (Nowak & Schiller 1975, Wu & Zobernig 1979,
Brandt & Dahmen 1979, Babcock & Cutkosky 1980, Lanius 1980, Daum et
al. 1980, Dorfan 1981). A basic tool to study event shapes has also
been the momentum tensor (Bjorken & Brodsky 1970).

b) Momentum tensor

For each event one constructs from the measured particle momenta the

second rank tensor M:

N
"ag = L Pia Py (0:8 = %,5,2) (3.29)
Let ﬁl’ ﬁz and ﬁ3 be the unit eigenvectors of this tensor associated
with the eigenvalues Al, Az and A3 which are ordered such that

Al < A2 < A3. Note that

SR (3.30)
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Fig. 3.16 The momentum tensor ellipsoid.

The principal axis is the n3 direction which is identical to the
sphericity axis. The event plane 1is spanned by n2 and n3, n1 is
normal to this plane and defines the direction in which the sum of the
momentum components is minimal.

The normalized eigenvalues

1\1. Z(BJH1)2 )
Qi =—p = —rp— | (3.31)
1P 1P -

measure the flatness (Ql), width (QZ)’ and length (03) of an event;

they satisfy the relation Q1 + Q + Q3 . The events can therefore
be characterized by two of these var1ab1es, or e.g. by aplanarity A

and sphericity S:

A=3q, S =300+ Q) =3 (1-03) (3.32)

c) Planar events

In Fig. 3.17 the distribution of

2 _
<PTout> -

1
T (Ejnl) = Q]. <p2> .(3.33)

e

{= square of momentum component normal to the event plane averagéd
over the particles in one event) is compared with that of

2 1 2 |
NETIE %(Sj‘nz) =0, <p™> (3.34)

—_—
1

square of momentum component in the event plane and perpendicular
to the jet axis). The data show little increase in <P$ t> from Tow
(W =12 GeV} to high energy (W = 30 to 36 GeV). The distribution
of <P$in>’ however, becomes much wider at high energies; there is a

30
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long tail of events with high <P%in>.

Hadrons resulting from pure qq jets will on the average be distributed
uniformly around the jet axis. However, some asymmetry between <P%out>
and <P$in> is caused by the bias introduced in choosing the axes. Good
agreement with the qg mode} using Gq = 0.3 GeV/c is found at low c.m.
energy for both distributions. At high energy, the qgg model with

cq = 0.3 GeV/c gives an approximate desription of the <P$out> data but
fails completely to reproduce the long tail of the <P%1n> distribution.
This discrepancy cannot be cured by 1ncreasipg oq to 0.45 GeV/c (see dashed
curve in Fig. 3.17b). One finds that the data contain a certain number
of planar events, i.e. events with <p$in> much larger than <P$out> that
cannot be accounted for by the qg model independently of the value of %

(Brandelik et al. 1979b, Berger et al. 1979, Bartel et al. 1980).

The same conclusion was reached from a study of the energy flow around
the jet axis (Barber et a. 1979b). In this study, individual partit]e
momenta are not reconstructed. Rather, the energy deposited by charged
and neutral particles in a calorimeter is determined. The coordinate
system is defined by the thrust axis (él = jet axis),

- A

ALY

Thrust = Max ———n (3.35)
)
i

where Pi is the energy deposited in the counter element i; the

'major axis' (62) is perpendicular to 51 and is the direction

along which the projected energy flow 1in the plane perpendi-

cular to él is a maximum:
NEPY
Major = Max - ; (3.36)

Py

— ]

and the 'minor axis'which is orthogonal to él and é2' The difference

0 = Major-Minor is called the oblateness. The distribution of the
oblateness is plotted in Fig. 3.18 together with the predictions of
the qq and a CCD model (qgg). The 17 GeV data are reproduced by both
models. At high energy (27.4 - 31.6 GeV) an excess of events with
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Jarge oblateness, i.e. planar events, is observed which 1is accounted
for by the gqg model and not by the qq model.

