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|. Introduction

The development of high energy physics during the last decade

was characterized by the rapidly increasing energies of particle
accelerators, thus allowing to study particle interactions at very
high center of mass (cms) energies and momentum transfers. The

step to four womentum transfers,which are large compared to the
masses of the particles involved,lead to a new phenomenological
model, the parton picture.|—4 This model was strongly supported by
the observation of the "jet" phenomenon in deep inelastic inter-

. 5
actions.

At high momentum transfers one observes that the emitted

secondaries form bunches with a preferred axis, the jet axis (it

is however difficult to give a general, model independent definition
of a "jet", we shall postpone this to a later chapter). The first
experimental evidence for the existence of jets,vriginated from
fragmenting partons,came independently from two reactions: in
electron-positron annihilations at Vs > 5 GeV the emitted

particles tend to occupy a cylindrical volume of phase space,

the longitudinal extension of which is large compared to its

5)

diameter. The orientation of the cylinder, or jet axis, changes

randomly from event to event. Secondly, jets have been observed

6,7)

in proton-proton interactions at ISR energies In & rare

type of events, a particle of large transverse momentum with respect

to the beam axis is produced.a_lo)

) Such events had been predicted
as a consequence of a large-angle elastic scattering of purtons.ll
A detailed analysis of the event structure revealed that these
events contain two bunches of particles emitted at large angles,
one of them includes the high p, particle, while the second jet
opposite in azimuth compensates the transverse momentum of the

6,7)

first one. The properties of jets seen in these two types

. N . o2 7
of reactions turned out to be quite similar ).

It seems astonishing that the concept of jets has been introduced
so late, in spite of the fact that already in normal proton-proton
interactions the produced secondaries are preferentially emitted
along the direction of the incoming protons, thus forming two jets,

in today's language.



. X ’ the "safe" ground of e'e annihilations, and investigate the
There is, however, an essential difference: the jets seen in .
i o . : structure of the jets observed in lepton-hadron reactions and
¢ e collisions and in high p, events are, at least on an event : X
) . X in decays of bound states of heavy quarks. Hadron-hadron inter-
to event basis, not correlated with any obvious symmetry axis
. i actions at large momentum transfers are considered in chapter 7.
of the process, like the direction of the primary particles. . .
g Phenomenological models for the fragmentation of the mu] riquark
Since they are produced by large momentum transfers, which X .
) 2 systems involved will be compared to recent data. In chapter 8
Probe distances small compared to the typical hadron radii, X . .
extensions of the quark-parton jet concept to hadronic inter-
Lhese jels are intimatly related to the parton structure of . X y
— actions at low momentum transfers are studied. Finally a brief
lddrons .,
summary is given.

The jet structure visible in normal hadron-hadron collisions .
A This work is intended to give an introductory review to the
does not exhibit these particular features. It could be explained . . X i
) ) . 12) . . phenomenon of jets in hadronic final states, it contains there-
&g. In terms of multiperipheral models and in fact did not
X . . fore quite a lot of "old" physics, which seems to be relevant
yield too much insight into the dynamics and systematics of strong )
2 ) ) for the understanding of jets. Since the major aim is to discuss
lnteractions. Only recently, and using the parton picture as a X P
. A i physical concepts and models, it has not been tried to give an
pulde line, physicists started to see these phenomena as a mani-
- : exhaustive compilation of data and references, only those actually
lestation of the parton structure of matter, and attempts to .
. . . used in the discussion are quoted. We take this opportunity to
describe the observed particle spectra in terms of parton den- . X )
5 % i . . . A apologize to all those authors, whose important contributions
S1lles as measured in deep inelastic lepton-hadron interactions X
13,014 " " g n to the field are not quoted because of ignorance or lack of space.
were made. 7 Meanwhile, the production of jets resulting from
Lhe fragmentation of colored parton systems seems to be a
comwon link between the various hadronic final states in normal

hadron-hadron interactions, in lepton induced reactions, and in
15)

aunihilation reactions.

I'he aim of this work is to summarize our present knowledge on
jets as a universal phenomenon in high energy physics, and to

investigate the dynamics of jet production and fragmentation.

The paper is subdivided as follows. In chapter 2 the experi-
mental information on jets from ete” annihilations is discussed.
This type of jets is rather well known from both the
experimental and the theoretical side, and is used as a reference
for further discussions. In chapter 3 we try to describe the
structure of jets by siwple longitudinal phase space models, and
the implications imposed by four-momentum conservation are
studied. Chapter 4 presents models for jet development in terms
of the quark-parton language; the QCD corrections to the naive

quark model are discussed in chapter 5. In chapter 6 we leave

A A A A A PR S—Y a A B B e B B B B B A




g d, = S/ .
2. Jets in e e annihilations

When the first electron-positron storage rings in the GeV range

came into operation, one of the surprising results was that over

4 wide range of energies the ratio R of the hadronic cross

section to the total cross section for muon pair production is
approximately constant. This implies a pointlike coupling of
A natural

the virtual photon to the hadronic final state.

explanation of this plhenomenon is given by the quark-parton
4

mudcll- ¢ the virtual photon creates a quark-antiquark pair.

According to the postulates of the quark model, these quarks

fragment into observable hadrons with unit probability. Quark
creations and decays are governed by violently different time
scales aud thus may be treated independently. As the photon-quark
coupling is determined by the square of the quark charge, one

obtains in the naive quark model

+ -
R = o(e e +hadrons) _ I q‘2 (2.1)
+ - + - i
ole e »y p ) quarks
above threshold .

The sum is extended over all quark species above threshold. In
the staudard model with quarks carrying a SU(3) color charge,l6'17)
equ.(2.1) reads
2 2
R = (number of colors) + [ q; = 3 I 93 (2.2)
quark quark
Elavors flavors

Higher order calculations using the formalism of Quantum Chromo

18)

Dynawics to describe the interaction between quarks stroagly

support these results:

corrections in the first order of cthe
strong coupling constant a, are small higher order

. 19) (0 (202)),
0)

are negligible compared to the experimental accuracy.
19)

2
terms

Within the first order approximation, we get

R T—

5
2 “g
R(S) = 3L q) (I =+ oe0)
light

quark flavors

2
2 -
+ 38 (eagf(e =) v 3% | (emd) (2.3)
heavy
quark flavors
with
v = (I-kmi/s)'lz (2.4)
” 3+v 1 3
and f(\)) v '—z (i Z—'-) (2.5)
8 is the square of the center of mass energy. Since the four
momentum of the virtual photon is timelike there are steps in
R at 8 = 4 mi due to the production of new heavy quark flavors.
Close to these thresholds the relative velocity of the quarks

is small, and nonperturbative effects like resonance formation
dominate. Therefore eqn (2.1) does not hold in the vicinity of
In fig. 2.1

with eqn (2.2),

thresholds. the measured values of R are compared

including the known thresholds for charmed, and

bottom quarks. As in all following figures, contributions from

heavy lepton decays have been subtracted, resp. are irrelevant.

The approximate agreement of experimental data and theory supports

the assumptions that quarks dress into hadrons with unit pro-
bability, and that this mechanism is sufficiently soft not to

interfere with the hard production process.

In a soft fragmentation process, the final state hadrons are

expected to have small transverse momenta with respect to the
quark axis of flight, Noting further that the mean hadron

g ve g maricisc carey W o orc o .
multiplicity in e e annihilations (fig. 2.2) rises slower than

the cms energy

=2 +0.2 lns + 0.18 (lns)? (2.6)

<n >
"charged
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which is equivalent to an increase of the mean hadron
momenta with s, one expects that the final state particles

form to jets around the directions of the two quarks.

2.1 Evidence for jets

Various approaches are possible to prove the two jet structure

of the hadronic fiunal state. Atvery high energies, the

mean momentum parallel to the jet axis should be large compared
to the transverse mowentum for typical fragments, and one

may hope to "see" a jet structure simply by inspection of the
events., This is in fact true at PETRA energies, as can be seen
from fig. 2.3.

However, for further investigations it is necessary to have a
quantitative measure for the jet-ness of hadronic final states.
This can be achieved by two different methods. First, a number
measuring the jet-ness can be compiled using the four momenta
of all produced (or, as a first approximation, of all detected)

particlcsza_il).SccmMIy, one can study inclusive multiparticle
correlations. One of the most commonly used, and experimentally

convenient quantities of the first type is the sphericity §32)

2
Lpy
§ = 2 min 1
-2 =2 (2.7)
ij
Py is the transverse momentum of the i-th particle with respect

to an axis choosen to minimize S.

The expected behaviour of § is as follows: at low energies and
multiplicities, momentum conservation enforces the produced
particles to move back to back, and S will be small. At higher
energies, phase space models predict the particle distribution
to be wmore and more spherical, and S rises with energy to the
asymptotic value 1., In contrast, jet models with limited
Lransverse momentum with respect to the jet- or sphericity axis

predict asywptotically

9
2
<py> 2
% .3 = . o en> 2
8 o5—0> (757) <py> (2.8)
<p~ >

With increasing energy, S increasés until <52> >> <pi>. and
than decreases according to eqn (2.8). First evidence for a

jet structure, seen as a decrease of S as the energy increases,
came from the SLAC-LBL magnetic detector at SPEAR, at cms

3) Today's knowledge on S is summarized

energies above 5 GeV.
in fig. (2.4). Data clearly favors the jet like production of
particles. The decrease of S is less rapid than predicted by
eqn. (2.8). There are two reasons for this behaviour: first
eqn. (2.8) is only valid if the cms energy is well above all
thresholds. At present energies, this is clearly not fullfilled
(fig. 2.1). Second, at high energies radiative corrections tend
to broaden the jets. This last topic will be discussed later

in this chapter, and in chapter 5.

More recently, other test quantities besides sphericity have

been proposed29-3|),

with the aim to study properties of the
parton state immediately after the hard production process,

and to integrate over those det;ils of the final state, which

are specific for the last fragmentation steps at low momentum
transfers. These quantities try to overcome one of the great
problems of sphericity: due to the quadratic terms in p, and 6

S is not clustering invariant3£)or, in the language of QCD, it is
not infrared save. This means that S takes different values, when
evaluated using the final state 1°'s of an event, resp, using the

Yy rays after the decay of the n's.

Various quantities have been proposed which do not suffer from

this drawback, like thrust 30)
Ipu;
T = 2 max ———— (2.9)
tlpil

( T means that the summation is extended over particles having

Pyw = P*€&€ > 0; & is a unit vector choosen to maximize thrust),

apherocity29)



10

. . Py,
S = (%)zmiu (—4:1)2 (2.10)

ele,

or generalisations of spheruci(y35)
- Epy,
v e gy a5
5, (") win (ETB;T) (2.11)

The basic philosophy of this quantities is to use linear sums
of momenta. As in the high energy limit the decay products of
resonsuces teud to have parallel momenta, quantities based on
linear sums are rather insensitive to resonance decays resp.
to intrared divergencies due to bremsstrahlung effects.
Modifications like eqn (2.11) give different weight to tails

of the p, distribution,

Further clustering invariant quantities are based on the

cnergy flow per solid augle;Jﬁ) like

2. ! de
€ = /g max [ o odcos@ (2.12)
cos@
U
with cos0 = ﬁi‘élh—lil. The axis e is chosen to maximize the energy €.

Quantities similar Lo (2.12) had already been introduced in
studies of jets produced in norwal hadron-hadron interactions
’7']8). At present energies, however, even these infrared safe
quantities are considerably influenced by hadronisation effects
3'). Therefore, and to avoid confusion, we will try to stick

to the 'standard' jet measures sphericity and thrust. A rough
idea of the quality of reconstructing the jet axis is given

by fig. 2.5; at Vs =10 GeV the mean angle between the axis found
by minimizing sphericity resp. maximizing thrust is of the

order of 15°.

06 T T T T

0.4} .

Z|E
olo

~|z 02

1
= |

1
1

3

00 | - r e | la
0° 20° 4&° 60° ,80°

T =arccos (1 Isp)

Fig. 2.5
Distribution of the angle n between the thrust and the sphericity

axes at 9.4 GeV from PLUTO“O).

Finally, another test quantity proposed recently 39) is
worth to be mentioned: since there is no natural axis
defined for final states in e*e- annihilations, it seems
necessary to have a set of observables characterizing the
shape of the event without refering to a specific axis to be
optimized. Such a quantity is e.g. given by

+ 2

zl |z ¥} @) ot i
m=-1 i /s

|4 (2.13)

where the inner sum runs over all final state particles and

YT are the usual spherical harmonics. A coordinate system

has to be choosen to evaluate Hl' but the values of ul are
independent of this choise. Energy-momentum conservation requires

H =1 ; H, =0 (2.14)




Besides these exclusive jet measures, information on a
jet like structure of the final state can be obtained from

inclusive spectra resp. correlations.

Fig. 2.6 shows the wean momentum parallel (p,) and transverse
(p,) with respect to the jet axis found by maximizing thrust.
As expected for jets, the mean transverse momentum is roughly
independent of the jet energy, and of the same order of
magnitude as obscrved in hadron-hadron interactions. The
numerical values should be taken with same care, however,
since they depeund on the method used to define the jet axis.
In contrast to the mean transverse momentum, the mean longi--
tidinal momentum increases cantinously with energy. Of course
due to the selection of the jet axis, <p,> will always be
slightly larger than <p,?. This selection bias should be
strongest at low energius, or multiplicities. The difference
between <p,> and <p,>, which increases with energy, is

a clear signature for jets. The predominance of jet like final

states even at moderate energies (/s = 9.4 GeV) is most

10.0 1
E 3
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X
o
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o 100.0F ¢ & .
o A
3 §§ Xii
% [
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; t i 1
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Comparison of the
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x, and x, distributions
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1 I T T
drastically demonstrated in fig., 2.7, where the distribution ﬂh
) = . 5 Ecm.=7.4 GeV
of x,, = 2 p,/Vs aud of x; = 2 p,/V/s is shown. 0L o =
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Fig. 2.6
Mean momentum components parallel and perpendicular to the jet Fig. 2.8
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axis defined by thrust d ). Inclusive cross section sdo/dx vs.s. Data from the SLAC-LBL

detector 44)



2.2 Inclusive distributions

We start with a brief description of the formalism for inclusive
i . 42,43)
production

4 oS
e e -+ h + x

The hadron h is characterized by its mass m and itSfour momentum

P o= (E,p).

The virtual photon, as seen in the rest system of h, has transverse
and lougitudinal polarization components, As a consequence the cross
section for h production is described by two independent structure
functions when summing over the polarisation states of h, et

and e . Defining these structure functions in close analogy to

those used in deep inelastic scattering one obtains (in the nomen-

clature used in ref, 42, Fland F, are negative for 0 < x < 1)
2 2
d'g _ a =l h . 2
F)—('R‘d—“‘ & BXR( Fl‘l'xRFzBln ) (2.15)

with xR=2E//;. The structure functions F?

E,s, and on the type of h. At high energies, where m is

and Fg depend on

negligible, the dimensionless structure functions must depend
only on a dimensionless combination of E and s, since the theory

contains no further wmass scale. F, and F, should therefore scale

] 2
in L Intepgrated over {4, one gets
. do . 2 _szh 1 h
s de . ;)’m 4aa xR( Fl(xR)+6xRF2(xR)) (2.16)

lu the limit E >> w, xp can be replaced by x = 2|p|//s in eqn
(2:06).

Experimental results for dg/dx are shown in figs. 2.8 and 2.9
for the energy raunge 3.0 = Vs S 7.4 and 5.0 s /s s 31.6 GeV
respectivly; in the low energy region data from the SLAC-LBLaa)
detector has been chosen as a representative sample, the high
energy results come from the TASSO detector at PETRAZA). Except
the threshold region x= U(m//E), and eventually except the very
lowest encrgy, all spectra scale in x within the accuracy of the

mnedasurcements,
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Inclusive cross section sdo/dx from DASP‘S). SLAC-LBLAA), and
TASSOZA). The curves ;l(-(l-x)2 and -)l;(l—x)3 shown for comparison

are normalized at x = 0.2.
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The formalism of deep inelastic processes suggests further,
that for particle production via spin 1/2 partons Fl and F2

are related

F?(x) -3 x F:(x) (2.17)

and predicts their shape in the limit of very high energies

and for x close to |

[F,(x)| = (-x)" (2.18)

x 1

Fig. 2.9 shows that eqn. (2.18) gives a reasonable description
of the high energy data for 0.2 $ x S 0.7 with n between 2 and 3.
Actually, to account for the roughly logarithmic rise of the

s

mean multiplicity with Vs, eqn. (2.18) has been completed to give

do

1 n
i~ ;(|-x) (2.19)

s

Equn. (2.15) furthermore makes definite predictions for the
dependence of dzo/dxdﬂ on the polar angle 6. In the scaling
limit x >> mh//;, one gets for hadron production via spin 1/2

quarks, using eqn (2.17)

8¢ .1+ cos?e (2.20)
whereas for spin o quarks

F|(E,3) = 0 (2.21)

and

. 2
~ sin @

ola
Die

The usual way to present experimental results on angular

distributions is to fit the data by

do

i ~ 1+ a uosZB (2.22)

1.8 O L
Ec.m.? 7.9 GeV

o1=0,
Oy *o,

. ] BT S|
0 02 04 06 08 10
222p/Ec.m, yeser

Fig. 2.10
Observed inclusive a vs. x of the particles in hadronic events
at V& = 7.4 Gev.3?)

= | is represented by the shaded band.

The prediction of a jet model using aquark

Fig. 2.10 shows a as a function of x measured at /s =

7.4 GeV by the SLAC-LBL collaboration. As expected, a

is compatible with | for fast (!§| >> m) particles. At low

x, a drops to Q because those particles carry a small fraction
of the initial quarks momentum; their momenta are

determined by the final stage of hadronisation and therefore

are distributed isotropically. Alternativly, the direction of the
primary source of a jet can be reconstructed e.g. by the thrust
axis, Fig. 2.11 shows the distribution of the thrust axis as
measured at Vs = 7.7, 9.4, and 30 GeV. All are in good agreement
with l*cosze, although the statistics is too low to emnable

a determination of a. Figs. 2.10 and 2.11 support the

picture of hadron production by quark fragmentation. They show,
that the virtual photon daes not couple directly to mesons of
integer spin, which dominate the final state. Instead there

must be an intermediate spin 1/2 particle!
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Rapidity distributions for charged particles assuming m = m_,
Fig. 2.11 measured at Vs = 4.8, 7.422) and at 13,17,27.6-31.6 Gev?4).
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Y =05 LoglE+RI/IE-R)

For furtler studies, and to enable a comparison with the jets 'NE*“T*‘*T*——ﬂ——"Y'__ﬂ“_‘.
observed in hadron-hadron collisions, it is convenient to use ; ".ktufygaa‘ ‘
quantities referring to the jet axis, like the rapidity y = 1/2 # % d i U%
ln ((E+p,)/(E-p,)), or the transverse momentum Py. These £|u§ ak\ %
quantities are, of course, somewhat sensitive to the way the e - ’-g 1
jet axis is defined, the influence being strongest for very slow :,w; o v ) ';, .
(|E| = 0 (300 MeV)) and very fast (x + 1) particles. 5 s ;L;TL = A ]
Fig. 2.12 shows the rapidity distribution per event, (l1/0)(do/dy), g ‘:?“‘Iuw
as measured by the SLAC-LBLzz) and TASSOza) detectors, with respect —'WE Tl '3
to the sphericity (SLAC-LBL) and thrust axis (TASSO). For the E ’
SLAC-LBIL data, a fast particle (x >.3) in one of the jets is %) W - W, | B I L

-6 5 ¢ 3 2 1 0

requested in order to allow a reliable determination of a jet

axis alreudy at energies as low as 5 GeV.

The density shown

is Lwice the density observed in the hemisphere opposite to the

fast particle. As shown

nearly no bias.

in ref. 22, this method introduces

Fig. 2.13
Rapidity distributions (same as in fig. 2.12) plotted

| 2
VB IV y-iln(slm“) .
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The rapidity distributions show the following features

- the length of the rapidity interval populated increases

with 1ln 8

- at high energies, the rapidity distribution develops a
plateau around y = 0

- the height of the plateau seems to increase slightly with

increasing cms energy.

the rapidity distribution observed for mesons
46)
is

For comparison,
produced in proton-proton interactions at /8 = 31 GeV
included in 2.12, it

with the high energy TASSO data, taking

fig. is in surprisingly good agreement
into account that in
proton-proton interactions a sizeable fraction of energy is
carried off by leading nucleons so that as far as meson
production is concerned, the proton-proton data at /s = 31 GeV
should be compared with e'e” annihilations at /s= 15+++20 GeV.
There are indicatious that the height of the plateau is

slightly larger for the ete” -data, furthermore the distributions
seem to develop a hole at y = 0. At least the second effect is
probably due to biases introduced by the definition of the

jet axis.

To handle the rapidity distribution at high rapidities,the

47

.. P ) 2
principle of limiting fragmentation ’ has proven to be

a useful concept in hadron-hadron interactions. It states

that the rapidity distribution is composed of a projectile
resp. larget fragmentation region of a length of 2--+3 units,
and of a platecau region joining the two fragmentation regions,
As the energy increases, the fragmentation region is boosted

to higher rapidities without changing its shape, and the length
of the plateau increases; the properties of the plateau region

are independent of the projectile resp. target particle.