A rotation-invariant characterization of the event shape is provided
by the Fox-Wolfram (1978, 1979) moments,

P.P
i

4n J
5 Pg(cos®ij) (3.37)

'3 p. 2
Hy =z L I%TWTE U

W

Here Oij is the angle between particles i and j. The moments HR are
independent of the particular axes chosen as is evident from the second
form in-eq.(3.37). Energy-momentum conservation leads to HO =1,

H1 = 0. For extreme two-jet events H2 = 1. Planar events prefer small
H2 values. In Fig. 3.19 H2 is shown at 27 GeV (Barber et al. 198003
together with the predictions for the qq (with T = 0.225 GeV/c) and

a QCD model (Ali et al. 1980). Compared to the qg model there is an
excess of events with low HZ' QCD fits the data well.

d) Three jet structure

The data discussed above demonstrate the existence of planar events.
To check whether the particle momenta are distributed uniformly in
the plane (disc-like events) or collimated into three jets the TASSO
group (Brandelik et al. 1979b, 1980c) followed the procedure of Wu &
Zobernig (1979). The events were analyzed in the following way. The
particles are grouped into three classes Cl’ 02 and C3. For each class
the 2 x 2 tensor L 0, g is diagonalized where o = 1,2 correspond
to the components ‘in the event plane, and thereby the sphericity axes
%k (k = 1,2,3) and the sphericities Sk are determined. By varying the
combinations one finds that grouping for which the sum S1 + S2 + 53
is minimal. If the event under consideration is indeed a three-jet
event, the method reconstructs the three coplanar jet axes ﬁk and
associates each particle with one of the three jets. For a two-jet

event the method gives degenerate jet axes.

This procedure has been applied at W = 30 GeV to planar noncollinear
events selected by requiring S » 0.25, A < 0.08.
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Fig. 3.19 Distribution of the Fox-Wolfram moment H2 at W = 27 GeV
as measured by the Mark J group (Barber et al. 1980b}.
The curves show the predictons for a qq final state and
for a QCD model.



Fig. 3.20 shows the distribution of P% of the charged particles where
the PT of each hadron was calculated with respect to the jet axis it

has been associated with. This distribution is compared with the cor-

responding one for events at 12 GeV analyzed as two Jjets and, there-
fore, without cuts in S or A. The P behaviour is found to be the
same in both cases, i.e. the particles from planar events at high
energies are collimated around three coplanar axes in qQaﬁitative1y
the same way as particles from lower energy events are collimated

around a single jet axis.

The MARK;J group {Barber et al. 1979b) has searched for a three-jet
structure stUdying the energy flow. Planar events were selected by
requiring low thrust, T < 0.8, and large oblateness, 0 > 0.1. For each
event the Thrust (= él), Major (= Ez) and Minor (= é3) axes were de-
termined. In the event plane spanned by é1’é2 the energy was

summed in 5° intervals of the azimuth f. Fig. 3.21 shows the energy
flow averaged over the event sample as a function of ¥. The appearance
of three maxima is partly a result of the construction of the energy
flow diagram and does not in itself prove the existence of three-jet
events. Two-jet events or phase space 1ike events also produce three
maxima. It 1s by a gquantitative comparison that one can rule out two-jet
or phase space like production to be the dominant mechanism. The QCD
prediction is in agreement with the data.

The PLUTO group (Berger et al. 1979b) has shown that compared to a a9
model there is an abundance of low thrust high triplicity events. Low
thrust means that these events do not have a two-jet topology. This to-

gether with the high tripiicity indicates a three-jet structure.

The JADE group (Bartel et al. 1980} nas demonstrated the presence of
three jet events in a way illustrated in Fig. 3.22.

Fig.3.22 I1lustration of the The broad jet in its
procedure used by the JADE own ¢.m. system
group

33
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For planar events (Q2 - Ql > 0.1) produced at W = 30 GeV the thrust

axis was determined. For the forward and backward (with respect to
the thrust axis) going particles the sum of the transverse momenta,

ZPTi’ was computed separately; the jet with the larger ZPT was called
the broad jet. A Lorentz transformation into the rest system of the
broad jet was made. In this system the thrust TB of the broad jet was
getermined. The distribution of TB is shown in Fig. 3.23 together
with the thrust distribution of low energy events (W = 12 GeV) treated
as two jets. The two distributions fail on top of each other which
leads to the same conclusion drawn before that for high energy planar
events the particles are as collimated around three axes as particles
are collimated around the common jet axis at Jower energies.

Two examples of three-jet events as seen in the JADE and TASSQ de-
tectors are displayed in Fig. 3.24. '
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Fig. 3.23 Distribution of thrust for the broad jet of planar events
at W = 30 GeV compared with the two jet thrust distribu-
tion at W = 12 GeV as measured by the JADE group (Bartel
et al. 1980 ).
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Examples of three-jet events observed in the JADE and
TASSO detectors as viewed along the beam axis. The insert in (b)

shows a top view of the event.
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e} Quantitative comparison with QCD

The observation of three-jet events in high-energy ete” anninilation
qualitatively confirms the prediction of hard giuon bremsstrahlung by
leading-order QCD. It does, of course, not rule out other mechanisms

as possible sources of these events (see e.g. Preparata & Valenti 1981).
Therefore, detailed and quantitative tests are called for. These, however,
pose a problem: the hadronization process is not calculable in perturbative
QCD. Therefore,for a detailed comparison between experimental results and
prediction, the QCD calculations have to be combined with models that de-
scribe the quark and gluon fragmentation processes, as discussed already in
section 3.2. Only in this way is one able to investigate questions like

the overlap between jets, the multijet contribution by semileptonic

decays of bottom mesons, the effects of omission of neutrals in some
experiments, effects of detector acceptance and resolution, efficiency

of the analysis procedures used, and radiative corrections. In the
comparison between data and QCD prediction one has then to investigate

very carefully to what extent the results are truly independent of

the assumptions used in the fragmentation model, and thus can be

considered a convincing check of perturbative QCD.3

3) In the course of such investigations it has been found that a theore-
tically appealing variable, as e.g. the infrared-stable quantity
thrust,is not necessarily the most suitable one for the comparison
between measurement and predictions. At present energies many of the
narticles in the jets have total momenta not much in excess of the
average transverse momentum. Monte Carlo simulations show that in
this situation a stronger weighting of larger momenta, as in analyses
based on the second-rank momentum tensor eqn.(3.29), can lead to
more reliable and less model-sensitive results.
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Three~jet topology

In the quantitative comparison of the hard-gluon bremsstrahlung pre-
dictions with experiment, two elaborate Monte Carlo programs have
played a major role, that of Hoyer et al. (1979) and an extension by
Ali et al. (1980). Both use the Field-Feynman scheme to describe quark
fragmentation (see section 3.2}. The first one considers only contri-
butions up to first order in o (from diagrams a-c¢ in Fig. 3.25), the
second one includes those second order terms that lead to four-jet
events (diagrams d-g .in Fig. 3.25).

e D

+ >"‘“"<;-m +permutations
AN
h) i)

Fig. 3.25‘ QCD diagram for hadron production

In the analysis of Brandelik et al. (1980c), the strategy followed

was to determine first the fragmentation parameters and the unknown
strong coupling constant aS(QZ) from the data, using as little of the
measured information as possible, and then to use the remaining infor-
mation for a quantitative check which then no Tonger involves any free
parameter. In a first step, from large sphericity events (S > 0.25)

at W = 30 GeV, Cg Was determined; no prior assumptions on the fragmen-
tation parameters had to be made at this step, which is not surprising
since for large S three-jet production dominates and fragmentation
effects play a minor role. In a second step, small sphericity events

(S < 0.25) were used to determine the fragmentation parameters. It was
found that the distributions of <p$0ut>’ of X = 2p/W, and of the charged
particle multiplicity ey at one energy, W = 30 GeV, were sufficient to
determine these parameters with very little dependence on the input
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value of a,- The resulting values for the fragmentation parameters are
quoted in section 3.72. In a third step using these values the events
with Jarge sphericity were refitted to obtain the final value for Qs
g = 0.17 * 0.02 (stat.) = 0.03 (syst.) for W = 30 GeV. With all free
parameters fixed the data were compared to QCD. The energy dependence
was tested by comparing with data at 30 GeV and 12 GeV. For 12 GeV,