Fig.2.13 demonstrates that these ideas seem to work as well
for quark jets: the rapidity distributions at various cms

energies roughly coincide when plotted as a function of y—ymax'
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Fig. 2.14 shows the distribution of transverse momenta at
/s = 722), /s = 13-17 and /5 = 30 Gev.24) As a reference,

the py, distribution of pions produced in proton-proton collisions

at /s = 14-20 GeV is shoun.“s) Taking into account that, at the
lowest energy, transverse momenta above | GeV/c are damped due

to energy and momentum conservation, all data in the range
Vs = 7 GeV to /s =20 GeV agree. Again there is no severe

difference between hadrons produced in proton-proton and in
€lectron-positron collisions, respectivly. However, the Py

distribution at Vs = 30 GeV develops a strong tail towards higher

Py's, starting at pf = 0.5 GeV2. There is no correspondent feature

observed in proton-proton interactions; in the P, range studied
here the slope of the py distribution is nearly independent
of /s for Vs > 15 GeV. We shall return to this phenomena in

section 2.4,

The dependence of the mean transverse momentum on x5 A

shown in fig. 2.15 for two energies . Note that the shape

of these curve is sensitive to the way the jet axis is defined,
systematic changes at low and high x, may be as large as
20+++30%. Like the corresponding proton-proton data, the

distributions show a pronouced seagull effect at x, = 0.

2.3 Flavor composition of the final state

In the preceeding sections we have shown' that the hadronic
final states in e'e’ annihilations are dominated by two jet
systems, which are in many respects similar to the jets
observed in inelastic hadron-hadron interactions. Let us now
turn to the flavor composition of these jets. Unfortunately ,
the bulk of data on particle ratios in ete” annihilations

is concentrated at Vs from 3 to 6 GeV, where effects due to
the charm threshold dominate, and where heavy particle cross
sectionswill be far from their scaling limit.

The wain questions to be investigated are

- which particles dominate the final state, and how is the

cms energy distributed among the various species

23

- do particle ratios conserve isospin symmetry

- as the photon couples proportional to the quark charge
squared, SU(n) flavor symmetry should be violated as far
as the absolute magnitude of cross sections is concerned.
However based on SU (n) one expects the slope of (do/dx) at
large x to be similar for all flavors.

Fig. 2.16 shows do/d|p| at /s from 4 to 5.2 GeV for pions,
5)

subtracted, but they are small. Obviously, pion production

4 F 3
kaons, and protons . Contributions from 1 decays are not

dominates.

Because of charge conjugation, particles and their antiparticles

are produced at identical rates. lsospin symmetry predicts

further

o0 = 7‘(.,“, ¥ o) (2.23)

o =o (2.24)

s . . o s .
etc., In fig. 2.17 the inclusive w <cross section is compared

to the 11 cross sections, at 4.9 s /5 s 7.4 GeV.SJ)

Within the error limits, data agree with eqn (2.23).

Fig. 2.18 shows the ratio of the neutral and charged kaon
cross sections as a function of /s. Again the result is in

good agreement with eqn (2.24).

This holds as well for the inclusive production of neutral

and charged D mesons, respectivly (fig. 2.19).

To study the flavor dependence of structure functions,
do/dl;l (fig. 2.16) is not well suited because obviously
phase space effects dominate. Expressed in terms of
Lorentz invariant cross sections Edja/dp3, the pion,
kaon and proton yields are nearly ideuntical (fig. 2.20)“5)~
The interpretation of this observation is amtigious: the

»

. . T
conclusion that the structure functions F , F and P are

identical seems to conflict with the naive quark model with
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Cross section for inclusive production of charged and neutral

D mesons as a function of X.SS)

charge +2/3 u quarks and charge -1/3 d quarks. It is further
hard to imagine that asymptotically mesons and baryons are
produced at the same rates. It geeps more natural to assume
that at these energies the particle emission is governed by

statistical or thermodynamical lawsSI)

rather than by parton
dynamics. In fact the observed spectra correspond to the
thermal emission of a source having a temperature close to
the pion msseS'). Furthermore, the kaon rate in fig. 2.20 is
slightly enhanced due to decay of charm-anticharm resonant
structures. These arguments are supported by fig. 2.21: gt
/8 from 6 to 8 GeV the inclusive K cross section lies well

below the pion cross section55’56) (for z > 0.2, weuse
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do do d7o d’o
Gedn! G = @3l Egdy ),

Taking into account that the pion data in fig. 2.21 is slightly
smeared out at x = | dde to the finite momentum resolution, the

shape of the pion and kaon cross sections roughly agree.

Again it is interesting to note the similarity between fig. 2.20
and its correspondence obtained in proton-proton interactions:
in fig. 2.22 the particle yields observed at the ISR at /s = 52
GeV are shown as a function of the transverse energy m, = /pifm2
(in hadron-hadron interactions longitudinal momenta are not
damped exponentially, therefore m, is the quantity relevant

51)

for comparison ). Within factors of 2, the various cross

sections coincide here as welll
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Fig. 2.2l further contains the cross section for D meson production
33V, e high x,, the D cross section is larger than the pion
yield. However, this is a pure threshold effect; the D threshold
at these energies is X = 0.5, Since about 25% of all quark-
antiquark events contain a pair of D mesons, the cross. section

at large Xp is strongly enhanced. For the same reason, no serious
statements on the shape of the D spectra are possible, except

perhaps that they fall with increasing x A fit in terms of

R’
eqn (2.19) gives
+0.28

do | N 0.42 -0.23
Gx v = % O

. i ¢ + - s .
To conclude : the particle ratios observed in e e annihilations
are in good agreewent with isospin symmetry. The assumption of
a flavor independent shape of the structure functions is at least

not contradicted by present data.

FRACTION of TOTAL ERERGY
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Fig. 2.23 Fraction of total
energy carried away by different

particle species (at ECH' 5 GeV).
(from ref. 41)
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Finally, fig. 2.23 summarizes how the total energy is shared
among particles at /s = 5 GeV, including Tt decays. Fig. 2.23
has been taken from ref. 41, in addition to the data discussed

o 57) " 58) 59-62) 63,64)
’ ’

above information on K lepton and baryon

production has been used in the compilation.

2.4 Scaling violations at high energies

In section 2.2 we found that in the energy range 5 s Vs = 17 GeV
the inclusive particle distributions in jets scale in xp and
have a fixed, limited p, with respect to the jet axis, the
deviations from universal distributions at low *p and at large
p, being induced by phase space effects. At Vs = 30 GeV, however,
the p, distribution changes qualitativly,it develops a tail towards
larger p,, which must have a dynamical origin (fig. 2.14). In the
following we shall investigate this effect more in detail. For
the discussion, we will mainly use results from TASSOza); similar
results have been reported from the PLUT065) and HARK-J66)
collaborations. The widening of the p, distribution can have
its origin in
- the production of a new quark flavor
- the p, distribution for quark fragmentation is energy dependent,
the average p, grows as s increases
- as in hadron-hadron interactionsb-ll), single hard scattering
processes dominate the cross section at large py and s.
Candidates for such processes are e.g. the emission of hard
gluon bremsstrahlung under large angles by the primary quark69'70)
or the production of meson resonances with large transverse

" s . 71
momenta by constituent interchange mechanisms ).

The first possibility can be immediately ruled out by other

dat824)

The other two possibilities can be discriminated by
examining the phase space structure of the events: an increase
of the fragmentation-p, with energy still yields particle

distributions which are symmetric in azimuth with respect to the
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jet axis. llard parton processes produce a third jet, either
by gluon fragmentation in quark-gluon models or by the decay
of the excited wmeson in the CIM model7l). In most cases this
jet will be more or less aligned with one of the initial jets,
and the cross scction of the cylinder will be deformed into an
ellipsoid; somctimes, a planar three jet structure will be
recognizable.

In search for planar events, the TASSO Collaboration assigned
an event plane in such a way as to minimize the sum of the

67). Obviously,

Wwomentum components squared out of this plane
the jet axis as defined via the minimum sphericity is contained in
that plane. Fig. 2.24 slows the mean transverse momentum squared

in the event plane, <pf>IN. and normal to the event plane <pi>

24)By ouT

per event at Vs from 13 to 17 and at /s around 30 GeV.
definition of the event plane, <pf>IN is larger than <PE>OUT'
The comparison of the low- and high energy data proves that this
effect is not able to explain the tail at <pi>IN in the 30 GeV
data. 1n fact, models with a fragmentation symmetrically in
azimuth are not able to describe this tail consistenly. This
observation is very much in favor of the last hypothesis. In
fact, events sitting in the tail of the <pf>IN distribution show

a three jet signature; fig. 2.25 gives a "typical" example.

The planar events were analyzed as three jet events and the average
p, per jelt was measured. Fig. 2.26 shows the observed <py>
distribution. The average p, value is 0.3 GeV. llence the planar
events which lead Lo large <p,>values when treated as two jet events,
lhave the canonical <p,>value of ~ 0.3 GeV when analyzed as three

jet events.

loes the hypothesis of a hard bremsstrahlung process explain the

sudden onsel of the effect when going from s = 17 to s = 307 The
probability for emission of a hard field quantum is given byﬁa)
“g s
W = const. "— ln(:f) (2.210)

where ag is the strong coupling constant and p is a cut off
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events analysed as three jet events.

parameter of the order | GeV. VW varies rather slowly with energy.
Two further circumstances are relevant, however: first, a third
jet can be recoguized as soon as the mean longitudinal momentum

of fragments is larger than <p,>. Since ) is roughly proportional
to the jer energy, this criterion introduces a much faster
variation in the fraction of events which can be identified as
wultijet events, Secondly, there are two competing meéhanisms
governing the eunergy loss of a fast quark: hard bremsstrahlung

and soft hadronisation (although we shall see in chapter 5 that a
strict distinction of the two mechanisms is not justified). Their
relative importance depends on the ratio of the corresponding time
scales. As we shall note in chapter 4, the fragmentation time

of a jet is of the order

By

frag. (2.25)

C N
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with m  being a typical hadronic mass scale. On the other
hand, the partial lifetime for emission of a quantum carrying

a fraction z of the quarks momentum at an angle 6 is given bybs)

1
/s z(l—z)sin26/2

brems. (228

From eqn (2.25) and (2.26) follows, that the relative importance
of hard processes increases proportional to s. This explains the
fast transition from the hadronisation dominated regime to the

region where hard interactions are obvious.

A unique identification of the hard process as gluon brems-
strahlung is not possible at the present quality of data;
however the main features of data are consistent with this

interpre:ation72'73).

A more detailed discussion on hard processes in jet fragmentation

will follow in chapter 5.
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3 Jets in longitudinal phase space models

As we have seen in the last chapter, the physics of jets at
small encrgies, up to Vs =10-20 GeV , is dominated by phase
space effects due to the nonzero transverse momenta and particle
masses. To arrive at a quantitative description of the
limitations imposed by pure four womentum conservation, and to
separate jet dynamics from kinematics, it is useful first to

Study a simple phase space model for jet production.

This section is organized as follows. We shall present the
uncorrelated jet wmodel for ete” annihilations, discuss the
physical meaning of the parameters involved, and give the
asymptotic behaviour of the model. Next scaling variables and
the approach to the scaling limit will be discussed. In the
remainder of the chapter, possible generalizations of the
wodel are presented, as the inclusion of resonance production
and the use of more sophisticated matrix elements. Finally, a

model considering exact quantum statistics will be mentioned.

3.1 The uncorrelated jet wodel (UJM)

The fully exclusive decay probability of a virtual photon of

the four mowentum @ = (/s, p ) into N identical particles is in

the UJM given by 155 16)
3_
, N d” p. . .
B et E e ) 80 Gp-) G3.1)

i=l i

, neglecting spius and photon polarization. P; = (Ei' Bi)

is the four mowentum of the i-th secondary, which for
simplicity will be assumed to be a chargeless pion. To get
final state jets, the invariant momentum space element
dlii/Ei 77)is weighted with a matrix element depending on the
longitudinal and transverse momenta with respect to the jet

axis defined by a unit vector e

Pu ~Pra; p, = |5 =8| (3.2)
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As the n-particle matrix element factorizes into n inde-
pendent probabilities, the model contains no dynamical
correlations. In the following we shall adopt the simplest

choice for f generating a transverse momentum cut off

E (pvy v py) ~ exp (- Ap,) (3.3)

Such models have been discussed by many authors; we shall

follow the presentation of ref. 78.

In terms of the transversely cut off mowmentum space

volume (the grand partition function)

N
fe,Q) = I, &5 Ty (3.4)

the inclusive single particle spectrum in the photon rest

frnne,normalized to the total cross section o, is given by

(E/o)(daa/dpa) = x exp (-Apy)f(e,Q-p)/a(e,Q) (35,50
with the trival sum rules (xR = 2E/V8)
3
1 fdx dpf d’c . <N> ;
] R dx d 2
ROP1
3
| 2 d o
o Jdxgdey xp —— =2 (3.6)
dedp‘l

‘The physical significance of the parameters x and A is evident:

7! determines the transverse jet width and x characterizes the
multiplicity distribution, an increase in x giving a higher

weight to larger particle numbers.

Asymptotically, one has

Ea’s _ 11 ke,
o dp3 o m dydp,
= x exp (-ip,) ¢3/.7)
S +
y fixed
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Consequently, the particle density per unit of rapidity is

:;%3 = xx o= K (3.8)
S » « Az
y fixed
leading to a mean multiplicity
<l> = © ln S (3.9)

Let us assume, for the moment being, that this asymptotic rapidity plateau is
2 Z R Z L% ; 5
identical to the plateau observed in e e annihilations at the highest energies,

resp. in pp hvgsactiuns at ISR energies. The characteristic values

of k and X may then be fixed to
=) ~ [ 3 1 ,do N
A = b.2 GeV H v = or = = = (57) = 3
' Xz L dycharged

The asywmptotic behaviour of the inclusive Xp T distribution
is given by eqs. (3.1) and (3.5) if we note that ﬂ(;,Q-p)
is a function of the particles transverse mass m; and of the

longitudinal wmissing mass M

L
Moo= (s - By - ap?y M2
2 1/2
= Vs (1-x_+ M1y (3.10)
R s
with the asymptotic limit
) H?K -2 l "
- = ——— 0 n
@ (e,Q-p) 1“(Ml/m‘)(lf ( (M /my))

(3.11)

m1<<Ml."/s

- - ———— - - - - - - - - - - - - - - ——
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For l-x >> mi/s and large s, this amounts to scaling of

3 -
E do - -Ap‘l =1
== Ke (1-x_)
a dp3 R (3.12)
in the photon rest system.
For x; >>mf/s, we have
1 do 2k =1 _ 6 2
- — g e (1-x ) & — (1-x_) (3.13)
a dxR R R Xe R

To summarize, within the UJM we expect scaling in X at

infinite energies, the cross section being power behaved in

(l-xk).

3.2 The approach to scaling

The typical SPEAR- or DORIS-energies, where rhe bulk of ete”
data was produced, masses and transverse momenta are not a priori
negligible. The approach to scaling will therefore be discussed

in more detail again following ref. 78.

Obyiously, the scaling limit of do/dx_ is reached latest for

R

xp close to 0 and 1. At Xp =0 scaling 1is violated because of

threshold effects, in the vicinity of Xe =] the unobserved

system has a low missing mass and hence f1(e,Q-p) is not

asymptotic. Consequently, scaling in do/dx, will be approached

R
from below at low xp and from above at high Xp- Besides the
trivial scaling violation near the threshold
1 do K 2 2 2 1/2
o dxp "2 K- 8ixg ¢ ig_ ) (1 + +o0) (3.14)

the cross section can be estimated using a twofold asymptotic



j8
expansion of n(é,Q)
I do _ e 1a(s/am®)
— =z X
2
o dx, xR In((S/4m™) (1 XR))

s(1+0(1n" “E“"‘*a)”"'o‘“ili"")

4 A xRS

(3.15)

Scaling is thus expected to hold for

2 2..-! <1 2
(A st) , 1n ( (S/4m™) (l—xn))<< 1 (3.16)

Due to the slow convergence of the series, the "<<" should be

tauken seriously.

To study the approach to scaling quantitativly, it is more
conyenient to calculate g(e,Q) by numerical integrntion,7a'80'
81) The results for (1/a) (deu/de) are compared in fig. 3.1
tor /s = 3.0, 3.8, 4.8 and 20 GeV with the asymptotic limit.
Although there seems to be an early scaling already at

Vs = 3+++ 5 GeV for Xp »0.2, the calculation shows that one

is still far from the scaling limit, which is reached within

0 (10Z) at Vs = 20 GeV for 0.05< xp< 0.8.

Fig. 3.2 shows the height of the rapidity plateau at y = 0 as

a function of Vs. az)Al energies of /s = 3+.++10 GeV, the
particle density is ~30% below the asymptotic value of egn. 3.8;
even at the highest energies available at present accelerators

(ISR) the UJM predicts the plateau height not to be constant.
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Fig. 3.1

The inclusive single particle spectra in the UJM for A = 6.2 GeV

= 3.78)

One further feature of inclusive spectra in the UJM is worth to be

noted. Eqn. 3.7 suggests a factorisation of E dso/dp3 in terms

of y and p,. Due to the factor E in the invariant momentum space
volume, this does not hold if one replaces y by other longitudinal

2 1/2

variables as x or m,, = (m~ + p%,) This is clearly demon-

strated in Fig. 3.3, where <p,> is plotted versus m,,.

24)

. . + - p. §
The "seagull effect" is observed in e e annihilations

50)

as well as in hadron-hadron interactions and is often

interpreted as a direct evidence for a parton structure of the

83-85)

produced particles one should however be aware

that part of the effect may be simple jet kinematics.

Besides these inclusive cross sections, some exclusive quantities
like the total jet momentum or the invariant mass of a jet can be
estimated in the UJM. Define one jet (in the sense of the parton

model) as the collection of all those particles of an ete” event,
which have p,, >0 resp. p,,- 0; the event is then composed of

two opposite jets. The total longitudinal momentum carried by

one jet is
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v ‘: poii ?' B, ~ ik, U8 }L“l =}
[N [N = | E o e
i- i By T2 L 2B (3.17)
L 4
or, averaged over many jets
B Ve /l2
/s 2 | 1 dou
SPy > s = osmy> a5 = an JEBE
2 2E o dE <p.|.>
ml-'
(GeV)
Jso_ocmys kL /s~
2 “myr 2 2 kEMy 2 .3 =
L3~ 0 (1GeV) (3.18)
)
2 1 1 1 1 [
0 1 "
2 3 A 5 @
5 §
m, (GeV)
[ =
o
B Fig. 3.3
> Mean transverse momentum of secondaries as a function of Lhe
S B ¢
N 3 longitudinal mass for A = 6.2 GeV ' in the uJM.
L
e}
< LR '
© 2+ 1f’/ n =3 Eqn. 3.18 implies an invariant jet mass growing as 5114
S
= s & <(_2._ P?')1/2>
T = (K <my> /;)l/2
= 0 (s l/4) <M> , s 1in GeV (3.19)
0 ) N T T T I | 1 1 =1--| I,,i_J
5 10 Ve (2% V) 50 o Fig. 3.4 shows that eqn, (3.19) is in very good agreement with
S e the results of the more complicated jet models discussed in the
Fig. 3.2 following chapter.
Normwalized particle densities at y = 0 in the UJM. Full line:
divect productrion of ko= 3. Dotted line: production via p
82)

decay, v = 1.5
%]
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In principle, the first point could be cured sinply by increasing
sl X (eqn. 3.13). This however leads to multiplicities incompatible

with experiments (eqn. 3.9).

There is a more natural explanation possible: first, at /5 =

] * 4.8 GeV charm production contributes a sizeable fraction to
(GEV) the pion cross section below x = 0.2, 45) which has to be
s subtracted. Second, in the UJM all particles were assumed to be
pions, whereas in practice, also kaons and protons are produced.
At moderate /s, the rest masses of these particles eat up a
2 P » JET MODEL good fraction of the available energy, resulting in a steeper

— €N, 3,19

YRR || | 1 T A | O 1

03 10 30 100

CMS notes that systematic uncertainites between different experiments
44'65'86{re of the order 2 at high x

impressive.

decrease of pion spectra at high x. A better (however not fully

legetimate) way of comparison is to add up the pion (fig 3.5a),
kaon (fig 3.5b) and proton spectra (fig. 3.5c). If one further

R the agreement is quite

Fig. 3.4 The early scaling of the experimental pion x_, spectra cap thus

R
Comparison of the jet mass predicted by eqn (3.19) for g = 3 be interpreted as a cancellation of two nonscaling effects:

3 " " - 3
and <m,;> = 0.35 with Monte Carlo calculations using the the produccion of "heavy" particles and the nondsyuptotic

algorithm of Feynwan and Field (discussed in chapter 4). a(e,Q).

At higher energies, /s 217 GeV, the UJM is in rather good

agreement with data from e'e annihilations (fig. 3.6).