og = 0.21 was assumed in accord with eq.(1.1). Fig. 3.26 shows the
distributions of sphericity, aplanarity (A = (3/2)Q1) and the inclusive
x spectrum. Since no 1Z GeV information was used in the fits, the
agreement between data and theory shows in a parameter-free way

that the analysis did indeed succeed to separate perturbative effects
which are strong at 30 GeV and hardly observable at 12 GeV, from the
nonperturbative effects. Good agreement is also obtained for the

distributions of p%, <p$out>’ and <p$in> (see curves in Figs.3.12, 3.17).

In further tests the specific properties of the high sphericity,
planar events (S > 0.25, A < 0.08), analyzed as three-jet events,

were considered. Since only global event-shape parameters described

by the momentum tensor but no detailed information on the three-jet
structure had been used in determining the fragmentation parameters
and the value of Qs all the three-jet comparisons were parameter-free.
A first example is the distribution of P for each particle measured
with respect to the appropriate jet axis (Fig. 3.20). As another exam-
ple, Fig. 3.27 shows the distribution of the smallest (Bmin) and the
largest angle (@max) between any of the three jets. The distribution

s , o
of Onax shows the transition from two-jet events (@maX near 1807) to

large angle gluon bremsstrahlung events. The minimum angle emin prefers

small values for two-jet events, and larger ones for three-jet events.

The angular correlation between g,q and gluon depends on the spin of
the gluon. For vector gluons the first order cross section in terms
of the scaled parton energies X; = 251/w is given in eq.(3.26). From
this the distribution of the angles O; between the partons can be
calculated with the relation eq.(3.14).
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In order to see that the angular correlation between the jet axes is
indeed sensitive to the gluon spin we consider a theory with scalar
gluons which leads to (E11is et al. 1976)

W2
s 3
0 (l-xl)(l-x£7

(3.38)

wle
H|wn

do B
dxqdx,

where X3 is the scaled gluon energy and a 1s the gluon quark coupling
for the scalar case. The vector express1on eq.{3.26) has both collinear
and infrared divergencies, whereas for the scalar case there 1is only a
collinear divergence which leads to a somewhat weaker dependence on X;
Unfortunately, the difference between the scalar and the vector d1str1—
butions is largest for parton thrust X4 {or XZ) near 1 where one
approaches the two jet configuration, and where smearing effects due

to guark and gluon fragmentation are important.

In the analysis of Brandelik et al. (1980d) the angles O were recon-
structed from the charged particle vectors. From the angTes the parton
energies were determined and ordered such that X1 2 X5 2 X5, Since
quarks and gluon are not identified one has to include in egs.(3.26)
and (3.38) the cyclic permutations of X1sXy and X3

In order to avoid the problematic area near x = 1 only events with
X < 0.9 were considered. The distribution most sensitive to the dis-
crimination between vector and scalar gluons was found to be the distri-
bution of the angle © illustrated in Fig. 3.28 (E11is & Karliner 1979).
The qqg system is Lorentz boosted into the c.m. frame of partons 2
and 3 {one of which by virtue of the ordering of the Xs is more likely
to be the gluon) and & measures the angle between the 2, 3 axis and the
parton 1. Assuming massless partons

Xp = X3 sin@2 - sine3

cosh = 5 9 _ -
Xl s1n@1

Fig. 3.29 compares the observed cos® distribution with the Monte
Carlo predictions for vector and scalar gluons, where the Monte
Carlo events were analyzed in the same way as the measured
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data.4 Spin 1 is clearly preferred over spin 0, the Tatter being
disfavoured by 4 standard deviations.

A promising attempt to reconstruct the original parton distributions
from the measured data has been made by Berger et al. (1980c). The
events have been classified as 2-, 3-, 4-jet events according to the
number of particle clusters observed {Daum et al. 1980). Fig. 3.30
shows the resulting parton thrust distribution for 3-jet events. Note
that in X1 £ 0.9 this distribution is a factor of 3-5 below the thrust
distribution for all events determined using eqn.(3.19). The QCD pre-
diction (curve) agrees with the data while a scalar gluon theory would
not describe the data well.

The value of O

The number of three-jet events is directly related to the value of

the 3 quark gluon coupling strength, o - The o values obtained at
energies of 30 - 35 GeV are summarized in Table 3. The result of the
MARK-J group (Barber et al. 1979¢c, Newman 1980) was obtained from the
oblateness distribution of the broad Jet. The procedure used by the

TASSQ group (Brandelik et al. 1980c) has been described above. A similar
procedure was used by the JADE group (Yamada 1980). The PLUTO group
(Berger et al. 1980c) has determined Og with the help of the cluster
method comparing the observed number of three-jet events with those
predicted by QCD.

4) For a fixed x,, W(cosd) is of the form 1 + a(x; )cosd, a{x;)>0. Due
to the ordering X] 2 Xy 2 X3, cos® can vary between 0 and 1 only for
Xy = 1. As Xq decreases the maximum value of cos® decreases too;
e.g. for X; = 0.9, Max(cos9) = 0.78 and for the symmetry poift
X} = X5 = X5 = 0.67, cos@ is Timited to the single value cosO = 0.
Integration over Xq therefore leads to a distribution that is
heavily weighted towards small cos® values.
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A1l four experiments are seen to agree on the value of o 5 yielding an
average of a_ = 0.17 = 0.01 with a systematic uncerta1nty of 0.03. We
add a few remarks Although the value of ag was found independently of
the fragmentation parameters, the analyses were based on a particular
way of describing the hadronization process, namely the Field-Feynman
model. The inclusion of second order corrections seems to have a small

effect on ag . This may be seen from the results of Brandelik et al.
(1980c¢):

It

I+

o, = 0.19 £ 0.02 with first order terms
0.17

1+

0.02 including also second order terms.

However, the 0(&?) calculation does not include all diagrams; e.g.
diagrams h,i of Fig. 3.25 are missing. An evaluation of all second

order terms has recently been made by three groups, R.K. F114s et
al. (1980), Fabricius et al. (1980), and Vermaseren et al. (1980).

Although working all in the 5 scheme they arrive at conflicting re-
sutts which Tead to different conclusions. Fabricius et al. find that
the O(a ) contributions are comparatively small, amounting to =30 %

of the f1rst order result for thrust T = 0.95 and decreasing for smal-
ler T values except in the region where four jets contribute. The two
other groups find the second order contribution to three-jet production
to be of the same size as the first order one. However, the energy
partition between the jets and therefore the distributions of the angies
between the jets is almost the same in 0(c 2) as in O(a ). This is not
surprising since the divergence problems in O(a 2) ar1se when one gTuon
is hard and the other is soft (see diagram 3.31a) which is counteracted
by the vertex corrected diagram 3.31b),

e’ ] hard hard
soft,collinear
€ q

{a) (b)
Fig. 3.31 Examples of higher order QCD diagrams

Kinematically both diagrams correspond to the first order diagrams.
The question of convergence of perturbative QCD in three-jet production
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is obviously of prime importance and deserves a special effort by
theorists.

f) Soft gluon emission

The previous section primarily dealt with the emission of a single

hard giuon. The multiple emission of soft or collinear gluons contains
infrared divergences and many - in fact infinitely many - diagrams be-
come important and have to be summed. No rigorous theory does yet exist
but a first step towards understanding these processes has been made
(Dokshitzer et al. 1978, 1980, Basham et al. 1978, 1979, Konishi et

al. 1979, Curci et al. 1979, Fox & Wolfram 1979, Kajantie & Pietarinen
1980, Parisi & Petronzio 1979, Lo & Sullivan 1979, Azimov et al. 1980, Rakow &
Webber 1979, Halzen & Scott 1980, Marquardt & Steiner 1980, S.D.E11is &
Stirling 1980, Baier & Fey 1981). Consider again gluon bremsstrahlung,
ete” + qqg. The first order differential cross section diverges like 1/©
as the angle © between the g and the g direction goes to zero (Fig.3.32a).

da
do
\\ O(as}
_ _ A
50 %é —— 4 |
q ==Z8) g =—___ v, allordersin g
[i:ifé::;_L
0° s0°
]
(a) (b) (c)

Fig. 3.32 Illustration for soft-gluon emission.