3.3 Comparison with data

Of course the UJM is not able to give a realistic description

¢ =
of the charge, spin or isospin structure of e e final states., .
BE. P g 3.4 1Influence of the UJM - matrix element
However, with appropriate constants ¢ and A it should describe

the gross features of inclusive s tra averaged over particle - A )
= ot fnclusive spec . P Up to now, we used the simplest matrix element which is able
types, quantum numbers etc. In fig. 3.5 a, the UJM prediction .
_ - to describe the transverse momentum cut-off, £ (p,,, p,, S)
with ¥ and ) matched to their ISR values 3 resp. 6.2 GeV ', is

. + + - ~ exp (-Apy). More sophisticated UJM-matrix elements have
shown together with inclusive »~ spectra (sla)(do/dxn) in e e

been analyzed in ref.88), with a rather astonishing result,
annihilations at /s = 4.46-4.90 Gev 45:86) _ The UJM values have

been evaluated for /s = 4.8 GeV using numerical technics. There In the high energy scaling limit the most general form of f is

is a strong disagreement between the predicted and the measured

Xp T slope; furthermore, as we have seen in chapter 2, the £ Py v Py, S)S. f (x,py) (3.20)
+a

high Xp pion cross sections scale over the whole DORIS/SPEAR and

PETRA eunergy range, in contrast to the model.
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Comparison of the asymptotic limit of the UIM with data from
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arbitrary.

as in fig. 3.5. The normalization is

Let the normalization be such, that

with

£,,(0) =1 (3:21)

fo0(x) = 7 dpl £ (x,py) (3.22)
0
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The inclusive cross section is then given by

!y do . 1, do
o "R dxk Slu o " dx
=% g(x)(1-x) 7! (3.23)
where g(x) is defined by
BOx) = £, () ELSX) (3.24)

F(x) is the "slhadow transform" of f,, (x), its definition

is given in ref's 88,89). In general, g(x) is a rather flat
function of x, even if f,,(x) has a large variation in x.
Physically this is due to the fact that, if we try to change
the iuclusive distribution by changing £,,(x), let's say give
it a sharper decrease in x, we give less ffeedom to the
longitudinal momentum of the measured particle, but large
womenta of the other particles are suppressed as well so that
the damping due to the four momentum conservation (embodied in
F(l-x)) will be less and so will compensate for the change

in f£,,(x). This is most drastically shown by noting that g(x)

is invariant under the transformation
Eyi(x) » exp(-ax) £,,(x);
especially we have
-ax

g(x) =1 if £, ,(x) = e (3.25)

So one sees that independent of f(x, Py)y (1/x) (do/dx) will

always be a function very similar to x(l—x)K_l. Accordingly,

the two particle distributions turn out to be
~2 k-1
'_ - - -
33 X 7%,) 6(1 X, xz)

if 1,2 are in the same hemisphere

o pees ~_I ~_
2 e rz(l-x,)" (l—xz)" !

if 1,2 are in opposite hemisphere

(3.26)
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As expected, the asymptotic UJM has no long range correlations
between opposite rapidity hemispheres. Furthermore, for any
scaling matrix element, the inclusive rapidity distribution

is essentially given by

k-1
(1= 2<_;-£>cosh y) (3.27)
8§

=5
(=]

I

Q |-
o
<

resulting in a rapidity plateau of length 0(1lnS) with a
shoulder width of roughly 2-3 units in y CELg. 3.7).

w=3

. S

(1/6)(d o/dy)
N

Fig. 3.7

Asymptotic rapidity distributions in the UJM (<w,> = 0.35)

3.5 The UJM and resonance production

The UJM discussed in the previous chapters describes the
production of identical particles without any short range
correlation. There is, however, strong evidence from experiments

5 A A . = 7 ¢ 7
studying particle production in hadronic interactions

- a a - P— -
[ e e U N S S—
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that the factorization property of the transition matrix

- - - N -
EN(pl-pzo"' vPH-S) = ill f(Pi.S) (3-28)

holds only in the limit of large invariant masses

2
(pi‘l‘j) >> I Gev?

whereas low mass particle systems show strong correlations.
The most sucessfull interpretation of this phenomena is
given in the cluster model , 99 which states that the primarily
produced entities are not the final state particles,but instead
are excited states which in turn decay isotropically into

stable particles.

The most natural way to enclose short range correlations in

the UJM is to assume that the intermediate states, called
clusters, are emitted independently. In a second step,

charge-, energy- and momentum conservation in the cluster decay

provide low mass correlations.

In the asymptotic limit of the UJM, for the emission of

clusters with a mean decay multiplicity Nc' one has

(3.29)

duhudrun

I ]
s Ty o Wi @ ¢ e

S+o

y Eixed

where the index ¢ refers to cluster quantities.

The final state hadron distribution is given by the convolution

3 3 ' '

E dju 470, B 4" g¢ Eh d h
L S P . ( = ) (— ) (3.30)

0 E a 3 o 3

dp ¢ dpc c dph

EL. PL and uﬂ characterize the hadronic decay products in the

cluster rest frame.
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Experiments suggest that the bulk of pions is produced via
intermediate vecltor mesons 9|). As an example, let us take

the p meson as a representative "cluster".Fig. 3.8 shows UJM
results for emission of p mesons decaying into two pions
compared to direct production in the scaling limit S+ |

The p meson density is chosen such as Lo give the same plateau
height as for direct emission (eqn. 3.29). As expected from
momentum conservation, the pion density stays nearly unchanged
up to x ~0.8. The mean x of the pions is slightly higher,
leading to a reduced multiplicity. It lhas been shown 82,92)

that this effect, although beeing completely irrelevant at
asymptotic energies, has severe consequences up to ISR energies,
where it improves the approach to scaling at high x, on the

other hand however enforces a much slower approach at y = 0.

10

——direct
5 —— 1 from ¢

—
1

(x/c')( do/ dx)
(2]

N
T

05

0 .2 A 6 8 10

Fig. 3.8
x distributions in the UJM for direct resp. resonance production

of pions.
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3.6 Quantum statistics

The uncorrelated jet model as discussed above provides a
transparent statistical description of the most salient
features of jet like multiparticle production. In the formu-
lation of eqn. 3.1, the final state is treated as a free gas

in longitudinal mowentum space, obeying Boltzmann statistics.
Correlation experiments = indicate however that hadronic pion
Production is, at least partially, influenced by Bose-Einstein
(BE) statistics, leading to an "attraction" of like sign pions.
We shall briefly discuss some of the striking results of

wodels including full BE statistics, following ref. 94

As it has been pointed out by Jabs 95).

the invariant momentum
space representation of the transition probability is not
ddequate for this purpose. Instead, I is given by a non-

invariant mowentum space volume

v o [0 * @« @ n -
b @ apysm-F a) it r(pr,s) (3.31)

{n r=1 r=] r=]

P, describes the possible momentum states, n is the accupation
numher, which can take the values nr-O.l,---w for BE statistics.
For simplicity, we choose f(pr,s) - f(p‘r), with the normalization
f(o) = 1. Eqs 3.4 and 3.3) yield for the asymptotic single

particle distribution

£ f(py)
s f 0
) 2 1-f(py) or py ¢
g dooe. ,
o dydp, shrw _
y fixed % /s e |Y| for p, = 0 ¢3.32)

At any fixed p, ¥ 0 a rapidity plateau is reached as S+w
like in models with Boltzmann statistics. At P, = 0, however,
we have a soft pion divergence resulting in an overall non-

scaling behaviour. fhe mechanism of this enhancement is easily
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visualized, if we consider two-particle correlations. Define

a correlation function by

3
2 = (3.33)

(daa/dp?)(d3u/dpg)

dﬁa/dP?dp

clp,spy) = o

In terms of the occupation numbers n,, n, of the states Ps Py,

c is given by

= | if 1 and 2 are different states

<nl(n2-IY>
o aya— if 1 and 2 label the same state (3.34)
<n ><n,>

The term - | in the last expression is necessary because the

correlation of a particle with itself must not be counted.

Neglecting effects due to cluster decays and phase space
limitations, and assuming that the particles underly BE statistics,
97)
one gets
<ng><ng,> if pl+p2
<n.,n,> = . (3.35)
<nl>(|0<nl>) 1fp|=p2

which gives

0 if p, ¢ P,
c (Pl-Pz) '[ A

i = 3.36
1 if p, Py ( )
Since p'.p2 are quantum states, they are identical if

IB,-P,IR s n =1 (3. 31X

R is the uncertainity of the point of emission, or in

other words, the radius of the particle source, which is
=

expected to be of the order 1 fm = (200 MevV) .

- - - s i A A A A & & A A - - - A & = a - - -
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An alternative derivation of eqn. (3.36) has been given by
8) 9)

Cocconi and by Kopylev and Podgoretzki using higher

order interference effects in analogy to optics.

A correlation like in eqn. (3.36) modifies the usual phase
space weights in such a way as to favour events which have
high particle numbers in identical states. At large rapidities

or transverse momenta, this tendency is balanced by the finite

amount of energy available; therefore the enhancement of inclusive

densities is stroungest at low p, and y.

Models of this type have been used to explain the slight rise

in do/dy at y=0 in the ISR energy range 6). Nevertheless one
should keep in mind that conventional phase space models as

well predict 4 non asymptotic behaviour at those energies.

Anyhow these results should be taken rather qualitativly than
quantitativly. In reality, a lot of physically different

particles are produced, which of course show no BE attraction.

Furthermore, the model assumes that all particles are produced

in the same volume R“ in space-time because otherwise the
particles could be labeled by their production coordinates
(within the limits opposed by the uncertainity relation) and
lience were not identical. We shall see later (chapters 4,5),
that in quark jets e.g. a BE interference is nearly impossible

because of this last argument,

3.7 Summary

The uncorrelated jet model for independent emission of particles

enables us to study the main implications of four momentum
conservation in jet production. The explicit addition of short
range correlations is possible via resonance or cluster
production, respectively. Irrespectively of details of the
wodel, and nearly independent of the matrix elements involved,

the asywptotic scaling liwit is fairly well described by

-—
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e

=9

a

*R

x
R =
q 2 x (1-XR)

=

(except for possible complications at py= 0 due to BE statistics).
The approach to scaling is rather slow, even at PETRA or ISR energies

the scaling limit is not fully reached.
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4 Jets in parton models

In the last decade, the quark parton modell_k'ioo) has
proven to be one of the most useful and intuitive concepts

in high energy physics. In the quark parton model, hadrons

are composed of partons. The interactions of partons are
governed by tiwe scales of the order 1 = |/m with w being

a typical mass of a few hundred MeV. In a moving hadron, the
time scale is dilated by the Lorentz factor y. Then we haye

two wain classes of hadron interactions in the quark parton
model: if the interaction time T of hadrons is large compared
to yr, all partons participate coherently in the interaction.
1t T is small compared to yr , individual partons may interact.
In the asymptotic limit T 0 the hadron seems to be composed
of free, on-shell quarks. The consistency of the model requires
the partons to carry fractional charges,- and a new quantum

18,101,

number, color '02? Since no fractional charged objects

have been observed up to now, there must be a non-
asymptotic mechanism confining partons to integer charged
states with Lhe observed hadron quantum numbers. This states
turn out to be color singlets. Meanwhile, it became customary
to turn these arguments upside down and to consider color
confinement as the primary mechanism, and the nonexistence

of fractionally charged particles as a secondary consequence.

Consider now a process where a large four momentum is transfered
Lo one parton out of a colorsinglet system. Obviously, due to the
large invariant wmass of the parton final state,color cannot

be confined to a single stable hadron any more. One of the

basic assumptions of the quark parton model is that in such

a case the confinewent of color leads to a bunch of particles
woving essentially along the direction of the scattered

parton, and that this process happens with the probability 1.

In this chapter, we shall discuss the dynamics of jet formation
in more detail, starting with the simplest type of jets: quark

. + - I .
jets produced in e ¢ annilhilations.
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4.1 Jets from quark confinement

Confinement is most easily visualized in terms of a QCD-supported

18)

bag model Io‘.).QCD ~Quantum Chromodynamics-— is the most

promising candidate for a theory of strong interactions. It is

a nonabelian gauge theory in which the interactions between
colored quarks are mediated by 8 colored gauge bosons, the
gluons. The 3 color charges are generators of an unbroken SU(3)C
symmetry. QCD is an asymptotically free theory, its dimensionless
coupling constant as/u tends to zero as the energy increases,
allowing a perturbative expansion. At low energies, Qz= 0 (1 Gevz).
the coupling constant diverges. This low energy behaviour of

QCD is hoped (but not jet proven) to explain confinement: recent
field theoretical investigations indicate that the QCD ground

state is a nontrivial two phase vacuum. 105) In the normal phase,
outside hadrons, color fields cannot propagate - this effect is
known as "chromodynamic Meissner effect" in analogy to the
propagation of magnetic fields in a superconductor. There is
further an abnormal phase which may contain quarks and gluons

as quagifree particles. Since surface- and volume energy is
required to create the abnormal phase, the abnormal regions form
little bubbles, or "bags" within the normal phase. The dynamics

of quark and gluon fields inside a bag is governed locally by the
field equations of QCD. It can be shown that such a bag,

embedded in the physical vacuum , is stable in its time evolution;
the volume energy B (or vacuum pressure) and surface energy S are
balanced by the pressure exe¥ted by the gluon fields which
are reflected at the phase boundary. 104) g and s can be arranged
to give typical bag sizes of 1 cubic fermi. Such a bag containing
a quark and a antiquark or three quarks can be identified as a
meson or as a baryon, respectively. Actually the spectrum of

bag excitation modes reproduces the observed hadronic mass
spectrum fairly well, 104 yhae happens, if a large amount of
momentum is transferred to a quark inside a bag? As the quark
moves away, the bag changes its shape from a sphere to a

cylinder (fig. 4.1), and the kinetic energy of the quark is

converted into surface and volume energy of the bag. When the
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bayg reaches a critical length, it is energetically more
favorable to create a new quark - antiquark pair in between
the initial quarks. These new quarks screen the initial
colur fields and the bag breaks up into two new, spherical
bags, each containing one initial and one new quark.One of
this baps is a4 slowly moving ground state bag, whilst the
other,which contains the fast quark,starts to become
cylindrical and so on, until the whole initial energy is
converted into a seri¢s of bags moving along the direction of
the initial momentum transfer. The transverse momentum with
respect to Lhe jet axis of these bags is determined by the

transverse bag size

P> = 0 (g fumd-l) = 0 (200 MeV)

~ sahuce

g,
i ) ) L.\\“ﬁﬁ"z\ il
| 2 3 “

Fig. 4.1
The shape of one quadrant of a typical bag 104)¢5y different
quark-antiquavk separations. The arrow indicates the radius

ot an ideal cylindrical vyrtex tube.
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4.2 Space-time development of quark jets

The confinement mechanism proposed above, via successive
polarization and deexitation of the vacuum has been investi-

106). He showed that in

gated already in 1962 by Schwinger
certain gauge theories of charged fermion fields, the only
asymptotically stable particles are massive neutral bosons.

In such theories, electric charge is a confined quantum number,
in analogy to the (yet unproven) color confinement in QCD.

This phenomenon occurs e.g. in two dimensional (space-time)
QED, it may also happen in four dimensional gauge theories

if the coupling constant exceeds a certain critical value I06)'

Examples of field theories exhibiting the Schwinger phenomenon
have been discussed by Casher, Kogut and Susskind 107). In

the following, we shall use 2 dimensional QED|06'107)

to give
a quantitative description of the process of jet formation.

0f cause we are aware of the two essential limitations of this
picture: the use of only one space dimension and the absence
of photon self couplings in QED. On the other hand, if we keep
the attitude of the QCD bag model discussed in the previous
section, the nonabelian nature of QCD is mainly responsible
for the chromodynamic Meissner effect which in turn reduces
the problem to a one dimensional one - the dynamics of a color

string.

We shall proceed as follows: first, jet development is dis-
cussed using the formalism of two dimensional QED. Next, we
try to transform these results into an intuitive physical
picture. Finally, a simple graph technic is presented, which
further illustrates the mechanisms of jet development, and

enables quantitative predictions.

1 + 1| dimensional (space-time) QED is defined by the Lagrangian

density

L = ¥iyYa ¥ - ZF vr""(—giy“vAu) (4.1)
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This model is exactly solvable. It has already 'been mentioned
that in this model there are no asymptotic fermion states;

Lhe only stable particle is a boson of mass m

m = g//w (4.2)

The equation of wotion in the presence of external current

Sources is given by

2, . oo 2.4
@+ m”) j"(x) L Jext(x) (4.3)
Let us consider the simplest case; the production of a q-a
pPair by a virtual photon. The external currents in the photon
rest system (which correspond to color currents in QCD) are

defined by

joexc =g 6(z-t) + g 8(z+t)

jI ext: 8 §(z-t) + g &(z+t) (4.4)

(In our notation, x is a two-vector with the components
X =2z, x =1t),
0 b l )

It is now convenient to express the current in terms of a

dipole density ¢

o (4.5)

in analogy to the well known equations

p =28 . 5 u. B8

dz °’ 3t (4.6)
The external dipole density is then
$oyr = "BO(t+z)e(t-z) (4.7)

and the induced polarization density satisfies

(B 4 5%) § =g m> Blerz)ole=g) (4.8)
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The resulting dipole density is constant on hyperbolas

in space-time, vanishing near the light cone and approaching

a constant for distances |x| > o from the origin. As the

hyperbolas approach the light cone, the regions containiang

the polarization charge are confined to a length of the order
2.-1

(tm™)

charge to form a neutral boson as soon as their distance
1

. The polarization charge combines with the outgoing
becomes of the order m ' in their common rest frame. In the

cms frame this happens after a time t.
£ % /Q’ /u? (4.9)

The existence of an induced dipole density is equivalent to
the creation of charge - anticharge bound states. The momentum
distribution of these bosons can be calculated from the field ¢.

One obtains finally

1 ogdo _ 1 do
o dp g dy
1 2 ipx 2 2
- Id "
(2-)2 ! e g’extl T m d 4.00).

The time evolution of the main quantities ¢, do/dy and p is
summarized in fig, 4,2,

How can we interprete this results? Particle production

happens in the cloud of polarization charge, which is induced
by the primary charge-, resp. color sources. Particle creation
starts at low rapidities. As time goes on, the initial quark
feeds energy into accelerating the polarization cloud until

the cloud overtakes the leading quark and neutralizes its
charge, Qne should note that the motion of the polarization
cloud proceeds through the creation of new quark pairs in front
of the cloud and through the recombination of quark pairs into
neutral bosons at their end; it need not he a unique quark in

the cloud which is accelerated.

- -— . A A A A A & & a A A& - -



———— — % —w —w = —~ - - - - ——————— e e - - - -

60

Zly)

rig. 4.2

Development of charge confinement in the Schwinger model

a) Lines of constant polarization density in space-time.
Particles are produced in the shaded regions.

b) Spatial distcibution of the polarization density at different
times (0 <t < t,< tj). This is equivalent to the rapidity
distribution of the emitted particles.

¢) Density of charge at different times. (The initial quarks are

represented by delta functions).

The process of charge confinement (or "quark fragmentation")
turns out to be characterized by a rather long time scale

(eqn. 4.9). Furthermore, the cascade extends over large distances
in space, as cowpared to typical particle sizes (fig. 4.2); the
extension of the cascade is proportional to the quark energy.

The wmaximum distance between the quark charge and the screening
polarization charge, however, stays finite at all times (fig.
4.2¢).,

There is one difference between QCD and the QED model worth to be
noted: in QED, the charge of the leading quark is constant
during the whole process. In the nonabelian QCD, the colors

of quark and polarisation cloud change due to gluon exchange,

the quark color being opposite to the cloud color in the
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average, The whole system - quark, cloud, and gluons between

them - is a color singlet.

The proportionality between quark wmomentum and confinement time
is important since it ensures that at high energies the
outgoing fermions remain free sufficiently long to justify
calculations based on the naive parton model.

IOB). Since the

This model has first been advocated by Bjorken
slowest hadrons are produced first in time, it is known as

an "inside-outside" cascade.

0Of course it is questionable to which extend details of the

model should be taken seriously, and wether it can be generalized
to four dimensions (it has been shown that, if the Schwinger
phenomenon occurs in a fourdimensional field theory, the model
gives a rapidity plateau and an appropriate p, cut off l07);
the problem is, however, to prove that the Schwinger mechanism

107) nevertheless

works e.g. in QCD). Casher, Kogut and Susskind
succeeded to prove that the inside-outside evyolution of the
cascade is a feature common to all fragmentation models des-
cribing color confinement. Their argument is quite simple:
imagine a model where the cascades start at the two initial quarks
(e.g. via a multiperipheral chain of low momentum transfers).

To neutralize their residual charges, the two cascades have to
join somewhere in the middle. Since the fragmentation chain
represents a random walk in transverse momentum space, and due

to the long time scales involved, the probability that the ends
of the two cascades overlap in space time goes to zero as Q2

goes to infinity. Quarks of energies >> | GeV would not be

confined in such a model.

Recently, Andersson, Gustafson and Peterson have presented a
semiclassical model for quark jet frngmentationlog), which
incorporates all features of the Schwinger model, and which

gives a reasonable description of the jets observed in deep

11)

inelastic lepton scattering. In their model, quarks are
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treated as classical particles, which move on well defined
trajectories in two dimensional space time, Since there is
only one space dimension, the force acting between two charged
(or colored) partons is independent of their distance (in a
real world, the chromodynamic Meissner effect may simulate such
a behaviour), Furthermore it is assumed that the force between

quarks and antiquarks is attractive.

To the zero quark mass limit, the world lines of the two
valence quarks inside a meson are described by fig. 4.,3a):

the quarks start to separate, losing momentum at a rate

dp/dt = % 32/41.

After a certain cime, the motion is reversed, the quarks move
together, start to separate again and so on. The meson mass

is, as in the Schwinger model

g
me~ = = 0.75 Gev

using g from lincar potential charmonium modelsllO).

In a moving mesoun, the period of oszillation becomes time-dilated

(Fig. 4.3b).

In this model, jet formation is visualized in diagrams like
fig. 4.4: Two initial quarks move in opposite directions.
As soon as a certain energy is stored in the color field
(shaded arca), the field breaks up somewhere and produces

a quark pair,

As soon as kinematically allowed, new pairs are produced
in the region between the initial quark and a quark of the
first pair, etc.. The quark pairs are assumed to be
generated aL rest with a negligible pair mass, according
to the momentum space element dp/E. Quarks and antiquarks
produced at Jifferent points C and D in space time will

join to form a meson E. This is possible, if at the time

63

Fig. 4.3
World lines of quarks inside a meson
a) meson at rest

b) moving meson

where quark and antiquark meet in space, the qa invariant

mase equals the meson mass, or equivalently

2 2 2 4w 2
(zc-zD) - (t.-t = m (?)

¢ p’ (4.11)

Eqn. 4.1] determines the minimum space-time distance of the

production points of quarks appearing in final state mesons.
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Quark loops of finite space-time extension (B) are of cause

not subjected to this limitation.

N\
B,
G ) P
N
\«I \\ -
A >,
L R
O
\\. N
Y
\
(
S —e7
Fig. 4.4

Space-time development of a quark-antiquark cascade.