The divergence is cancelled by the sum of multigluon emissions

(Fig. 3.32b). Summing the leading logarithmic terms to all orders of
perturbation theory, one finds that the cross section approaches zerc
as O -~ 0; the original quark and antiquark are always slightly de-
flected by the multiple emission of gluons.

Dokshitzer et al. {1978) proposed to relate the parton angular distri-
bution to the energy weighted two particle differential cross section,

dz___ 5

dcos®

J dxy G X, Xy G AR oS0
a,b a Xb cos



where a,b are any two particles emitted in the event with fractional
momenta x ,xb,( = P/Ebeam) ard angle (7-@) between them, and the summa-
tion is performed over all two-particle combinations. This energy-
energy correlation has been studied by Berger et al. (1980d) between
7.7 and 31.6 GeV. In contrast to earlier hopes (Berger et al. 1980e)
the data are not able to distinguish between jet fragmentation and
multiple soft gluon radiation effects. As shown by Fig. 3.33 the data
can be described by a variety of models, by two jet production (aq),

by hard gluon bremsstrahlung {gqg) - both incTuding fragmentation,

and by a leading Tog calculation summing over all soft gluons.

It is clear that at presently available energies the angular region
in which the damping effect due to muttiple soft gluon radiation is
expected, is still within the region dominated by .quark fragmentation
effects. This also makes it difficult to assess guantitatively the
effect of soft gluon emission on the transverse momentum distribution
in qq two-jet events studied by Berger et al. (1980f).

g) Quark and gluon frdgmentation

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

In gluon bremsstrahlung (e+e- + qqg) the gluon has on average, a

Tower energy than quark or antiquark. However, in practice the identi-
fication 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 (Petersen 1980,
Yamada 1980, Bartel et al. 1981). In planar events, defined by

Q2 - Ql > 0.07, the slim jet (q) and the two subjets which together
form the broad jet were identified (see Fig. 3.22). The subjet with
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Fig. 3.33 Opposite side energy weighted two particle differential c¢ross
section at W = 30 GeV. The curves show predictions for a qa
final state with hadronization (ggMC), hard-gluon bremsstrah-
Jung with fragmentation BBEL {Basham et al. 1978, 1379), qagMC
(Hoyer et al. 1979), and for QCD models summing leading logs
DDT (Dokshitzer et al. 1980), PP (Parisi & Petronzio 1979). From

the PLUTO group (Berger et al. 1980d).
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the smaller angle relative to the slim jet was called the "gluon jet"
(g), the other the "quark jet" {q). Monte Carlo studies indicated that
in 50 % of the events the gluon jet is correctly identified. The
particle yield is plotted in Fig. 3.34 as a function of the fractional
angle @/@max between the particle and the q direction (a) for the region
between g and q and (b) between q and g. One finds that in the center
region, @/@maX ~ 0.5, the particle angular density in the region between
G and g is considerably larger than between ¢ and g. It is unclear
whether this difference is due to higher order effects in QCD or whether
1t indicates a differeénce between quark and gluon fragmentation. The
string model approach to gqgg has predicted such a difference (Andersson
et al. 1980).
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4. SUMMARY ARD CONCLUSIONS

QCD, the candidate theory of the strong interactions, has been remarka-
bly successful in the past years. Several of its outstanding predic?
tions were confirmed by experiment. The first striking success was the
experimental corroboration of the pattern for scaling violations in
nuc]eon structure functions predicted by QCD. In its ability to describe
the Q evolution of the structure functions QCD has proved superior to
all other known field theories. The quantitative evaluation of the
observed scaling violations and the determination of a or A has been
somewhat hampered by the smaliness of the available Q range and the

fact that the perturbative effects are small and depend only logarith-
mically on Q The inclusion of Jow- Q data which increases the lever arm
in Q2 makes the analysis sensitive to nonperturbative effects. The pre-
sence of such effects is indicated by the fact that the value of A ob-
tained from the exper1ments has shown a tendency to decrease as the ex-
periments reached higher Q Values of a obtained from inelastic 1epton
nucleor scattering 11e in the range 0.15 < R £ 0.3 for an effective Q of
the order of 50 GeV .

A particularly clean test of QCD would be possible by a precision meas-
urement of the total cross section for e'e annihi]ation'into hadrons.
Unfortunately the QCD correction to the quark parton value of

R = ctot(e+e')/0uu is of the same size as the systematic uncertainties

in the present experimental values of R. Magnitude and energy dependence
of the measured R are consistent with QCD for a value of G = 0.24 + 0.26
at 0° = W% ~ 1000 Gev®.

In the gquarkonium process ete” T - hadrons, the topology of the direct
T decays is found to put stringent Timits on any gluonic type of theory.
The data from DORIS experiments exclude colourless gluons and are in-
consistent with decay into three scalar gluons. They agree well with a
decay into threée vector gluons. The decay width in first order QCD leads
to a. = 0.17 + 0.04 at the T mass. Higher order corrections are still
unknown.
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The observation of three-jet events in high energy 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 bremsstrahiung.
Close examination of the details of the three-jet process at PETRA shows
consistency with QCD and confirms the vector nature of the gluon. From
the rate of three-jet events the experiments determine o, = 0.17 + 0.01
(stat.) + 0.03 (syst.) at Q2 = 1000 GeVZ; not all second order terms 1in
Gl s however, were included in the analyses.

In conclusion the experimental results show a strong preference for a
theory with coloured vector gluons - just what QCD is. Consistent results
are found for the value of the quark gluon coupling strength in lowest
order from a variety of different processes. With the inciusion of higher
orders it may soon be possible to measure the QCD scale parameter A; a
comparison with lattice QCD predictions will then be very interesting
(Creutz 1980, Minster & Weisz 1980, Hasenfratz & Hasenfratz 1980,

Kogut et al. 1981). Two important characteristics of QCD have not yet

been verified by experiment: Asymptotic freedom, j.e. the decrease towards
zero of the strong coupling constant with increasing Qz, and the existence
of the three-gluon vertex. The first point will require higher Q2 than
presently available or a study of ucleaner" processes such as vy scatter-
ing at large 02. The second aspect may eventually be tested in the decays
of heavy quarkonia, in particular of toponium if it is found.
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Table 1

Ratio of anomalous dimensions from moments of xF
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3
ABCLOS CDHS QCb
d /d Q2>1 GeV2 QZ > 6 GeV2 in scalar
mom (Nachtmann | (Nachtmann (ordinary ileading| next !gluons**
moments ) moments) | moments ) order | order¥
d5/d3 1.50 = 0.08 1 1.34 + 0.12 | 1.58 + 0.12! 1.46 1.60 1.12
d6/d4 1.29 = 0.06 | 1.18 = 0.09 | 1.34 = 0.07| 1.29 1.39 1.06
) 2 2 2 _ 2 . _
* slope in RnMn(Q )/Ran(Q ) plot at Q° = 10 Gev©, using A = 0.4 GeV

independent of the renormalization

¥ Bailin & Love (1974)

scheme (Pennington & Ross 1979).

Table 2 Determination of G from the J/¢ and T hadronic and ]éptonic
decay widths using €q.(3.10). The values shown are averages
from Boyarski et al.(1975), Bemporad (1975), Burmester et
al. (1976), Brandelik et al. (1979a) for the J/y and from
Albrecht et al. (1980}, Niczyporuk et al. (1981a) for the T.

J/Y T
+ 19
Ptot (keV) 64 = 10 39 10
ree (keV) 4.6 + 0.4 1.29 + 0.07 = 0.14
+ 20 +9
Tyip (keV) 38 + 10 29 11 - 7
a 0.18 = 0.01 0.16 + 0.04

TabTe 3 Determination of a. around W = 30 GeV. First error is
statistical, second systematic.
JADE 0.18 = 0.03 + 0.03%
MARK J  0.19 £ 0.02 * 0.04*
PLUTO 0.15 + 0.03 £ 0.02
TASSO 0.17 £ 0.02 + 0.03

* preliminary value
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