AS 4 conscquence of eqn 4.11, particles are emitted from a
liyperbola-like space-time region as in the Schwinger model

Two rewarks for the sake of completeness:

= Iun principle it is possible that a quark pair has a large
invaviant mass m>> 1 GeV., This would split the event into
tour separate jets, This processes will be rare; if the
coupling constant is large enough, quark pairs are created
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and recombined as soon as possible.

- Fig. 4.4 is slighly oversimplified. Actually quarks are not
only produced as q and a, but they come in three different
colors.

Considering the full diagrams, however, one finds that the
color labels will always be arvanged such that each of the

jets is a separate color singlet,

In the average, the slowest particles are produced first.
There is however no strict mapping between the rapidity and
the time of emission of a particle, aonly the average production

time increases with rapidity.

Such statements on rapidities and times of course are not
lorentz invariant, usually they will be invalidated by a change
of the reference frame., The authors of ref.log)have investigated
this point in detail, their conclusion is that these statements
are true in any reference frame, proving the self consistency

of the model.

Define now D:c (z) as the density of mesons with the
valence quark flavour bc in the fragmentation region of
quark a. z is the fractional momentum of the meson. Masses

and transverse momenta are neglected for the moment being.

Averaging over all possible diagrams like fig. 4.4, the model

yields a set of coupled integral equations for the D's

be j dz' be .z
By (2) = At R P RT EePa GO (4.12)

fc denotes the probability for a color field to create a

pair of quark flavours cc. The break up is assumed to happen
with equal probability anywhere between the quarks generating
the field, otherwise f depends on z resp. z'. Color and spin
degrees of freedom are implicitely summed over, with the
restriction that bc is a color singlet . Simplyfied to the
case of one flavour, eqn 4.12 reads

dz'

D(z) = 1 + = D(%,) (4.13)

N -
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Eqn 4.13 is easily solved to give

o
(<]

D(2) = % or % (4.14)

=%
~<

In seemingly contradiction to the data, the model predicts a
flat rapidity distribution with a sharp edge at YHAK
One has to keep in mind that the mesons described by egs

4.12 aud 4.13 are not the observed stable hadrons. According to
the spin weights, 3/4 of them are vector mesons decaying into

a8 number of pions. This results in a smearing of the rapidity

distribution, it further increases the height of the plateau.

With the standard choice

up - fdown Ly

f

sLrange = 0.2

f = f

charm bottom = «ss = 0 (4.15)

equ 4.12 can be solved numerically. The results are in rough

agreement with the data (see e.g. fig 4.5).

4.3 Au algorithm for simulation of quark jets

To provide a standard jet model representing the state of the
art, Feynman and Field 112) have proposed a jet model based on
parton phenomwenology. The model uses a recursive generation

principle introduced by Krzywicki and Peterssonlla)

and by
Finkelstein and Peccei !14) The jet model is intended to serve
as a reference for design and comparison of experiments. It

generates exclusive multiparticle final states including

resonance production, transverse momenta and finite energy effects.

Furthermore, it allows detailed predictions on two-and more

particle correlations and on their quantum number dependence.

= 1n (/s/m,).
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The model involves one arbitrary function whicl ultimately
determines the momentum distribution of the produced hadrons,
and 3 further free parameters; the degree Lhat SU(3) is broken
in the formation of new quark-antiquark pairs, the spin of the
primary mesons and the mean transverse momentum given to this
mesons. In the original version of the model ll2l the production
of baryons and of heavy quark flavours, like charm or beauty,

is neglected.
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Fig. 4.5

s . . . 2 5
Predictions of varions jet modelslog'll“’l'b)cumpured to quark

fragmentation functions measured in deep inelastic lepton nucleon

reactions.'lb)
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The ansatz is based on the idea that a quark of type ,a'
coming out al some womentLum p, creates a color field in which
new quark pairs are produced. Quark ,a' then combines with

an antiquark, say ,b' , from the new pair ,bS' to form a meson
,ub' leaving the remaining quark ,b' to combine with a next
quark ,c¢' and so on. The primary meson ,aE' may be directly
observed as « stable meson, or it may be an unstable
resonance which subsequently decays. A hierarchy of primary
mesons is formed in which ,ab' is first in rank, ,bc' is second
in rank, ,ui' is third in rank, etc, as shown in fig. 4.6
(here aud in all further diagrams we have adopted the con-
vention to plot antiquarks as quarks moving backwards aloung
their world lines). The chain decay ansatz assumes that, if
the primary wmeson of rank | carries away a momentum EI the
further cascade starts with a quark ,b' with the momentum
U P and the remaining hadrons are distributed in

the same way as if they came from a jet originated by a quark
of type ,b' with momentum Py It is assumed that the

momenta are high enough, so that all distributiong gcale.

FINAL STATE
MESONS

RESOMNANCE
DECAY

3rd FORMATION OF
2 RANK PRIMARY
al [B uf |€ el d MESONS

QUARK PAIR
o Ju_JL FRODUCTION

INITIAL
QUARK

Fig. 4.6
Production of a cascade via sucessive qq creation and recom-—

bination,.
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Given this assumptions, and defining f(2z) by

f(z) dz = probability that the rank | primary meson carries

a fraction z of the initial quarks momentum (4.16)
with

|

A f(z)dz = 1| (4.17)

the longitudinal structure of the quark jet is uniquely
determined. For the single particle density of primary mesons

(regardless of its rank)

d
D(z) = 1 _%
with
Preson
z -
P

(o]

we have the integral equation

2L ¢ -2y 0 &) (4.18)

D(z) = £(z) + =

NS -

(assuming that zp >> m, ).

Generalized to many quark flavours, eqn 4.18 reads

be 2z

be dz ' 2
D, (z) = & f (z) + s 54 (1-z") Dy () (4.19)

1
ab ¢ g I
z
(in the notation of eqn 4.12)

The first term is the probability for the meson to have rank I,
the second term arises from a sum over all higher ranks with
the rank | meson beeing at z'. Feynman and Field assume that
fb(z) (the probability that a rank | meson .as. is formed at

z) can be factorized as follows

£,(z) = t: £ (2) (4.20)
where 1
f £(z)dz = 1 (4.21)
o
and r £2 = (4.22)
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The breaking of the SU(N) flavor symmetry is put in the fo's,
ideally one has in SU(N)

o |
fb = 3 (4.23)
Guided by experiments, Feynman and Field wuse
£9 = g9 = 0.4 (4.24)
up down
o
strong B
o o

charm Ebottom

in agreement with eqn., (4.15).

In contrast to the wodel by Anderson et.al., the spin structure
of the primary mesons is kept as a free parameter. The best fit

to the data is quoted for

probability for spin O mesons = ap = 0.5
probability for spin | mesons = a, = 0.5

probability for spin 22 mesons= ap = 0 (4.25)

The breaking of the SU(N) symmetry and of the spin symmetry
can be justified by the fact, that in Schwinger models the
production of heavy states (like strange-antistrange pairs or
spin | wesons) is suppressed by factors like exp(—mzlm:), with

m, o= 0 (1 GeVv) llz).

Of course, the smaller fraction' of vector mesons requires a,

change of f(z) compared to ref.|09. Feynman and Field use

£(z) = (1-a) + 3a (1-z)2

with a = .77 (4.26)

To incorporate Lthe transverse momentum smearing in the model

it was assumed that the quark-antiquark pairs which are
produced to discharge the color field conserve transverse
momentum in & pairwise fashion and hence have no net transverse
momentum. Transverse momenta 51 and -El are assigped to the

quark resp. antiquark of a pair, with a distribution

& o & TN Ny S S Sy —r~ . i I Oy SR Sy S Y
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=9
Q

2
e“Pf/(Zp*o) (4.27)

(-9

1
o dpi

P
The transverse momentum of a primary meson is given by the
vector sum of the transverse momenta of its quarks. To
reproduce the observed mean transverse momentum of the final
state pions, Pig: = 350 MeV is required. The mean transverse

momentum of primary mesons is of the ordep of 440 MeV.

The recursive scheme of jet generation is now evident:

i) choose the momentum fraction of the rank | meson from
eqn. 4.26

ii) generate a quark pair according to eqs 4.24 and 4.27.
The rank ) meson is made of the old quark and the new
antiquark

iii) decide on spinvparity of the meson (eqn 4.25). Use the
known pseudoscalar and vector mixing angles to determine

the precise type of the meson. If necessary, let it decay.

IV) If there is still enough energy left over, repeat the
procedure starting with the residual quark.

The problem is hidden at point IV : the main assumptions put
in the model, like scaling, are not valid at low energies. Any
low energy cut will lead to irregularities in the plateau (fig. 4.7).
Feynman and Field solve this point in a very elegant manner:
first they create "master jets" of very large momentum P,-

Next they reinterpret and rescale the variable z, keeping only
those particles which have z>0 afterwards. Physically this is
essentially equivalent to boosting the whole jet such that
those particles having y'> 0 in the new system carry the

energy Eo equal to the initial quark momentum. Particles with
y'< 0 are thrown away (fig. 4.7). To create a full qq jet, two

such jets with opposite quark momenta are put together.

Since it includes all essential details of hadron physics in a
consistent way, the Feynman Field jet model is very well
suited to demonstrate the properties of jets in the parton

picture,
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Fig. 4.7
The recursive jet generation leads to problems at y = 0.
To circumvent this problem, only the high-y end of a master jet

is used.

Before entering that topic, a few remarks concerning the
philosophy of the model have to be made. Regarding the recursive
principle,one is tempted to consider the Feynman-Field jet as

an "outside-inside" cascade, where e.g. particles of rank )| are
produced first at high y in the overall cms. The authors
themselves considered this point as one of the major draw-

backs of their model ''2) A comparison of the integral

equations (4.19) with the equations describing the inside-outside
cascade of Anderson, Custafson and Peterson (%4.12) however proves
that both point of views lead to very similar mathematical
structures, the eqs. (4.19) being as well compatible with an
inside-outside development of the jet. The recursive principle
pruoposed by Feynman and Field thus should not be considered

as a physical wodel, but merely as a mnemonic simplifying the

bookkeeping of momenta, quantum numbers etc.

Second, the model deals with probabilities. Quantum field
theories usually describe amplitudes and not probabilities,
leading to interference terms which don't appear in these

semiclassical jet models. Since color confinement is a collective

phenowena, these interference terms should be quite important.
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On the other hand one may hope that due to the large space
time extension of the cascade, interference effects average

117). The transverse

out on a long range longitudinal scale
dimensions of jets are strongly influenced by coherent
radiation"s), but again it seems that the probabilistic
distribution (eqn 4.27) put in by hand represents a realistic

average over quantum effects.

The last point is more technical: Since finite momentum jets
are produced by cutting off the tails of very high momentum
jets, conservation laws are not fullfilled exactly. In the
average, there is one quark with its charge, color and trans-
verse momentum left over. In reality, this quantities have to
be neutralized by the corresponding ones in the opposite jet.
This unbalance of conserved quantities is not a specific
failure of the Feynman-Field technique to generate jets,
instead it is a reflection of the fact that it is meaningless
to talk about a single jet. The only systems of physical
relevance are color singlets , like qa or qqq states. A
division of such systewms into single jets is approximately
possible for fast particles, it is however completely meaning-

less and avbitrary for slow fragmentation products.

4.4 Properties of quark jets

In this section we shall discuss the expected properties of
quark jets, and compare them to the experiment. The Feynman
Field model will be used as the typical parton jet reference.
The jet energy should be chosen such that mass effects are
negligible, on the other hand it should be low enough so that
the QCD corrections to be discussed in the next sectionm will

not dominate. This conditions are fullfilled eg. in the

lower PETRA energy range.

Consider the fragmentation of u, d and s quarks (the decay

of charmed quarks will be discussed later). As "stable" final
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slate particles we have
u,dys o+ w', w® L, a2 sk, K%, KT, ; y (4.28)

In principle, there are 3x8 fragmentation functions (plus

the corresponding ones for antiquarks).

oy . 1 doy
Dy (2) 5, @ (4.29)

Charge conjugation and isospin invariance reduce the number
of independent functions:

final state n

||1 n 1|° '0
l)u - Dd 2 Du = Dd

Yl- ﬂ’ “0
l)u = Dd 5 Ds

ot - (4.30)
Ds = l)s

final state K

K+ I"D Eo K-
CIE , D = Dy
o + + o
“h ”l\ : DK - DK
u 8 s
- -0 - -0
K K -K K
Du I)d ; bs Ds (4.31)

final state y

pY = Y A pY (4.32)
u (

The parton picture gives us additional, approximate relations
between the D's. Essentially, there are two main fragmentation
mechanisms, usually known as favored and unfavored fragmentation
"5? A fragmentation is favored, if the fragment contains the
initial quark. In the language of Feynmwan and Field it may

then be the (fast) meson of rank I. In the unfavored case,
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where the meson does not contain the initial quark, it has

to be of rank 2 or higher, implying a smaller mean momentum,
Keeping this consideration in mind, we may assume that the
ratio w(z) of unfavored to favored fragmentation pProcesses 1is

independent of quark flavour involved

unfav. =
D (z) D (z)
e e
° e.g. ] (4.33)
D (z) D (z)
9 u

As SU(3) symmetry is probably violated in quark fragmentation,
eqn. (4.33) is not fully adequate: as soon as a strange quark

is produced, the fragmentation function is suppressed by a factor

strange, fav. strange, unfav.
h(z) = non strange - non strange
non strange, fav. non strange, unfav.
non strange p non strange
+ =
DX (2) 0¥ (2)

O | S - u

+ -
e.g.D: (z) D: (z) (4.34)

*The value of h is a characteristic property of confinement

forces, and should not depend on the rank of a meson.

h (z) = const s % (4.35)

Finally, we expect

+

D™ (2) = L (o7
q 2 g

(z) + n; (z) } (4.36)
With these simplifications, the D'a*are fully determinsd by the
knowledge of the three functions D' (z), 01 (z) and Dk (z).

u u
Eqn (4.33) to (4.36) are only approximately valid because of the
presence of a second mechanism for "unfavored" fragmentation:

the decay of vector mesons, e.g.

u -+ po + anything

-+ + -
w n
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which competetes with the direct, suppressed channel,

All this is more easily demounstrated in table 4.1, where the

fraction of momentum carried by the various decay products is

given, and by fig. 4.8, where the favored and unfavored
fragmentation functions of a u-quark into n's and K's are

shown, as predicted by the Feynman-Field model.

h
zDuli2)

Table 4.1

Fraction of total momentum carried by the direct-primary (before

decay) wesouns and direct-plus-indirect (from a decay) mesons
§1:29)

resulting from a u-, d- and s-quark.

10 1 1 1 1
0 2 4 6 8 10
Particle u d 8 VA
+ +
no ou 0.12 0.06 0.06 Fig. 4.8
n— p_ 9,03 008 996 u quark fragmentation function in the Feynman-Field model
o= p 0.06 0.12 0.06
+ L #t
K'= K 0.06 0.03 0.03
0 %0
K_= K" 0.93 0.06 0,03 Two points are worth to be noted: in contrast to phase space
Di t = K 0.0 . . g s
trec f iy g HES - models (chapter 3), the Feynman-Field model predicts a nonzero
KU= . @ . . .
K 9:03 003 909 value of Du(z) at z + | even at asymptotic energies. On the
" 0.05 0.05 0.05 other hand, D; = d"" + D" is remarkable well fitted by the
'
" 005 Ll 0703 UJM expression D(z) = (1-2)2/2 in a large & range o < z < 0.7.
w 0.09 0.09 0.06
¢ 0.01 0.01 0.04 In ete” annihilations the fragmentation functions of u,d, and s
+ quarks cannot he measured separately. Concerning this topic
0.29 0.19 0.19 3 . . 5
K we shall use data from deep inelastic lepton nucleon interactions
w0 0.26 0.26 0.20 . . : : 3
_ i for comparison. To reduce contributions from quasielastic channels,
n 0.19 0.29 0.19 2 . "
- cuts on the four momentum transfer Q and on the invariant mass
0.08 0.06 0.06 3 g s
total K W of the hadronic system have been applied, typically Q2>2 GeV2
= direct 0 0.06 0.08 0.0 « s
" }nsi:uct K_ 6 and W>4 GeV. Nevertheless the mean energy in the hadronic center
K 0.04 0.04 0.13 . .
_ of mass <W> = 6 to 7 GeV is fairly small, and phase space effects
KU 0.04 0.04 0.13 p 5
are still important.
Y 0.04 0.04 0.04
As we shall see in more detail in chapter 6, the choice to the
total n 0.74 0.74 0.58 scaling variable is somewhat ambigious in lepton-nucleon

total K 0.22 0.22 0.38 interactions, especially as far as slow particles are concerned.
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Fig. 4.9,
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The most commonly used variable is z = E/Bhad' E is the hadron
energy in the laboratory frame, and Ehad is the total hadronic
energy, which is equivalent to the quark energy. For fast hadrons

(z > 0.2), 2z coincides with x = 2pcms/u' or with Xp = ZEcms/H.

Fig. 4.5 shows that the model fits rather well the spectrum of
favored and unfavored fragmentation modes of u quarks as derived

from electtoproduction.llﬁ)

In fig. 4.9 data frow neutrino-
nucleus and neutrino-proton interactions,llg) respectively, are
compared to the FF model. Again the agreement is good. Included
in fig. 4.9 are predictions of a longitudinal phase space model,
which demonstrates the influence of energy-momentum and charge
conservation. The multiplicity has been constrained to the
observed one. Obviously, much of the difference observed between
the "favored" and the "unfavored" distribution of positive and
negative hadrons, respectively, is accounted for by simple charge
conservation. Even the increase of the difference with z is
reproduced: events with a particle close to z = | have a low
missing mass and therefore a low multiplicityy effects due to

charge conservation are more important than in average events.

A more differential quantity, the distribution of the fastest

and second fastest charged hadron, is shown in fig. b.lo.lzo)

The Feynman Field model as well as the naive phase space model

agree with data. Finally, fig. 4.11 illustrates the net charge

density in u and d quark jets as a function of the rapidity
- 1o z 213)
Y, .

<Q>u = 0.55$0.06 and <Q>d = -0.1210.13 for u and d-quarks,

respectively. The FF model has the tendency to reproduce the

The integrated charge, content of the jets is

observed asymmetry between <Qu> and <Qd>.

To summarize so far: the FF model seems to be in reasonable
agreement with data frowm deep inelastic reactions even in
details; however, the comparison with the longitudinal phase
space model proves that most of this agreement is required by
conservation laws, once the multiplicity distribution is

correctly adjusted.
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Fig. 4.11 Distribution of the charge dQ/dlnz plotted vs. lnz

for u- and d-quark frugmentation2|5). The curve is from Field

and Feynman.

Some care is needed when comparing the FF model with data

from e e storage rings. According to its comstruction, the
model is most suited to describe jets at the highest energies.
There, however, effects due to charm and bottom quark production
and due to gluon bremsstrahlung play an important role. Various
extensions of the model have been used to describe the decay

133)

of heavy quarks and to account for additional hard processes

10}). All extensions require further, and often unsafe

assunptions.

To circumvent this problem, we will use data at /6 = 9.4 GeV,
below the bottowm threshold, for the comparison with FF. There
one is far above the charm threshold and it seems reasonable

to assume that charm fragmentation doesn't modify the picture
tuo strongly, when averaging over particle types and quantum

numbers in the final state.
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The following PLUTO—dataAI) correspond to measured distributions
without acceptance corrections etc. To compare with the FF

model, the events were passed through a realistic simulation of
the detector and were subjected to the same cuts as real duta.“l)
Fig's. 4.12 and 4.13 show the inclusive spectra do/dx, and

do/dp, . In fig. 4.14 the distribution of sphericity is dis-

played.

In all cases, the FF model describes perfectly the kinematical
features of the data; but remember that once the mean multiplicity
and the mean p, with respect to a jet axis are fixed, almost

any other model will do as well.

10,0 .
1. v e
[
P 2 et with IR
1.0 =
cuts « rad. corr.
1 an b /
Nd}? ! I
1 dN k}.
0.1 N iclxy '\‘
] hN
g h
u.l | r\\
[\,
0.01 . ]‘l ! Tl l
1]
T u.ul e simiby i . UURDRNTY) | I,
0.0 0.2 (LA} 0.4 (U] 1.
0.001 + + 4 X
0.0 0.5 1.0 1.5 2.0
R (GEV)

Fig. 4.12 Observed p, distribution of charged tracks (PLUTO data
at /s = 9.4 GeV). p; is measured with respect to the thrust axis.

The curves correspond to the FF-model for u,d,s quarks.

41)

Fig. 4.13 Same as for fig. 4.12, but for x..
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Fig. 4.14. Observed sphericity distribution of charged tracks at
/s = 9.4 GeV. The full curve is the FF model including detector

: + E oty ; i 41)
simulation and initial state radiation.

Let us now study more in detail the quantum number structure of
Feynman-Field jets. We have se¢en in Eig. 4.11 that quark jets
tend to retain the charge of the quark at high rapidities. This
is the object of a sugpestion by Feynman °. He conjectured that
Lthe total quantum numbers of all the fragments in this region
averaged over events should be equal to the (fractional) quantum
numbers of the pavent quark., This quantum number retention is
elucidated by fig. 4.15, which shows the rapidity distribution
of the rank | mesons containing the original quark compared to
Lhe rapidities of the produced particles (for simplicity,

¥, = In 2z = y-ln s has been used instead of y). Obviously, the
vank | mweson stays in the high y region of the jet. The same
is, of course, true for its decay product.

Lt has been shown, however, that this does not necessarily imply
' 122-125)

quantum nuuwber retention The argument goes as follows:
assume we cut the jet somewhere, e,g. at ¥, " -6, and sum up the

quantum numbers of all particeles with higher y,+ In nearly
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all cases the initial quark is contained among these
mesons. Yet, since we start with a quark and count an
integer number of mesons, there is always one quark pair

whose quark is below ;z and whose antiquark is above.
If ;z is low enough, this quark pair will stem from the sea.

The sum A of quantum numbers for Vig: 2 ;z is then given by

<A> = Aq + <A8> (4.37)

Aq describes the quantum numbers of the initial quark (resp.
antiquark) and <A.> are the mean quantum numbers of an anti-
quark (resp. quark) from the sea. Exact quantum number retention
happens only if <A'> = 0. Let wus consider a few examples: a
SU(2) sea consisting of u,u,d,d; a SU(3) symmetric sea and

the Feynman-Field quark sea with SU(3) broken due to the

higher s quark mass. We get for <>

baryon ercomponent
sea charge strangeness number of isospin
Su(2) -1/6 0 -1/3 0
SU(3) 0 1/3 =173 0
SU(3) pp =1/15 1/5 ~1/3 0 (4.38)

In none of these models all quantum numbers are retained.
For the Feynman-Field sea, we expect approximate retention

of charge and Iz. The mean quantum numbers of their jets are

initial mean jet mean jet mean
quark charge strangeness Iz
.60 .20 .50
,  =.40 .20 .50
8 -.40 .80 .00 (4.39)
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Fig. 4.15
Rapidity distributions of charged particles from a u-quark jet

compared to the rapidity of the rank | mesons (yz- Inz)

These numbers are confirmed by the explicit monte carlo simula-

)
tion of jelsv'lhe results for quantum number density in quark jets
are shliown 4,16,

in fig. The most remarkable consequence of

this considerations is that even if a jet starts from a non
strange quark, it finally aquires a net strangeness. Furthermore,
in any jet wechanism leading to a rapidity plateau (that means

f (z) (equn. 4.16)

only the high-y region of the jet is influenced by the parents

the decay function is finite for z - 0)

quantum numbers, and the plateau essentially stays neutral.

To get further insight in the dynamics of the cascade mechanism,

it is helpful to study correlations of particles within the

plateau.

As we have already mentioned, the ordering of primary mesons in
rank corvesponds to an ordering in their average rapidities;

even in infinite momentum jets the rms rapidity difference

between mesons adjacent in rank approaches a finite limit as is

demonstrated by fig. 4.17. Since primary mesons adjacent in rank

contain quarks from oune quark pair, there are further correlations

between their Lransverse momenta and quantum numbers. We have

Peiyy? =~ Py

< Py o (4.40)
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fhe distribution of distances Al’z between the hadrons coming
Lrom one primary aud those coming from another primary next
in rank x, \|Yz|) = 1.8. The distribution AYZ among the

secondary hadrons which come from the decay of a single primary
2
t, <|y |- = o0.9. Vi)

Relations between their charges are summarized by the probability

maLrix \
q. s
‘l"l.’l

O 8 258 | 28 (4.41)

S 40 | .00
with the nocmalization b W = |
qiol qiqi""
(Note that lor q - jers q, and Uiy have to be exchanged, since W
i
is not symwetlvicl), Similar for strangeness

el ki 8 & s . - - U A A L = -

87
si*l
+ 0 =
+ .00 .20 .80
Si 0 «19 .76 .05 (4.42)
- .20 .80 .00

Since in (4.41) and (4.42) all elements W,, and W__ vanish,
charge and strangeness must be conserved locally within mesons
of neighboured rank. To be more quantitative, we define a
correlation length as follows: assume we have a primary meson
carring a conserved additive quantity q, (charge, strangeness)
at a position £| (e.g. in rank or rapidity). As the plateau

as a whole is neutral, the remaining mesons form a system with

a net "charge' density doq/d{, normalized via

J dg (doq/ dg) = - q, (4.43)

(for simplicity we treat € as a continous variable). A correlation

length Af may now be defined as
8 = s de | e-¢, | (do /de)/(=qp) (4.44)
In a more model dependent way, AfE could as well be defined by
(doq/d() ~ exp (- |g- {ll /8¢ )/(-ql)

The quantity q is conserved locally, if AE is finite and not

bounded by the range of  itself:

8 <</ |e-g| (do /dg) /o (4.45)

MESON

In that sense, we get for the correlation lengths in rank

e R — . s s PR = PR - - - - P - - - -
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transverse momentum AE = ]
charge AE = 1.9
strangeness AE = 1.3 (4.46)

As a finite difference in rank implies a finite average difference
in rapidity (fig. 4.17), transverse womentum, charge and strangeness
are conserved locally in rapidity in the Feynman-Field cascade.

Out of this three, local conservation of charge and strangeness

are basic properties of the model, whereas the type of momentun

conservation is put in by hand.

The correlation lengths Ay, can be estimated to be by, = 2 for
charge conservation and Ay, = 1.5 - 2 for strangeness conservation.
The resonance decay of primary mesons introduces additional short
range correlation between the observed mesons, As an example,

Fig. 4.18 shows the two particle correlation function

C (y § 3 1 4o _ 1 do do
z z2 o dy,,dy_, ozdyz' dy,, (4.47)

The peak in C (yzl s yz2) for unlike hadron charges is mainly
due to the decay of predominantly neutral resonances and not
due to a local conservation of charge on the primary meson level.

The typical correlation length from resonance dgcay ig Ay, = 0.9.

Finally, what about charm fragmentation functions? In the spirit
of the Feynman-Field model, the inclusion of charm (or even higher
mass quarks) enlarges the uumber of fragmentation functions
considerably. First, there are functions describing charmed meson

production by ordinary quarks

v o -
D
u“ (z) , D (2) , DD (z) etc.
u u u
Since we have learned that in Schwinger - like models the

production of high mass states is suppressed by factors like

exp (—mzllcgvz), charm production by "ordinary" quarks should
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be down by factors of the order IOJ (as long as QCD effects are

not dominant) and is negligible even at PETRA energies.
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Fig. 4.18
Predicted behaviour of the two-particle correlation function
C(Yzl, Yzz) defined by (4.2) where Yzl
versus AYz- Yzl -Yzz. Results are given for hI negative and h2
positive (upper) and h

4.0, ¢ is plotted

negative and h, negative (lower) and are

1 2
generated using Monte Carlo (points). The dashed curves are the

results for C(Y Yzz) before the primary mesons are allowed to

2

z1*
decay. The dotted curve (to guide the eye) is 0.36 exp —%(AYZ)

From ref. 112,

A next set of functions describes the emission of normal wesons
in the fragmentation of charmed quarks. One is tempted to
assume that these meson spectra agree qualitativly with those

of normal unfavored decays, up to phase space effects. AL the
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moment there are no experimental results proving or disproving
this conjecture. What stays as a last point is the fragmentation
of charmed quarks into charmed mesons. The spectrum of pheno-
menological predictions ranges from steeply falling functions

I26,I27)Lu 128

§-functions peaked at high z, More recent papers

concord in the expectation, that charmed particles should carry
out an unusually large fraction of the available energylzg)-l3l)
In fact a detailed analysis of pp and pe events from the CDHS and
BNL neutrino experiments lead to the conclusion, that DB(:) is

.'32)Thls is in rough agreement with e*e-

essentially flat in 2z
data (section 2.3) which favors a z-dependence between (l-z)o

and ()—z)l.

The prediction from quark fragmentation models,as discussed above,
is unambiguous: the charmed meson has to be produced as the rank |
meson. Further it makes nearly no difference if it is emitted

4s a pseudoscaler or as a vector meson, Due to its large mass

the final charmed meson will carry nearly the whole momentum. So

we have

D (z) ~ f(z) (4.48)

where t(z) is the decay function used for the recursive definition
of the jet (eqn 4.16). Based on eqn (4.48) the jet model by
Anderson et al predicts actually D: to be constant, whereas the
Feynmaun Field choice for f(x) (eqn 4.26) is incompatible with a
flat fragmentation function. If the future analysis of experiments

gonfirms the guess of ref.l32)

one probably will have to go
back to the naive expectation f£(z) = const. and provide the
"softness" of the normal fragmentation function by increasing

the vector/pseudoscalar ratio for primary meson production.

PR G S S m—" ——— ™ - A i - . A A . PR
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4.5 Summary

Based on the quark-parton model, the space-time evolution

of a quark jet can be visualized as an "inside-outside"
cascade. Independent of the reference frame chosen, slow
fragments are produced earliest. The production of leading
fragments, or equivalently the final neutralisation of the
primary color charge occurs after a time T proportional to

the quark momentum Q. A quantitative description of this
process can be given using an analogy to two dimensional QED,
or a semi-classical quark model. The recursive scheme for jet
generation proposed by Feynman and Field is consistent with
these models; it reproduces the measured inclusive particle
distributions in quark jets, and the data on correlations,
fairly well. One should note, however, that much of this
agreement results simply from constraints due to 4 - momentum
and charge conservation, and can be obtained as well in an UJM

(section 3).

- . A & & & A A 3 A _ A . - - - - - - - -



5. Parton jets aud QCD

The quark parton model was originally developped to provide a
useful and simple description of the physics of deep inelastic

1-4,135,136) 1he modern foundation for the parton

phenomena.
model is the gauge theory of strong interactions based on the
color degree of freedom: QCD. In QCD scaling of the deep inelastic
structure functions, which describe the quark distribution within
the nucleon, is predicted to be broken by logarithms of qz- -Qz.
Physically, these scaling violations are due to the emission

or absorption of gluons during the hard scattering process. Thus
although the naive parton model, strictly speaking, fails,

it is possible to rephrase the parton language by assigning a

well specified Q2 dependence to the parton densities.l37)

G(x) + G(x,Q%) (5.1)

Already through the principle of amalytic continuation of the
scattering amplitude a Q2 dependence of the structure functions,
describing the distribution of partons in a hadron,induces
automatically also a Q2 dependence of the fragmentation functions,
which parametrize the distribution of hadrons iu a patton.l38’139)
The dynamical mechanisms leading to this scale breaking are
sketched in fig (5.1): "before" the quarks emitted e.g. in ete”
annihilations reach the surface of the confining bag, they
radiate gluons, which may in turn convert into new quark-anti-
quark pairs. The bulk of low momentum gluons is reflected at

the bag surface and compensates the "vacuum pressure". Gluons and
quarks in the high momentum tail of the radiation however deform
the surface of the bag and create a number of incoherent final
state jets. The "parton shower" inside the bag is described

Ly QCD, whereas the final confining stage has to be described

by phenomenological models like the Feynman-Field -jet.

Fig. 5.1 suggests that the perturbative and nonperturbative stages

of the process are well separated in space-time. This conjecture

117)

has been criticized by Frautschi and Krzywicki with the
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argument that the "hard" perturbative matrix elements become
large precisly when the energy denominators become small, i.e.
when the virtual intermediate states arg relativly long lived.
As an example, fig. 5.2 shows a space-time diagram of the

process

& & B
e e -+ qq
b qqg
“qq qq ,

where the splitting of jets happens after a low momentum hadron

has been emitted.

Here we shall first discuss the mechanisms of scale
breaking at the example of structure functions.
Finally we generalize the results to the case of fragmentation

functions.

CONFINEMENT

Fig. 5.1
The perturbative QCD scale breaking in parton jets through
gluon emission and conversion. Full and wavy lines refer to

quarks and gluons, respectivly.
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Fig. 5.2

A possible space-time diagram for e'e *qa qa
(in the notation of Anderson et al) ,Some hadrons are already

emitted before the splitting into four jets occurs.

5.1 Scale breaking in QCD

The formal, and theoretically rigorous derivation of scale
breaking in QCD is formulated in the language of renormalization
group equations for the coefficient functions of local
operators in the light cone expansion for the product of two

140)
currents.

A more intuitive model for scaling viplations in scale invariant
theories has becn given by Kogut and Susskind 69 ), and we shall
follow their line of argumentation.69J42'lé3) We assume that

matter organizes itself into "clusters" 144) For example,
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molecules are made of atoms which are made of nuclei which

are made of nucleons etc. Each cluster is characterized by

a certain size and time scale. The relation between this

scales appears to be accidental. However, as swmaller and
smaller scales are probed in high energy physics some kind

of regularities may emerge; certain field theories e.g. suggest

that the connections between adjacent scales become universal.

Consider time and length scales of ordinary hadrons, lO-|3 cm,
and denote those as N = 0 clusters which in turn are composite
of N = | clusters (partons). Renormalization group investi-
gations suggest that the dynamics of clusters of type N which
form a cluster of type N-| can be described by a Hamiltonian
HN without explicitly refering to smaller clusters (N+1, say).
In an infinite momentum frame, HN depends on the fractional
momenta x of clusters of the type N and on their transverse
momenta. The intuitive picture suggested by Wilson and Polyakov
|45,I46La‘ that at large N the coupling constant describing
parton-parton interactions becomes constant and thus the ratio
of typical scales RN+I/RN-6 approaches a constant at large

N. In that case, the transformation connecting the Hamiltonians

HN+] and “N is also independent of N.

Imagine now an experiment,which probes hadrons with particles
of large four momentum gq. Assume the q is space like, e.g..
Then a reference frame can be choosen such that q consists
only of a three vector, q = (0, a). Such a projectile will
be able to resolve structures of the order of its wavelength
I I

roughly the speed of light, the time scales probed are of

As the "target" hadron moves with

the order Q..l as well., The parton distribution which is relevant
for the description of the process is that of clusters with

RN = A, since clusters of the type N+l cannot be resolved by

the probe, whereas clusters of type N-1 no longer appear

pointlike.

This means

A =R 8" (5.2)
[+]
or, with A= Q.I :t N = - 1ln (Ruq)llnd
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To calculate the x distribution of clusters of type N

within the original hadron

1 doy
Gy () 0, O (5.3)
we introduce the function h (z) which gives the
N+1,N

probability per unit 2z to find a cluster of type N+l and
longitudinal momentum zx' in a cluster of type N and longitudi-
nal momentum x'. Invariance under longitudinal boosts requires
that h depends only on z and not on the absolute momenta of

the clusters. We neglect transverse momenta for the moment
being. The distribution of type N+l clusters is given by

the convolution

O LD S T (5.4)

i
Chep (%) = i N N+,

We shall now loosen the assumption of the existence of discrete
scales; real field theories may not contain such abrupt
transitions between scales. A better description is given

using a smooth connection between different N resp. Q.

With ‘the replacements

GN(x) + G(x,t)
hN+l,N(z) + h(z,t)
G Gy () + 2n( 1 8) RS 5D (5.5)
Ney (3)-Cy (x n at C
and
i - 1n(u2/q§) (5.6)

we obtain the following equation for G(x,t)

2 1n § ' aG(x,t)
at
! dx' X x'
= i -2 (G(x',[)h(;,,t) - G(x',t)6(l-;—)) (5.7)
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or with the redefinition

p(z,t) = 2 In 6 ' (h(z,t) - 6(1-1)) (5.8)

eqn. (5.7) reads simply

I gt
ELat) o & 2 6 o) (5.9)
X

»

Eqn. 5.9 describes the number density of partons in an object
which is probed at a momentum transfer t = ln(Qleg). It can be
generalized to the case were the probe is only sensitive to the

distribution of partons carrying a set of quantum numbers i

3G, (x,t) | '
i dx X S
T TR D Ry G 660 (5.10)

Pij is the transition matrix between the various species of

partons.

To solve eqn. (5.9) it is convenient to rewrite it in terms of

moments

G(a,t) = f dx x°7! Gg(x,t) (5.11)

and

plast) & J dx 2 0 pilusit) (5.12)

Eqn. (5.9) reads now

0.8 . p (@0 6 (a,e) (5.13)

resp. for eqn.(5.10)
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= Lop (a,t) G. (a,t) (5.14)
a joij 1

The structure function G(x,t) can be obtained from its moments
via the inverse Mellin transform or by approximative numerical

47
mcLhods.I* )

We shall discuss eqn. 5.13 for the two most interesting cases:
i) fixed point theories

In fixed point theories the dimensionless coupling constant ag
characterizing parton interactions tends to a nonzero constant

as € grows. The dynamics and the function p become independent

of t.

To solve eqn 5.13 we have further to supply boundary conditions

for small, but yet asymptotic t. With the condition

6 (1,02 = 6, (a) (5.15)

we have 2
¢ (a,0%) = 6 () (3, ) P

o

. (5.16)

In other words, Lhe moments of G are power behaved in Qz.

Momentum conservation and unitarity require

p(2) =05 p (1) > o

and consequencly

p(k) <0 for k > 2 (5.17)

That means that the parton distribution shrinks towards
lower x with increasing Q2, and the number of partons,

G(I.Qz). increases,

ii) QCD as an example for asymptotically free gauge theories

In asymptotically free theories the coupling constant tends to
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ag(@?) - |
b 1n (Q%/a?%)

(5.18)

with

127 (5.19)

f is the number of active flavors.

Due to the weak dependence of ag on Qz. fixed point theories
are a resonable approximation for QCD within a limited range

of Qz. In the presently accessible region of Qz. the two
models have been shown to be indistinguistable in many aspects.
For further calculations we write the transition probability

P as a product of the effective coupling constant uS(QZ)/2n

and a term depending only on the momentum ratios

a.(t)

p(x, )= .f' po(x) (5.20)
Eqn. (5.13)
a.(t)
jgg:'t) gu P (a) G(a,t)

is now easily solved:

a(o) p(a)/2ub

a(t)’

G(a,t) = G (a) (

252
- G (a) (AR TAD
ln(QOIA ) (5:.21)

Thus QCD leads to logarithmic violations of scaling.
In real QCD, we have not simply one parton structure function

G but instead the structure functions q; and g of 2f quark flavors

(i=u,G,d,d,...) and the gluon. Summing over all color states,

"} G s A 101,102)

zero as Q  goes to infinity, eg. in QCD Gé §at TRGH Bams 500

e e e e e SR 8. o & s s a8 A s 4 A s s a8 s a4 s . s s 8 a4 4 & A . e . & = 5 s - - -



dqi(x.L)
dt

_— = - W W Twe——— - —
100
PoAl a2 ay () v, B g )
. x' j' pij %' ‘Ij x Pig X'’ &
' dx' x X
) r—= L . (= . ' = '
5% ( : Pgj (x0) 95(x") + . G) 8(x") )
¢5.22)
This are the well known Altarelli-Parisi master equations 137)

e

~
=2

It must be pointed out here that the master equations decribe

the t-dependence of the parton distribution function in

womentum space. They do not refer to the time development of

parton densities during the scattering process. The p

functions can be evaluated using standard graph techniques

(fig. 5.3).

137)

In the leading log approximation all terms

containing powers in usluu are summed up; the direct terms

in Pii and pgg are then given through momentum conservation.

pij =
pgi =
pig .
P -
5B

Wl

Wl

o) —

I-x

X

2
T4x + 26(1-%)6, .
== 2. Oy (1=%)844
+
.lf(l*x)z

(x2+(1-0)%)

X 1 1 _
v ( -]—:—x-l + x(1-x) - 1z §(x=-1) ] - 3 f 6(x-1)

(5.23)

In terms of moments, eqn (5.22) yields a system of coupled

differential equations which can be partially diagonalized by

choosing

suitable combinations of the parton densities: the

flavor singlett and flavor nonsinglett (valence) components

qs(x.t) and qns(x,L)

qns(x't) =L q.
u,d,s... i,d,5...

(x,€) = Tq; (x.t)
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qs (x,t) = Iqi (x,t) + [ﬁi (x,t)

u'd'go.. u,d,s **+

Fig. 5.3

First and second order contributions to the p-functions

(5.24)

Define now G as the vector of the a-th moments of the parton

densities

ns

G(a,t) = (q (utt)l qa(ﬂ»l). g (Cl,t))

The master equations read then

a
2 S
e G (a,t) = 55 A (a) G (a,t)

with the matrix A (a)

(5.25)

(5.26)



102

1! 0 o
pqq ()
A(u) = 0 Aqq(n) 2quéu)
0 C A (a) 5.27
) qu (a) - ( )

The coefficients Aqq etc., are combinations of the moments
of the p functions. The t-dependence of the nonmsinglett

Component is obvious, it is given egn. (5.21).

The most accurate experimental results on quark structure

functions come from deep inelastic neutrino scattering.‘kg)

To compare the QCD predictions with the data, one has to solve
eqn. 5.26 including a guess for the unknown gluon structure
function; in fact the predictions turn out to be nearly

indepeudent on the shape of g (x,t). 1581

Fig. 5.4 compares the predicted Qz-dependence
of ¥,(x,0°) = x I _q; (x,Q°) withthe CDHS data.

u,u,d,deee
The only free parameter is the constant A from eqn. 5.18. The

149)

QCD curves shown are calculated for A= 0,47 GeV.

The agreement of experiment and QCD is very impressive; the
shrinking of Fz(x,qz) towards lower x with increasing Qz.
leading to a decrease of the higher moments, is exactly
reproduced.

We are now prepared to discuss the QCD scale breaking

150)
9)

Following again the
146)
»

of fragmentation functions.

ideas of Kogut, Susskind and Polyakov we assume
. . . " " + - T "
that in a deep inelastic reaction or in e e annihilation,

a parton of type

N = ~1ln (RoQ) / 1né

is emitted, This parvton "decays" now in a series of N-1 type
partons which decay into N-2 type partons etc. Consequently,
the distance of the partons four momentum from the mass shell

3 146
increases with N. 4 )5

o far as quantum numbers etc. are
concerned, the partons at different N may well be identical,

in QUD e.g. they are all quarks resp. gluons. Accordingly, we

103

0 003<2<006 (#) g
. E™ s - 4 01<x<02 (a) ]
10[438 o 8 Qag .
% o5 M FeES i)
o [e] ‘
+ ¢
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Fig. 5.4
The Qz dependence of the structure function F2 measuring the
quark plus antiquark density in the nucleon, as compared to
QCD fits with A = 0.47 Gev'*?),
e B B B B Bl A - - - A & 8. ool - - - - - - - - -
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get
! x' x
Cp-y (%) = i x7 On(X) kg NG0) (5.28)
or
1
IG(x,L) _ dx' x
= EE i =F r (x,t) G(x',t) (5.29)

Since we are still dealing with quark and gluon interactions
governed by QCD, the r-funttions in eqn (5.26) are identical to the
p-functions in eqn (5.23). With the definitions of eqs (5.24),
(5.25) we arrive at

a

- 6 (a,8) = 25 A (@) 6 (a,t)

(5.30)
For simplicity, we write the moments of the parton
fragmentation functions D as a matrix as well, the element
D} (a,t) describing the decay of the j-th parton component
(non singlet, singlet, gluon) into the hadron i ('*. uo, % wes)s
The moments of the final state hadron density are then

d(a) = D (a,t) G (a,t) (5+31)
There are now two ways to describe the fragmentation of a
quark at tq. as sketched in fig. 5.5: the fragmentation

function D (u,Lq) gives a direct mapping of the parton distri-
bution at

G (x,tq) = (§(1-x), §(1-x),0)
resp.

G (a,Lq) = (1,1,0) (5.32)
onto the hadronic final state. On the other hand, G (a,t )
can be described in terms of a superposition of partons at
Ll, 0 ﬁl] st
given by eqn (5,30). The hadronic final state can now be

The relation between G (a.%_) and G (u,tl) is

evaluted be applying D (n,tl) on G (u,tl). Of course the final

state distribution function has to be independent of tl.

105
PARTON HADRONIC
REPRESENTATION FINAL STATES
OF THE JET
T 1
|
: .
|
|
)
6(X.T.) 1
T+ -
a 1
|
EQN. i
(5,30) |
|

DX, T})

Fig, 5.5

The fragmentation of a quark at t can be considered as a

q
mapping of the point G(x,tq) = ( §(1+x), 6(1-x),0) onto a
hadronic final state o This can be done in two steps:
\
G(x,tq) is first mapped onto G(x,tl); next G(x.tl) is mapped

onto o .
h
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So we get

3

i, D (a,t,) G (a,£)) =0

or, with equ (5.30)

a
2. b et = 32 D (a,t) A (a) (5.33)

To solve eqn 5.33 one needs a boundary condition at & reference
Qz. We could e.g. use the Feynman Field jet model at Qz = 100 GeV2
where QCD effects should be negligible. The explicit
calculation of the scale breaking in parton jets is however
complicated by the fact, that a physical quark or gluon is
never a pure flavor nonsinglett. Through the singlett term in
the quark density G (u,tq), quark and gluon terms become
mixed up. Thus to find the quark fragmentation function, one

lhas to know as well the gluon fragmentation functions at the
reference Q To arrive at a more quantitative understanding of
the process, we shall consider the parton densities G(x,o0)
within a jet initiated by a quark at Q2 >> Q:. Q: is chosen
as low as possible (of course, the validity of the pertur-
bative QCD expaunsion has still to be garanteed). That means,
we observe the "parton shower" initiated by a primary quark

at a point just before the nonperturbative conversion into
hadrons starts. e Grand|5|) has shown that in the high Q2
limit the distributions qns (favored nonsinglet component),

wat, (unfavored cowponent, e.g. antiquarks) and g (gluons)

frow eqn (5.30) may be approximated by

E—
" (ko) - (x—x)3
x+1,E> .05
E*'
q""f(x,n) . (l—x)
q
x + 1
16
g, (x,0) - (1-x) 3 (5.34)
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The subscript q refers to the nature of the parent parton,
£ is defined by

2
E = ] 1 gﬁiﬂﬁl)
i ag (@%) (5.35)

Obviously, as Q2 goes to infinity, all parton (and hadron)
densities concentrate at x = 0. The ratio of the various
components stays constant. Compared to the valence quark, gluons
and sea quarks are suppressed by factors (1-x) and (I-x)2 resp.
Thus the leading particle effect, which means the dominance at
high x of particles containing the original quark is not destroyed
by the QCD corrections.The final hadron spectrum is given by the
convolution of eqs. (5.34) with the fragmentation function

D (x,0). Therefore the steepening of the leadlng hadron
distributions occurs at the same rate as in q .Compariug e.g.

typical DORIS and PETRA energies, we get

0.5
x dg - = x do
o (dx)qza ;*| (1=x) o (dx)q2 5
1000 Gey? 10 Gev? . (5.36)

5.2 Preconfinement

If one compares the QCD results on parton fragmentation (eqn. 5.33)
with the results of naive confinement models (chapter 4), a
paradoxon seems to emerge: in QCD, the decay of a parton at QZ
into many partons at lower Qz is entirely governed by the color
charge of the fragmenting parton; the pictorial flux tube
connecting the two color sources plays no role at all,a second source
is not even needed! Furthermore, the QCD "final" state at L=0Q
contains a number of color triplet - and octet sources, which

are assumed to decay independently according to fragmentation
functions D(x,0), wheras naivly one expects a system of color
flux tubes joining theses sources. Finally, since the fragments

of each t=0 parton cover the y range fromy to y =0, the

parton
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height of the rapidity plateau depends on the choice of
reference frame used for description; the results are not

lorentz invariant.

The origin of these problems is presumably the following: the
confinement- and the QCD picture, respectivly, apply to

different stages of the process. The naive confinement picture
mainly adresses the question of the formation of the rapidity
plateau, whereas the QCD approach describes the distribution

of ftast fragments in jets. Actually, the leading log approxima-
tion on which eqn. (5.33) is based, is invalid for x < Qz/Q2
because additional terms (1/x)lnx become important '52).°Therefore
eqn. (5.33) makes no predictions on the height of the rapidity

plateau, on multiplicities etc.

Nevertheless, the question stays how the two different approaches,
Lthe confinement model at low x and at Qz = Qg. and the QCD

A . 2 . .
picture at high Q join smoothly.

3)

Recently, Konishi, Ukawa and VenezianoIS have proposed a

generalization of eqn. 5.33 to describe the t-dependence of

n-parton cross section in jets. They describe the parton

159); an exact derivation

154)
’

fragmentation as a branching process
of their method has been given by Kirschner using the
leading log approximation. In close analogy to the model of
Kogut and Susskind 09). it is shown that in the QCD evolution
of a jet, partons of size Q decay ("branch") into two partons
of size QK-I' In contrast to the scale breaking of structure

functions, this process may be visualized as real decay in space-

timu.lho) The lifetime FK associated to the propagator of a
parton in the K-th generation iul60)
Peo= x,Q/Q2 (5.37)
K K K &

in agreement with the naive expectation from the uncertainity
relation, rK = y/AE, with y = xKQ/QK and AE = QK' From (5.37)

we get the total time for jet development

e o .
rer 3250 T Ooagpand®ed) ) (5.38)
K=l QK o
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The factor Zk"l in eqn. (5.38) arises since the k-th generation
contains Zk-l partons. This result is in qualitative agreement
with that obtained from the naive fragmentation model of section
4.1,

The jet development by branching of a parton of mass Qk into

two partons close in mass instead of decay by on shell brems-

strahlung is a specific feature of the parton formfactor in QCD.

One gets

Q2

k1 . exp(-2(1n @2/¢%)1/2) (5.39)

QZ k' Yo

k

160)

Consequently, a parton of mass Q evolves on the average to

<> = exp((1n Q*/01)'/?) (5.40)
final partons of mass Qo' The average number of branching steps
is

> = (1a @2/e%) % /1n 2 (5.41)

This description gives a very handy, and intuitive picture

of'the fragmentation of a quark of mass Q into partons of mass QD.
but does it help to close the gap between the perturbative jet

and the rudimentary models of final confinement? This connection

was established by a recent work of Amati and Venezianolss).

They
calculated the distribution of color among the n final partons

of mass Qo' with the astronishing result that already pertur-
bative QCD provides a "preconfinement" of color. They discovered
that these "final state'" partons are grouped into colorless
clusters in a number sufficient to "exhaust" the final state,

but still posessing a finite average mass of the order Qg. The
result is peculiar of QCD, in particular of its non-abelian nature.
Let me briefly sketch their derivation. In the axial gauge and

at the leading log level, the flow of color during the degra-
dation- of a high 02 quark into partons at Qg is determined

by planar diagrams, which means that color flow lines must not

cross. Nonplanar diagrams are suppressed by I/NC factors.

olor
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This is visualized by fig. 5.6; note that a quark corresponds
to a single color line whereas a gluon can be displayed as

a color triplet-antitriplet state corresponding to two color
lines. Obviously, it is always passible to group the

"final state" partons into nonoverlapping, colorless clusters.

C
" e ALLOWED PROCESSES
- + g
GLUON ! i

A N\

B) }C1
ﬁg }Cz

.\ /C I,

v .

<

Fig. 5.6

a) Drawing rules for planar QCD graphs

L) Planar graph of the process e*e” + hadronic clusters; the
"final state" color lines can be grouped inta color singlet

clusters Ll--. CN

.

Partons inside each cluster are nearby in the branching-tree
structure of the jet. Consequently, the clusters have finite

masses. The cluster mass spectrum is cut off in the form 156)

2 M2 v
d 1
s = L e 5 (5.42)
dM M M
c c c o

where X and v are of order |. Thus we get <Hc> =0 (Qo); this
is a non-trivial result since the <H2> of two partons chosen

randomly grows as Q2 us(Qz).

Relative transverse momenta of nearby clusters.turn out to be

small, but the mean p, of a cluster is of the order Q/1nqQ.

The multiplicity of clusters is given by

N N
<n > = exp(2/ ;% an2/A2)/exp(2/ ;% lnqglAz) (5.43)

Notice that <n > grows faster with Q than any power of

logarithms.

The importance of these results is obvious; under the reasonable
assumption that confinement at Qg converts these clusters into
hadrons without a large reshuffling of color lines, the final
state of the parton evolution is no longer a system of virtual
colored objects which are hard to deal with. Instead one has a
number of physical objects,which can be treated as on-shell
massive states and whose properties are independent of the

initial Q.

There are now two philospophies to proceed further. Either one
choosen Qz relatively large, Q: 2 10 GeV?. In this case the
reliability of the QCD calculation is guaranteed, however one has
to tackle the question how a cluster of Hz = Qz = 10 GeV2
fragments. The other way is Lo use a Qi as low as possible,

0 (1cev?)y 137,

identified as the usual meson resonances,and a simple isotropic

In this case the final state clusters can be

i_ = a A A — s a a P i a A r'l = a




phase space volumes describes their decays with reasonable How reliable is this picture? In fig. 5.8 the predicted

accuracy. This fragmentation wodel is once more illustrated in total wmultiplicity is compared to the measurements. The final

fig. 5.7. state hadron multiplicity was assumed to be proportional to
the cluster multiplicity
n
<n> - a<n_> + n H
c o
the additional constant n oaccounts for low energy threshold
5 4 N
effects., A fit to the data yields %) ( fig. 5.8 )
o]
, : 2,.2
<Dp = 2.92 + 0.0029exp(2.85VIn(Q~/A7))
. s 7SI O
using A = 0.5 GeV. The factor 2.85 in front of VIn(Q /A") is
w in good agreement with the estimation by QCD, 2VN /nb ~2.3-2.5.
These concepts are further supported by recent calculations of
Field and Fox who simulated the parton shower in a Monte Carlo
G model in analogy to simulations of electromagnetic showers,
thus keeping trace of all finite mass- apnd finite transverse
. momentum effects. Their results are in reasonable agreement with
0CD" =~ CONFINEMENT datalsa). At present, however, the idea of preconfinement should
be considered as a tool for the consistent treatment of parton
Fig. 5.7 Perturbative and nonperturbative stages of parton fragmentation, and not as a precise quantitative model of jets
conElnenent at subasymptotic energies.
’ " 15 1 1 T =0T 31
=S NPT 4
2 x SPEAR-MARK 1 /]
a B v DASP 8
= = 4 PLUTO -
3 0~ ¢ 1ss0 *? _
b » 0 JADE |
B i ] 5.3 Production of heavy hadrons
% .
% | . Another essential aspect of scale breaking in quark jets is the
: 5'j ;ué*, : production of heavy quark flavoréds/ht sufficiently high Qz. it is
m | uﬁylif} 1 R possible that a gluon radiated from the primary quark converts
= i M, = 292 0 009k (2856w SADD) j into a pair of heavy quark flavors, like charm etc. The charmed
0 PR I G eS| L1 1 quarks fragment and produce charmed mesons,
1 2 3 L5 10 1520 30 4

In principle, such processes are contained in eqgs. (5.30) and

W (GeV) (5.33), since the p-functions (eqn. 5.23) explicitly depend on the

y ) number of flavors f. Practicall the t
Fig. 5.8 Comparison of measured and predicted hadron multiplicities T CRENE SEscs TrE Miplentdd

(eqn. 5.43). in most calculations because otherwise the p-functions get an

additional Qz-dependence via
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£ - £ (%)

=3+ 5 (@%/nd) 0 (@%-ud)

+ 5 @ /ud) o (P-ul)

s (5.45)

m., m, 4are wasses of the order of the charmed and bottom quark
masses, respectively, S(Qzlhm:) is a threshold factor going to
unity as Qzllom2 >> 1. Neglecting S, the Qz—dependence of the

charmed meson production can be calculated from eqn. (5.33)

a
J S
SF D (a,t) = 25 D (a,t) A (ao,f(tr))
2 2
e b
chosing In —3) s t (s 1n > )
o Qo
and f a i}
As a boundary condition
2
U
D (x,1n —7) ) = 6(1-x) (5.46)
o

seems natural.

Fig. 5.8 a) shows the results for perturbative charm production
by charmed quarks, gluons, and light quarks as given by

Georgi and Politzer The quantity plotted is the second
woment of the charmed meson distribution, equivalent to the

mean fraction of momentum carried by all charmed fragments.

Qualitacivly, the curves behave as expected: charmed initial

quarks are most effective in producing charmed mesons, only

. 2 o .
at high Q° additional quarks and gluons are produced perturbativly,

thus diminuishing the mean "charmed momentum"., At first sight,
however, the enormous difference between the light quark and

gluon fragmentation function seems surprising, The obvious reason

A

W12
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is that a heavy quark can be produced by a primary gluon
via pair production; in the light quark case the gluon has to be

taken from the steeply falling bremsstrahlung spectrum.

O — " comedawet |
E B
gluon B) P— _w&— |
OJE oﬁ
.
i e =
0.0 9 3 light quark
i Ight quark
000 "5 10 20 % 100200 500
000! L L 1 i 1 QP (Gevd)
0 20 50 100 200 500
0%(Gev?)

Fig. 5.8

a) The n = 2 moments of the total decay function into charmed
hadrons, for charmed quarks, gluons and light quarks versus
Q%

b) The n = 2 moments of the total decay function into strange
hadrons, for strange quarks, gluons, and light quarks versus
QZ. 161)

Adding nonperturbative contributions all curves will be within

the shaded area (for u,d and s quarks, the values given in

table 4.1 are shown; gluon will be hetween light, and strange

quarks).

Quantitativly, the model does not reproduce the presumably fal-
ling fragmentation functions of charmed quarks into a charmed
meson. This default is due to the boundary condition of eqn

(5.46), and it demonstrates that one has to be very careful
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in choosing these limits: the boundary conditions imposed on

eqn (5.33) have Lo be given in a region where the quark In asymptotic free theories one can calculate f(uk) perturbativly

fragwentation is dominated by perturbative QCD effects, and Only those decays, may contribute Lo transverse momentum

where the influence of phase space is negligible. Eqn. (5.46) fluctuations, where two or wore partons of type k-1 are

however is merely a consequence of the limited phase space generated. Therefore

available. 2 2 2 2
<p‘|'>Q2 = Q" g (Q°) . (5.48)

Georgi and Glashow have as well tried to describe the per-

turbative production of strange mesons (fig. 5.8 b), using . .
s N . In the following stages of the decay, this transverse momentum
wg = 500 MeV. In this regime first order perturbative QCD is

. is smeared out and distributed among the <n> final hadrons. Thus
not expected to hold, so the strong discrepancy to the measured

. P . ) scale breaking effects yield an additional smearing of the final
values is not gastonishing (use e.g. the Feynman-Field jet as

a pavametrization of nonperturbative jets at moderate Qz, srate

one gets b¥ (2, q? = 100) = 0.38 and LI Q® = 100) = 0.22; 2 a2@Hg®

gluons should be in between). ’ <p1hadron N <n> (5.49)
Furthermore, this smearing depends on the fraction of momentum
carried by the hadron. A hadron at high x must contain partons
from "early" stages of the decay and thus carry their large
transverse momentum. A hadron at low x, on the other hand, will
only contain one of the many fragments in the late stages of the

5.4 Transverse momentum structure of parton jets decay and will receive only a small fraction of the early

partons transverse momenta. The mean square transverse momentum

In the naive quark jet models, the lateral width of the jet is from perturbative scale breaking is given by

essentially determined by the diameter of the color string

connecting the primary quarks. The mean transverse momentum

of the produced particles is independent of the jet ener 2
1 g uced p P. ] gy Py S 8 % K(K)GZ(QZ) Q (5.50)
resp. Q°, and of the x of the particles, apart from trivial . agron P
kinematical effects at very low and at very high x. Such a
naive jet represents a cylinder in momentum space. Phase space factors are included in x(x)

0 for x + 1

All these statements become invalid as soon as one includes k(x) = {
QCD scale breaking. This is easily visualized in the scale ~1 else (5:31)
invariant parton wmodel of Kogut and Susskind (see S.I).lkz)
let us calculate the transverse momentum of a parton of size
k=1 descending from a parton of size k. Since no other scale
is prescat, the result must be proportional to the parton size The total transverse momentum is the sum of perturbative and
5 i 3 nonperturbative components
<SPy = ('E[) f(-xk) (5.47)

f is a funetion ol the strong coupling constant ap -
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<p1had_ron> _<p1p) * <p"'NP> (5.52)

A QCD jet at very high Qz is therefore represented by a cone

in momentum space.

There are two ways to calculate the transverse structure of jets
explicitly from QCD. First, is it easy to generalize eqn. (5.33)
and include transverse momenta in the p functions 162) . Since
in this case one has to know how jets ‘look at a reference Qz, this
method is not able to predict the width of QCD jets a priorij;

or, more precisly, as the estimates given above (eqn (5.49) and
(5.50)) in fact represent only lower limits, the method is not

even able to prove the existence of finite width QCD jets at all.

A second way was proposed by Sterman and Weinberg, 36) which
avoids these problems. They calculated the full QCD cross section
in first order of ag for quark-antiquark production by virtual
photons. The diagrams contributing to o are shown in fig. 5.9.

It turns out, however, that this cross section exhibits singula-
rities due to the vanishing gluon mass. However, any cross section which
is physically relevant should be stable and free of infrared

singularties even in the massless limit.

In fact, the reason for the divergencies is that the fully
exclusive cross section evaluated from fig. 5.8 has no physical
weaning in the liwit m//s + 0, it is not measurable. For example,
no detector is able to distuinguish in the massless limit one
particle and several particles moving in the same direction

with a vanishing angular divergence.

; . 164,165
The Kinoshita-lLee-Nauenberg theorem » 163) states a way how

to avoid this problem: it says that any quantity which could
actually be measured is free of infrared divergencies in each

order of perturbation theory.

19
. =
g=- - = T
q q l
HARD
SOFT
GLUON GLUON
Fig. 5.9
Diagrams contributing to the transverse with of QCD quark jets in

36)
S

first order of a

Perturbative angle [RAD]
o

v N

LN

Fig. 5.10

Half opening angle of a double cone containing at least 90 %
of the total energy in a fraction f of all events of the
reaction e'e  + hadrons. The dotted resp. dashed lines show

nonperturbative resp. perturbative conlribu[ions.l79)




5.5 Gluon jets

measure of the transverse width of a jet, Sterman and . .
As a me Jet, ) Up to now, we have dealt with the simplest type of jets:
Weinberg calculated the fraction f of events having a fraction ¢ . X . 3
) s quark-antiquark jets resulting from the confinement of a color
of their energy outside a pair of oppositly directed cones of . 3 : :
) ) triplet-antitriplet system. However, color confinement is of

half angle & << 1. Their calculation confirmes the conjectures . -
) course not restricted to color tripets; any attempt to separate
made above. In the final cross section, all singularities from . i §
_ nonsinglet color systems will produce jets. In QCD, the second
the single diagraws cancel, and one obtains : s : .
basic colored state besides the tripet is an octet, the gluon.

£ =l - %; US(QZ) (3 1né+ 4 1n & 1n 2¢ - %3 - %] Assume, we generate two colorzoctets of opposite color charge
(5.53) with a high invariant mass Q. This could eg. happen in the
decay of a heavy quark-antiquark bound state like the Y into
¢ and & must be chosen such that 1>> (as/I) ln 6 1n 2 e. a photon and two gluong,l n How will the jetr look like?

Extensions of this formula to a wider range of parameters and

calculations in higher orders have been published by several

166,177,178)

) . The two most important predictions for hadron production by color
authors , the main results of (5.53) however remain

X . . octet sources are (referred to the two gluon cms):
unchanged: neglecting the effects due to confinement, QCD jets

are well collimated in angle. At /s = 7 GeV eg. one obtains a i) the multiplicity in the rapidity plateau is increased by
fraction of 70 Z of all events having more than 80 % of their a factor 9/4 compared to quark jets 153,15)

energy within a double cone of half angle 13°. At increasing

energy and constant fractions, this angle decreases as el /4. ii) the color octet jet is softer, it contains less fast hadrons
Thus the conjecture that jets look narrower at higher energies than a quark jet. Asymptotically one expecta'“"5 )
is supported by QCD. The rate of shrinking of the opening angle
is however much less than expected for fixed p, jets. At finite & ,
energies, eqn. (5.53) does not describe the final state hadrons, DS (x,t) = (I-x) Dq (x,t) (5.54)
there the nonperturbative smearing of transverse momenta has : : l
to be included according to eqn. (5.52). The interplay of the
two cowponents is demonstrated in fig. 5.10, which shows results
of Monte-Carlo calculations taken from ref. 179 ) . In fig. 5.10 Both features arxe already evident from the Schwinger model presented
the half angle of a double cone containing 90 Z of the energy in in section 4.2. Assume, the primary partons have a color charge g'
a fraction f of all events is plotted as a function of Qz. different from the coupling g which ties two fermious together to
Dotted resp. dashed lines denote the contributions from the form a boson of the mass
nonperturbative resp. preturbative components alone. One re-
cogunizes that below 02 = 1000 GeV2 QCD effects are small; m = 755 .

4 5

above Q2 = 10 - 10 cevz, one has nearly pure QCD jets.

From eqn. (4.10) we obtain now

2 i 1 2 l2
@2 11 ax e ey | & = A— . (5.55)

Qj=—
n1a
<|a



122

Now remind that in SU(N) the squares of charges of the N-plet

resp. N x N-plet are given by the structure constants of the

group .
2 .

2 1. a_ a -1 _ 4

By = & : 2 T 3 for sU(3)c

2 ) rCc,C. =N=3 for SU(3)e

BNxN Ne-1 e ‘abc “abe i

e (5.56)
So we expect
1
(395 s Ll L2l g (5.57)
Y §xB Y 343

The relative softness of the gluon jet is now required by

simple energy-momentum conservation.

In the QCD language these results are obtained by integrating
eqn (5.30)

a
-2 6 (a,0) = —27SA (a) G (a,t) (5.58)

from the starting point t=t and t=t down to a

quark gluon
low reference scale t, = 0. With the trivial boundary conditions

(compare eqn. 5.25)

nonsinglet singlet gluon

Gq(q, Lquark ) = (qudrg s quarg 5 density) = (1,1,0)
density density

and

Gg(u,tglm“‘) = (0,0,1) (5.59)

we obtain for Lhe numbers Gq(l,o) and Gs(l,O) of t=0 partons

in quark and gluon jets, respectivly

- (1,4 ]
6a(1,0) = (hhgae, )y 5 8

))

gluon

GB(I.O) = (0, q ), g(t )) (5.60)

(Lgluuu gluon .

- 2 I
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In an infinite momentum frame, q(t) and g(t) diverge due to

the 1/x spectrum of non valence components. At a finite jet
momentum, q(t) and g(t) are limited since partons of wavelength
greater than the typical hadron size decouple. In this case,
q(t) and g(t) can be approximated as a preduct of the length of
the rapidity plateau and a function power belhaved in t, which

is roughly of the order of | for Q: chosen as low as possible

in QCD (Q: = 24045 Gevz) and usual Qz. At all t, we have g(t) >>
q(t).

So we see that the density of partons in the gluonic plateau
is 9/4 times the density in the quark plateau. Correspondingly
the number of final state hadrons should by larger by roughly

the same factor. It has been pointed out by Brodsky that the

last assumption may be only approximately valid]ﬁg)

Due

to the higher density of partons in rapidity, the average
mass of the hadronic clusters formed in the last stage of
confinement should be smaller, and as well their decay multi-
plicity. Nevertheless, the height of the plateau of gluon jets

should be roughly twice as large as in quark jets.

The hadron spectrum at high x from gluon jets can be estimated
from the parton spectrum at x + |. In the limit of high Qz, we

151) in analogy to eqn. 5.34:

16
3 13
qs(X.O) ~ (1-x)

12g-1

g (x,0) ~ (I-x)
g (5.61)

Eqn. 5.61 demonstrates the striking fact that the quark spectrum
within a gluon is much flatter than the spectrum of gluons
within a gluon jet. Thus the leading particle within a gluon jet

at high Q2 is a quark!

Actually, though the number of quarks is small compared to the

number of gluons in a gluon jet (eqn. 5.60) the fraction xq/g
carried by t=0 quarks in a gluon jet is roughly 50%
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£
Xa/g " _~1633£ - 0.43 for f = 4 (5.62)

L+

[ v rrTryT T T Ll AR | T AJ T

(1f is further interesting to note that ‘q/Jet is independent of
the parent parton for t + w)

The explanation for eqs. (5.61) and (5.62) is simple: the coupling

of gluons to gluons is stronger than the coupling of quarks to

gluons; so once a quark is produced it degrades much slower in

momentum than e.g. the parent gluon.

Since fast hadrons from gluon jets stem mostly from quarks, we

have

Y (x,t)

D:(x,t)

B h(x.o)

ng
,0 + 1
9 (x,0) x

LlAA_A_A] 1 '\

]

(5.63)

I ool n i
300 1000 3000

T TV T | R

(1-x)

100 10000 30000

LB LR |  j =

0cD
(b)

—r T

301 O (o M470g (n M{)

The stronger coupling of gluons to gluons further leads to a

different pattern of scaling violations: first, the mean per-

turbative opening angle of gluon jets is 9/4 of the opening

angle of a quark jet at the same Q2 170,171) Second, the

10 i

L effects of longitudinal scale breaking are increased by roughly
the same factor. This is evident from fig. 5.11, where the 02

dependence of the n-th moment of the final state hadron density
(n=2,4,6,8,10)

(b) (taken from cef.

is shown for gluon jets (a) and for quark jets

376) .
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An interesting interpretation of gluon jets is

153,180,181)

topological models in the limit

many colors, the ratio of gluon multiplicities
jets and color triplet jets is given by (egn 5.

1
1 do ;

(

/

(

1
g

do . B . _2N
2

g E;)BIE

dy 3x%3

g

N

2

suggested by

of infinitely
within color octet
59)

« N =2
N+w

The plateau of a gluon jet is thus represented by the sum of the

Fig. 5.11

plateaus of two quark jets. In the N + « limit, a gluon jet can

moment of the fragmentation function

2 376
of gluons (a) and quarks (b), normalized at Q2 = M2 = 100 GeV™. )

2
Q" -dependence of the n[ll

be visualized by two diagrams like fig. 5.6 b) put on top of

each other.



This model describes as well the distribution of the leading
quarks within the gluon jet, éssuming that the "dissoziation"
of the color octer into a triplet plus an antitriplet is
equivalent to the decay of the leading gluon into two quarks.
From eqn. 5.23 we known that the distribution of quarks at

. 2 . ; ; 3
high Q" within a gluon jet is approximated by

(x,t -
qg 8 £)

¢ 60 xfa ()% B consr. (5.64)

Convoluting the quark spectrum (5.64) with the quark fragmen-
tation function n:(x,tg-e) = D:(x,tg) we obtain the well
known result

h h
Dg (x.(g) ~ (1-x) Dq (x,ts) "

A further consequence of this model is that in gluon jets goherent

effects, like the Bose-Einstein attraction (s8.3.6) of identical

particles should gain in importance. Finally, what about

the gluon fragmentation functionm at low Qz = Qg ? Intuitively

one would assume that the gluon fragmentation function falls

steeper with increasing x than a quark fragmentation function,

simply because Lo built a meson the gluon has first to convert

into a quark pair which in turn decays. There is however an
172-174)

interesting speculation : due to the self coupling

of gluons, stable particles could exist whose wavefunction does

not contain quarks. The mass of such a glueball should be of

the order of 1 GeV 173)

exlst as pure states, instead they could mix with normal mesons.

Frow the breaking of chiral SU(3) symmetries on could expect

that e.g. the n' contains a glueball admixture of more than

60 1 175,176)

Alternativly, such glueballs need not

n' = ¢ (-sin®'| ng> + cos®'|n,;> + &' |G>) (5.65)

127

If these models are realistic, the initial gluon could decay
into a glueball with a rather flat fragmentation function.
However, even then the fragments of the glueball will have

comparably low x due to the mean decay multiplicity of ~ 4.

To conclude: in QCD we expect that gluon jets at high Q2 have
an increased decay multiplicity; the leading hadron spectrum

is steeper by factor (l-x) compared to quark jets. Since gluons
are flavor neutral, there is no "favored" leading flavor in

a gluon jet, except perhaps mesons containing a strong glueball
admixture.
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5.6 Quantitative test of QCD predictions for jets in
¢'e” reactions

The main effect of QCD corrections in parton jets is a redistri-

bution of the energy flux - longitudinal spectra are steepened,

and Lransverse spectra are widened.

In chapter 3 is was shown that a scale breaking of longitudinal
distributions could as well be induced by nonasymptotic, nonper-
turbative effects. Furthermore, the expected size of QCD

corrections to du/dx is swall (eqn. 5.36) and beyond the accuracy

of presenl measurements.

Therefore, quantitative tests of QCD corrections mainly deal

with the transverse broadening of jets. Among the main questions

i) is the effective coupling constant ag governing scale
breaking in quark jets compatible with the values obtained

in IN scattering at a similar Qz?

ii) is gluon bremsstrahlung described by the QCD matrix element

for spin - | boson emission?

iii) determination of the gluon fragmentation function
quantitative results available up to now concern point i).

As discussed in chapter 2, the increase in the mean p, of
secondaries with respect to a fitted jet axis can be traced to
the appearance of events containing three planar jets. The
number of such events with noncollinear jets, or equivalently
the number of tracks in the tail of the p, distribution is

proportional to ag

Fig. 5.12 proves that the increase of <pf> is well accounted for
by QCD predictions.

A)

(1/N) dN /dp? (Gev/e)?

129
0 s ~
TASSO 4
03l d
3 ot i
d’n'_ R a e e —————————
(o | L ) |
0 10 20 30

W (GeV)

Fig. 5.12

Mean transverse momentum squared with respect to the jets axis,

as a function of Vs 24). compared to QCD predictions'oa).
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a) Distribution of the mean momentum squared in and out of the
event plane at /s = 13-17 GeV and at /s = 30 cevz“)
to QCD predictionslkl), assuming an average nonperturbative
transverse momentum of fragments oq = 300 MeV.

b) Allowed domain for the parameter uq and the QCD scale

parameter A.

as compared
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Perturbative and nonperturbative components of pf can be
scperated, when transverse momenta in and out of the "event
plane" are considered; the momenta out of the plane arxe
determined by nonperturbative processes, whereas momenta in the
event plane also receive contributions from a third jet emitted
at large angles. Fig. 5.13 a) shows the distribution of the

4)

mean <pf>IN and <pf> our Per event2 , also indicated are

predictions for different values of the scale parameter A in
QCD_Ilcl)
in fig. 5.13 b); data are fully consistent with A =0.5 GeV, as

determined from 1N scalteringz's), and with a constant non-

The range of parameters compatible with data' is given

perturbative transverse momentum of the order 300 MeV, as

obtained for jets at lower energies.

Similar conclusions are obtained by studying the "oblateness"
o 5 4 3 259

of the distribution of transverse momentum vectors in jets ).

or simply by counting the number of non cylindrical planar

65,220)
events.

5.7 Summary

At large QZ, wlhere ag is swall, the evolution of jets, as dis-
cussed in chapter 4 in a very phenomenological way, can be
cdlculated perturbativly in QCD. The characteristic feature of
these "QCD-jets" is a broadening of the transverse size of a

jet proportional to Ql/anz. and a steepening of longitudinal
distributions. The QCD contributions to the transverse jet size
should be relevaut at QZ z 1000 GeVz. The effects seen at
highest PEIRA encrgies are compatible with QCD predictions, both

qualitativiy and quantitativly,
The QCD model can be applied also to gluon fragmentation. The
main predictions concerning gluon jets are

- the longitudinal distribution of fragments is softer than in

quark jets, the opening angle of a gluon jet is larger

- the production of heavy quark flavors is enhanced.

6. Jets from parton systems

In the chapters 2 and 4 , we considered interactions where a
large four momentum q is transferred to a single parton, giving
rise to the production of jets. We restricted our attention to very
simple initial conditions: the systems studied consisted of a
parton and an antiparton of opposite color. Furthermore, only
elementary, irreducible partons were considered-quarks resp.
gluons. These limitations reduce the number of variables: tLhe
resalution power 1/A =/|q2| of the prob@gls identical to the
invariant mass ¥s of the hadronic final state. In the picture

of color flux strings, the geometry of the color field connecting
the two partons is well defined. Experimentally, these conditions
are fullfilled only in one type of reaction: the decay of a heavy
(timelike) state into quark or gluon pairs. Other deep inelastic
reactions, like the scattering of quarks out of a nucleon by
probes of large spacelike momenta create more complex final states
which cannot be fully described by the tools discussed above.

In this chapter we shall try to give a phenomenological

description of these reactions.

6.1 Deep inelastic lepton-nucleon scattering

As as first example let us study processes where the nucleon struc-
ture is probed by a photon ¢r a weak vector boson of high, space
like momentum. Various interactions are possiblé. In the simplest
case, the probe is absorbed by a valence quark. Fig. 6.1 compares
the corresponding diagrams of parton resp. color flux lines with
those obtained for quark production in e*e” annihilations. The
main difference of the parton final state is that in fig. 6.1 b)
the antiquark is replaced by the diquark system.("spectator")
remaining after the "active" quark is scattered. The diquark forms
a color antitriplet

3 x3=3+6 (6.1)




The sextel state is excluded because the whole system has to
be a color singlet. The (transverse) mass of the spectator

diquark is determined by the primordial (transverse) mass of

the active quark, qu ] (ulfI + pi) '/2. and by its momentum fraction
KIBZ)
m2
2 - _ 2 _ 4
mqu = (1 x)(mu % ) (6.2)

For x unot too small, the diquark invariant mass is of the order
of the nucleon wass W Thus it seems natural to assume that

they still form a coherent stntelaa).

Also indicated in fig. 6.) are radiative corrections leading

to preconfinement. The diagrams are identical for e*e” annihilations
and lepton-nucleon scattering, respectivly; the physical difference
is that in the e'e  case quark and antiquark radiate after the

hard process, whereas in the latter case the quark radiates in-

mediately before and after the hard scattering.

Due to the analogy of diagrams, the hadron distribution in the
final state (fig. 6.2b).should be identical to that observed
in e'e” annihilations, except that the antiquark fragmentation

region is replaced by a diquark fragmentation region.

Another possible interaction is the interaction of the "pointlike"
current with a sea parton belonging to the primordial Fock state
of the nucleon (fig. 6.3a). Then the final state hadrons populate

a rapidity region of the size
Y = la(w’/m?) (6.3)

The invariant mass y of the hadronic final state is given by
2 2 2.1 2
W= (p ra)” = QT () tm . (6.4)

my is a Lypical transverse mass of hadrons in jets, m;, = 0(0.5 GeV).

Fig. 6.1

Schematic representation of
(a,b) and in lepton-valence

show the planar diagrams of

Fig. 6.2

Structure of the hadronic final state
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Coherent specta-

tor . In lepton nucleon interactions the rapidity axis is defined
by the three momentum of the current.
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123-125, 183, 186, m;}

a) Scattering off

Scattering off a
interaction

Interaction

is exhausted by two types of fragments: those

arising from the continement process of the active quark are

spread over a region Yq = 1In (Q?/mf), like in e'e annihilations.
residual region Y, = ln (1/x-1) is populated by spectator frag-
fig. 6.2c).

(A

interactions between a gpacelike current and nonvalence

sea quark belonging to the primordial hadron

sea quark created dynamically during the

Lthe vector meson component of the current

of wee partons.
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Details of the structure of the final state can be derived by
considering the configuration of color sources. For definiteness

let us use rapidities in the target rest frame, and assume that

an antiquark has been struck. The scattered quark represents an
antitriplet at YoaB °© Y, the opposite color pole beeing the
spectator at Ypap S In (1/x-1). In analogy to ete” reactions, we
thus expect to see a plateau region of the leugth = Y-1n (1/x=1)=2+++3
followed by a shoulder at YLaB = Y containing the direct fragments

of the active quark.

Predictions concerning the region of the target, or spectator
fragments are less evident. The standard assumption l83’l86-187)is
the following: quark-antiquark pairs from the sea have low
invariant masses, and the rapidities of quark and antiquark are
similar. Sd the sea quark left over is localized at the primordial
rapidity of the active quark, YiaB ° In (1/x-1) (in analogy to the
Dirac picture of antiparticles as hole states in a neutral
continuum, this quark is often referred to as the quark hole).

At Yiap © 0, the three valence quarks form a color octet since long
time ago one of them had emitted the gluon which created the sea

quark pair. Conmsequently, one may expect to find the valence and
hole fragments at YLa = 0O and at Ypag °© In (1/x-1), respectivly,

connected by a hadronic plateau created by the octet color field.

It was pointed out by Brodskylaa)

that this model may not be @PPropriate.
The initial 5 quark fock state is a soft, coherent, and long lived
fluctuation of the nucleon core. In a coherent state, however, it

is impossible to further localize color charges.

This is easily demonstrated in the parton picture: the relatively
small mass of a nucleon implies that the mean transverse mass of
sea quarks goes to zero as x goes to zero.87HMEu,however. the

rapidity spread of a low mass qa pair may be arbitrarily large.

Under these conditions, any further subdivision of the target
region seems unmotivated (fig. 6.2d). We shall return to this
point later when discussing specific models of the fragmentation

of multiquark states.
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Besides the scattering off a primordial sea parton, a quark

pair may be created dynamically as an integral part of the
scattering process, due to the pointlike coupling of the current

to a quark line (fig. 6.3b). In this case, the residual quark

is off shell of Lhe order U(Qz), and is localizable within the
target nucleon. Because of its large distance to the mass shell,
and its short life time, this quark hole is an incoherent part

of the spectator wave function and fragments independently. Through
the exchange of hard quanta, even the coherence of the nucleons
valence core may be partly destroyed. This process should dominate
lepton nucleon interactions at high Qz; the resulting final state

will resemble fig. 6.2 c).

Of course the strict division between coherent and incoherent sea
partons, between primordial quarks and those created dynamically,
between nonperturbative and perturbative effects is somewhat
arbitrary; in reality one will have a smooth transition between
the two regimes ‘9]).

2

At low Qz, Q" < o0(l cevz), coherent soft interactions between

current and target compete with the above hard processes. At low

Q2 and w2 quasielastic scattering of the lepton may occur,
resulting in the production of excited nucleon states. At higher

W, the vector mweson component of weak or electromagnetic currents
may interact with the nucleon by exchanging wee partons (fig.6.3c).

Both target and current region form coherent states.

Obviously such interactions are not suited to study parton jets.
lu the experimental data quoted in the following discussion,
quasielastic events are removed by cuts in Q2 and in W

(typically Qz > 2 GeVz, W > 4 GeV). The cut in Q2 as well
suppresses coherent interactions. For almost all applications,the
requirement QZ > 2 GeVZ is selective enough.

Before going into a more detailed discussion, a few words

concerning the choice of reference frames and variables,

The thirce momentum component of the current defines a preferred
axis, along which the color sources involved are more or less

aligned. This fixes the reference frame except for longitudinal
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boosts. Four conventions are usual
- the laboratory frame in which the target was at rest before
the interaction. The usual scale variable for jet studies

is z = Ehadron/total hadronic energy E

H
- the center of mass frame of the hadronic final state., Scaling

variable is xp = 2 p:/H.

- the Breit frame, in which the probe carries only momentum,

but no energy. Scaling variable is zp = 2p2/|q|

- the rest frame of the active quark after scattering

Neglecting nucleon and quark masses, the frames are connected by

the boosts (fig. 6.4) (with Q measured in ~ GeV).

ycms = yLAB ¥ ln(qz(%_'))llz
|
Yprerr - Yrap * 10(Q G
yQUARK - YLAB + ln(Qz(%-l)) (6.5)

Obviously, the laboratory and the quark rest frame are suited
to study the fragmentation of the valence core of the target,

and of the scattered quark, respectivly. = 0 characterizes

YBREIT
the center of the color triplet plateau.

The scaling variables quoted above are used to describe the
fragmentation of the scattered quark: For fast fragments,

Puw >> m,, the variables agree asymptotically.

The study of interactions of pointlike probes with hadrons
provides the opportunity to check our ideas on quark fragmentation
in a more complex environment compared to ete” annihilations, and
it further provides information on the fragmentation of

compound parton systems, like diquarks.

To arrive at a unified déscription of the various hard processes,
and to enable quantitative predictions, we shall discuss the
principles of scaling, environmental independence, factorisation

and jet universality.
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Yiap=0 Yus =0 Ygrenr=0

Fig. 6.4
Tuterrelation of the various reference frames used to describe

the hadronic final state in lepton nucleon interactions.

6.2 Environwental independence and factorisation

The hypothesis of environmental independence is implicitely

contained in the genuine quark parton modell-k’loa)

115)

, it has
first been stated explicitely by Seghal Environmental
independence means, that the distributions of hadrons in the
parton fragmentation region of a specific process is expressible

a8

o h,
%ciDi(t) (6.7)

==
N|Q

Q-

wvhere gy is the probability that the fragmenting parton is of type

i (e = 1) and D?(z) is the fragmentation function depending
i
on a scaling variable z. This means that for the purposes of

calculation, we may assume that the primary interaction creates
a "parton beam" with a composition given by the probabilities
E;» and that each parton variety i decays into hadrons of type
h with & distribution D?(z), which is dndependent of the origin

of the parton.

The probabilities € characterize the process under investigation

$ o= - . i
In e ¢ annihilations e.g, the e; are proportional to the quark

139

charges squared, whereas in lepton nucleon interactions they
further depend on the fractional momentum x of the interacting

parton.

In eqn. (6.7) the fragmentation functions are assumed to scale.

The scaling variable used by Seghal to describe quark fragmentaction
in lepton nucleon reactions was z defined as the ratio of the
actual and the maximum hadron energy in the laboratory frame.

In general, the choice of the "suited" reference frame is

ambigous, fig's 6.2 and 6.3 suggest e.g.to use zy in the above

case, whereas naivly one may vote for xF:
This problem disappears at infinitely high energies. Here the
retation

between the four momenta Py and Pq of quark and hadron, respectivly
holds in all frames with the same z. At finite energies, eqn (6.7)
should hold for those hadrons wich are fast (E >> mh) in each

of the various frames.
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What is the experimental evidence for factorisation? We have
seen in chapter 4 that in fact the fragmentation functions
measured in e'e annilhilations, in electroproduction and in
neutrino-nucleon interactions can be described by one unique
parametrisation. This is once more demonstrated by fig. 6.5,
where the z-distribution of charged hadrons is summarized for

119)

the various reactions. The measurements agree at not too
high z within the error bars. At z > 0.8 a slight discrepancy
seems to develop. One should however bear in mind, that the
distributions have been measured using drastically different
detectors, that acceptance corrections and selection criteria
(e.g. on the winimum number of reconstructed tracks per event)
have been applied, and last not least that the Q2 range and

the final state masses differ, with typical Q2 beeing as low

as 2 Uevz in the neutrino reactions compared to Q2 = 0 (25 GeVZ)
in the e'e” case. All these differences influence mainly the

region close to z = |,

In all types of quark jets, typical transverse momenta with
respect to the axis turn out to be of the order 300-+-:400 MeV/c,
and all show the seagull effect.lgs)
On the other hand, do we expect exact environmental independence
and scaling for quark jets? It has been pointed out that phase
space effects lead to nonscaling of fragmentation functions

even if the basic matrix element is scale invariant. Thus we get

u'i‘(z) D'i‘(z,w) . (6.8)

+
phase space

Following the argumentation of Kogut and Susskind (s. chapter 5),
a scattered parton furthermore is not fully described by the

i 3 2
parton type; one has to know as well its "size" Q7.
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Moreover, we have seen in section 6.1 and in chapter 5, that the
quark composition of the target, as probed by a pointlike
current, depends on q2 as well, and that the clean separation
of target structure and interaction is no longer possible.

Does this imply the total breakdown of the idea of environmental
independence?

Fortunately, QCD provides us with the equivalent principle of
factorisation, as far as the 02 dependence of the process is
coﬂcerned. Consider fig. 6.6a). This diagram describes the
interaction of a probe with a hadron observed with a resolution
just enough to see the parton structure. The incoming nucleon
dissociates into a primordial quark and a spectator. The inter-

action of probe and active quark is described by a formfactor

F(Q%).

q
Gix) Diz)
X
L mq
= W
| _(1-x) :: ::
ms b)
Gix,q2) q Dlz,q2)
Gix) D(z)
r\ x’ x
n mg h, :
tHT (g2
(1-x") ’l W
ms c)

Fig.6.6

h h 2 x : " .
Di(t) sie1d theosy ni(z,q ) s (6.9) Lepton nucleon interactions seen at various levels of complexity.

The most general diagram a) can be simplified using the naive

quark parton model (b). QCD corrections are indicated in fig.6.6 c).
i i . vads poa b o . " ) ,

The scale breaking leads to 3 shrimkiug of the x digtribution Double lines refer to the propagators of hadrons or dressed
a P ing distri i i i i . . 2 : :
and to a broadening of p, distribution within the jet partons; "pointlike" partons are represented by single lines.



Both scattered quark and spectator decay into the final state
hadrons. The simplification made by the naive parton model,
leading to environmental independence, 18 evident from fig.6.6b).
The quark is assumed to be pointlike, F(Qz) = 1, and active quark
and spectator are assumed to decay independently. Finally, the
QCD version of the process is shown in fig. 6.6c). The incoming
hadron dissociates into a primordial quark and a spectator
according to the structure function o(x'). Before the interaction
with the probe, the quark radiates and becomes off shell of
order QZ. It absorbs the probe and again radiates quanta to
approach again the mass shell. The practically on-shell quark

and the spectator decay with fragmentation functions D(z'),

where 2z' is the ratio of the hadron and the dressed quark

196)

energies. The exchange of soft gluons in the final state and

target wass effects lead to Q2 and x dependent corrections of
197,198)

the fragmentation functions.

Of course, fig. 6.6c) is fully equivalent to fig. 6.6a) except

that now a detailed prescription is given how to calculate F(Qz).

In the past years, however, a different approach to recover the
naive model of fig. 6.6b) has been followed. It has been proven

that the violations of scaling induced by radiation before and after
the hard scattering process are independent of the precise nature

199-201)

of the hard process The naive model of scale breaking

a la Kogut and Susskind as well suggests such a behaviour.

The scaling violations can be absorbed in the definition of
now Qz-dcpeudent structure and fragmentation function. In lepton

nucleon scattering, the cross section factorizes as

d 2 2
dxdz E%(X'Q )+D(z,Q7) : (8 10)

The factorisation wasshown to hold for the leading QCD-terms
199)
So

factorisation is the QCD-analogon of the naive parton models

)
( ~ us(Qz)luQ“) and in the leading log approximation.

environmental independence.

Recent investigations have shown thatr factorisation, however,

is only approximate in QCD, and is violated by terms 0(as)202_204?
This is demonstrated by fig. 6.7 where to effective quark
fragmentation functions as calculated by QCD up to 0 (us)

for deep inelastic scattering processes are compared for

different x-ZOQ)

The fragmentation functions depend on x as
well as on z, the violations of scaling beeing strongest at
large x and z. Although the effects of nonfactorisation

are small in those regions where the bulk of present data

lies, on should be aware that this effect signalizes the point
were the intuitive parton picture breaks down; is makes no
longer sense to trgat quark distributions and fragmentation

functions as separate entities.

ep—=—ex* X ep—=enxr*X
Q%=5GeV¥/c? Q%= 100 GeV?/c?
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Fig. 6.7

Relative correction to the fragmentation function D: of

order uS(Qz) for the reactionep*en*+x as a function of ; for ,
different values of the Bjorken scaling variable x at Q=5 GeV

and at Q2 = 100 Gevz.zoa)




What is the experimental situation? From fig. 6.5 we learned
that factorisation is at least approximately true. However,
experimental uncertainities make 3 definite conclusion hard.

A better test of factorisation is possible in lepton-nucleon
scattering where Jzaldxdz can be measured for various x using
thie identical detector and acceptance corrections. Even in this
case, however, the interpretation of data is not unambigious.
Because of

a? - QZ(%-I) (6.11)

any variation of x with Q2 fixed (to test factorisation) or of
02 with x fixed (to measure D(z,Qz) to compare with QCD
predictions) changes W as well, giving rise to scale breaking

due to phase effects.

Fig. 6.8 shows the distribution of masses W of the hadronic
final state 4s measured by a typical neutrino-nucleon scattering
experiment, performed at the Fermilab wide band beam using

the 15 ft hydrogen bubble chamber.zos) The bulk of data lies
below W < 5 GeV; in e'e” reactions however this is the point
were a jet slruclure starts to be visible, averaged over many
events! In that region, the structure of a single event is
dowinated by phase space effects. This is once more visualized
in fig. 6.9 where the mean multiplicities in the quark frag-

mentation region z > 0.2 are plotted vs. H‘ZOS)

Scaling implies
that these multiplicities should be constant. The deviations
are due to threshold effects and are well explained by a phase
space model (solid lines). Using @ cut W >4 GeV toexclude the
influence of phase space limitations, the experimentalists claim

to sce no significant violations of scaling or factorisation.

The same result was obtained with higher statistics by an
206,207) | pig. 6.10

.
shows d"o/dxdz for various x, normalized to the average do/dz.

electroproduction experiment at Cornell

Cuts on the four momentum transfer Q2 > 2 GeV2 and on W > 3 GeV

suppress kincmatical cffects at low masses and reject
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Fig. 6.8
Distribution of invariant mass of the hadronic system for
I 205
neutrino charged current events ).
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Fig. 6.9
The rate of production of positive and negative hadrons with
z > 0.2 as a function of | for neutrino proton interactions.

The curves are the result of a longitudinal phase space modalzos).
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quasielastic events. Within the x range covered, no significant
N A 03<x<0.45 violations of factorisation are seen, the upper limits beeing
T 002<x<03 compatible with QCD predictions (fig. 6.8). Fig. 6.11 shows
x
= v 01<x<02 that at fixed W the mean transverse momentum of fragments is
= @ i
x = independent of x as well.
y 3 E More recently, high statistics data from the bubble chamber
kbl“ : 2~ = BEBC i F " 208-210) A
ol ¢ on vp nteractions became available . Fig. 6.12
o~ g §'_- ‘_,¢+" é shows the inclusive distribution (1/0)(do/dz) for two ranges
. N s 1= - = — = $ ! = of Qz, averaged over all W. Significant differences are observed
ﬁﬂn 2 o - I {i e -i. * i when going from Q2 = =2 Gev2 to Qz = 5-40 GeVZ. Because of the
olo e 2]
L”E; S B 2 T~ B interrelationship of x, Qz, and W this signalizes either a
"IE E 0% ‘Qz ) =2.8GeV = breakdown of factorisation or of scaling, or the dominance
% - Tl of phase space effects. To investigate this in more detail, the
E - - moments
)
c
1 1 L i 1 1 ! 1 L 2 ! a-1 2
0.0 02 0.4 0.6 08 1.0 D(n,Q") = J z' 'D(z,q")dz (6.12)
. o
Z=E, ! By 202
Fig. 6.10 have been calculated and compared to QCD predictions ).
The cross section dg/dxdz for electroproduction normalized to Fig. 6.13 showse the x dependence of the 3rd moment of the
ite averaie over ¥ At Fixed z'206,207) The curves illustrate density of positive particles in the quark fragmentation region
the expected violation of factorisation, calculated in O (us) xp>o for three intervals of Qz. For Q2 = 1 to 5 GeV", a clear
4
'04), for x = 0.15 (-.-.), x = 0.25 (—) and x = 0.37 (---). violation of factorisation is observed, D*(B,QZ) depends strongly

on x at fixed average Qz. Note, however, that the final state

mass Wranges between | and 3 GeV for x > 0.3 and Q2 = 2L;ev2

800 ! ¥ Py a It would be rather astonishing if factorisation in the sense
(b) 1.0<Q“<6.0GeV . + R
600 30<W<4.2GeV of QCD holds at these masses. In -fact, if D (3,q°) is plotted
> Z>03 Vs X resp. q2 for y fixed, data agrees with scaling
@
> 400 ¢ &9 0 ’ + + | in Q2 resp. factorisation. Thus the effects seem to be induced
AN o 0o o o o o by phase space effects depending on y(fig. 6.14).
a? =
N/ 2001 Z<03 7] This 1is once more explicitly shown in figs. 6.15 a) and b). Fig.
6.15 a) shows the moments 2-7 of the nonsinglet fragmentation
1 1 1 1 -
QJ 0.1 0.2 03 0.4 05 function D*(z,qz)-D (z,qz), averaged over all x. The observed
X nonscaling is in rough agreement with the QCD predictions based
on eqn (5.33), however the fit yields a rather large scale
Fig. 6.11 i i
£ parameter A = 0.6 GeV. However, with an additional cut iny,
Mean t 5V 5 e P i i
ean trans er:;ozugsg;um of hadrons in electroproduction as a ws &, &8 uaed by other sxyeriEeniE, the Q2 dependence of the
function of x.” ?

moments disappears completely (fig. 6.15 b).

oo A - o A A s .
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z distributions (z=L /E ) of positive and negative hadrons
h’ "MAX 208)

for two ranges of low and high Q@ from BEBC sz a) for

all hadrons b) for hadrons going forward in the cms (x, > 0).
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Third fragmentation moment of positive hadrons with x5 > 0

5o8)

vs Bjorken x for Lhree intervals of Qz, from BEBC vhz
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Fig. 6.14
Third fragmentation moment of positive hadrons with x
Bjorken x (a) and vs. Qz(b).

> 0 vs.
F

Is it possible, that the good agreement with QCD, as obtained
in fig. 6.15 a) by fitting only one free parameter A is faked

by phase space effects?

This question has been investigated by Engels et.al.zll) at

the example of jets in e*e” annihilations. They compared the

shape of D(n,Qz), as predicted by QCD, with scaling violations
given by a longitudinal phase space model, as described in

chapter 3 (fig. 6.16). The shape of the two sets of curves is very
similar; at low Qz. or S the phase space model predicts an even
stronger variation of D(n.Qz) with Q2.So this model would even
explain,why no violations of scaling are observed above W = 4,
whereas in QCD one expects scaling violations to be inde-

pendent of W, at least if O(us) corrections are neglected.

To summarize so far, the violations of scaling and factorisation
observed in longitudinal distributions in quark jets are
compatible with kinematical threshold effects, which

vanish above W = 4 GeV. Such a behaviour jg  yithin the limited
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Fig. 6.15
Non-singlet moments mﬁ(u,qz) - D’(n,Qz)-D-(n.Qz) vs. Q2 for
. 208)
m =.2¢e07 .
a) averaged over all W. The curves show fit of the QCD formula
o G 2 2
(5.39 to the data points above Q" = I Gev". statistics of data still consistent with QCD, since QCD
b) for' M > 4 GeV corrections to longitudinal fragmentation functions are rela-

tively small (see eqn. 5.36 ).

We have seen in chapter 2 that the transgverse size of jets
exhibits nonscaling at the highest PETRA energies, Nevertheless,
in most cases only tails of distributions are concerned, and

4 constant mean p, for fragmentation is still a reasonable

assumption,




Thus we conclude that at present energies the principles
of scaling and factorisation provide a good description of

the main features of quark jet systems.

A direct consequence of factorisation is the retention of
quark quantum numbers, up to a constant term, at high
rapidities of the current fragmentation region. This has been
demonstrated qualitativly in chapter 4; here we will briefly

summarize quantitative results.

Clean "beams" of one quark species can be produced in the
following reactions:
wN + 17 + u + x

- +
vN + 1 + d + x

a) neutrinoproduction

for x > 0.1

b) electroproduction lp 1 + u + x

for x + 1

1 refers to an electron or muon. The cuts in x are necessary

to suppress interactions with sea quarks in a). The limit

x + | in b) makes use of the fact that for x + | a proton
consists of pure u-quarks, in addition to the fact bhat the
u-quark cross section is enhanced by a factor 4 compared to d
quarks because of its charge.

The main experiwental limitations of the study of quantum number
retention comes again from the low masses of the hadronic final
state, which induce a considerable spill over between the target
and the current fragmentation region. This is evident from

fig. 6.17: the total negative charge in the d quark fragmentation
region in UN reactions increases with W since then the contamina-
tion due to positive fragments of the target nucleon becomes less
impurtanl.2|2) The real mean charge of quark fragments was derived
! to W = = (£ig.6.18).
The resule, Qg = - (0.46+.08), is in good agreement with the

from fig's 6.17 by extrapolation linear in W_
expectation based on the Feynman-Field jet model, e.g..

The experimental information on charge retention in quark jets

is summwarized in table 6.1.
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Table 6.

Measured net charges in the u,d fragmentation region

— o

Exp., Selection criteria and cuts <Qu> <Qd>

i (in units of Gev, GeV2 etc.)

15' 5l Ne Wos, x5 1, Q551 X550 - 0.4610.08
2 F

212) a

BEBC i, H»«n,x>.l.Q2>I,iF>0 0.5910. 10

208)

HEBC ul, wnn,x>.l,QZ>I.ZB>O 0.5240.08

2()8) .

BEBC u,;HuHZ W >4,x>.l,Q2>I.ZB>0 0.550.06 - 0.1240.08

213)

axn(:“cucuz W, x>.l,Q2>I.ZB>0 - 0.3t 0.1

213)

DECO ep H>2.5,x+l,Qz>l,xF>o 0.4810.05

206)

In the Ligh energy limit, all data are in qualitative agreement
with the expectation of approximate charge retention. Quantita-
tivly, the data teud to confirm an SU(3) breaking for sea quarks

as used in the Field-Feynman model.

6.3 Jet universality

At moderate energies the jet physics is dominated by the parton
fragmentation regions investigated in the last section. At
asymptotic energies, however, the direct quark, or spectator
fragments populate only a relatively small region of the whole
rapidity range; the dominant contribution to particle production
comes from the plateau region.

The ideas of jet universality try to relate the structure of the

rapidity plateaus observed in the various deep inelastic reactions.

The idea of an "universal" plateau, whose properties are asympto-
tically independent of target and current in current induced

reactions was first suggest by Bjorken and Kogutzla)

based on
correspondence principles. In a universal plateau the density
of each particle species (l/a)(dza/dydpf) is independent of the
final state wass and the reaction considered. Consequently one

predicts a universal behaviour of multiplicities

<n> = n_1nu? (6.13)

Taking into account our present ideas on parton fragmentation,
this model has to be modified slightly. In two dimensional
quark gluon bremsstrahlung models, as discussed in chapter 4
and 5, the mean multiplicity per unit of rapidity grows with
the square of the partons color charge. This observation lead

Brodsky and Gunionls'z'S)

to the following universality principle:
the properties of the hadronic plateau are uniquely determined
by the type of color charges separated, independent of the

flavor content of the color sources.

In QCD, the two basic sources of color are triplets, like quarks

or diquarks, and octets, like gluons or quark-antiquark pairs.

In current nucleon interactions at high Qz, e.g.,one should observe
a triplet plateau of the length Y3x§ = 1ln Q2, and an octet

plateau of the length Yo = In (1/x=1) (fig. 6.2 ¢), thus

yielding the asymptotic multiplicity
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> = ny ianZ + ng iln(l/u-l) (6.14)
x + 0 & X
Q24 w

More general, and taking into account scaling violations, we get

NJxJ(Y3x3'Q 3x3) * NBxB(YBxB’QBXS)

<n> -
x + 0

QZ* @ (6.15)

with the asymptotic prediction from QCD .

216,217)

Unifying models based on dual unitarisation schemes and

218,219)

on dual topological unitarisation arrive at similar

conclusionsl87).

. . : : {% + - a3 :
Referring to a comparison of hadronic events in e e annihilations
and in current-nucleon reactions, the predictions of eqs. (6.14,

6.15) are obvious:

- same height of the rapidity plateau, as measured at

+ -
YCHS =0 (e e ) and at

YBRE1T= 0 (IN), respectivly

- for valence quark scattering, the total multiplicities observed
in the two reactions should be identical for same W, up to a
small additive constant from a possible difference

in quark and diquark fragmentation

- in IN reactions the total multiplicitiy at fixed W increases
with decreasing x, because then the relative contribution of

the color octet part Brows.
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Fig. 6.19
Rapidity distributions in the cms of secondaries in vp
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function of Q2 for fixed N.z
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208) ¢or 835w s

compared to e'e annihilations at W = /3 = 13 GeV.za)
(dn/dy) = 2,

In fig. 6.20 the total multiplicity measured in yp reactions
205,208)

16 GeV,
The height

Fig. 6.19 sliows do/dy from yp reactions

of the charged particle plateau,

is cowpared with data from e'e -annihilations (see chapter
2). Again the values agree surprisingly well, except at very
low energies, where the phase space available to fragments is
significantly reduced in vp interactions, due to the existence
uucleon.

of a final state

Fig. 6.21 demonstrates the dependence of <n.,> on Qz (or,

equivalently, x) at fixed W,for vp interactions. In contrast to
(6.14) and (6.15), a4 shows

no significant dependence on Qz. This feature is basically

the expectation based on eqgs.

agreed upon by other experiments studying
221-223)

deep inelastic lepton

nucleon interactions

When interpreting figs. 6.19-6.21 in terms of jet universality

one should note that at these energies the multiplicity is far

from Dbeing dominated by the plateau region. Below W = 5 GeV,
e.g., the multiplicity is more or less fixed once the transverse
momentum smearing of the produced particles is given, and is

nearly independent on the choice of matrix elements. The in-

. F 2
variance of n with Q

ch
it may further indicate that at these Q2 either reactions with a

will be partially due to this fact,

coherent spectator system dominate, and no octets are separgted,
or that the typical wultiplicities of triplet and octet plateaus

are similar.

Clearly, the present data are not sufficient to decide wether jet
universality holds exactly; nevertheless data are consistent

with universality, so we shall keep it as a working hypothesis.

is in fact consistent.

P S —

A
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6.4 Spectator fragmentation

Present data seems Lo be consistent with the hypothesis
of approximate factorisation and jet universality. 1In a

certain sense lepton-nucleon reattions therefore don't give
qualitativly new information on quark jets, as compared to

+ - e 5
e e annihilations.

Lepton nucleon reactions, however, offer the unique possi-
bility to study the fragmentation of compound quark states,
like diquarks. It will be shown that the measurement of their
fragmentation functions reveals information on the wavefunction
and dynamics of multiparton states. Furthermore, once the
fragmentation properties of multiquark systems are known,

from N reactions,

e.8. the mechanisms of other deep inelastic

phenomena, like muon pair production in hadron-hadron inter-
actions can be reconstructed by studying the quark contents

of the spectators left over after the hard process.

A spectator system can be described by its flavor content, its

color state, its mass and by the degree of coherence of its
wavefunction. Table 6.2 gives a list of possible spectators in

charged current neutrino-nucleon interactions.

Table 6.2
Spectator systems in v,uN interactions. Coherent subsystems of
the spectator are put in brackets. Only u and d sea quarks are

taken into account.

Reaction Spectator
flavor color mass

v -valence quark (uu) 3 0 (mn)
(fig. 6.1)

v -valence quark .(ud) 3 0 (mn)
(fig. 6.1)

v -primordial sea (uudd) or 3 oo (i»-l)
(fig. 6.3a) (uudu) 3

V -primordial sea (uudu) or 3 o (i -1)
(fig. 6.3a) (uudd) 3

v —pointlike sea (uud)a or 8) 3 - (L 1)
(fig. 6.3b) (uud)u (8) 3 nox

3 -pointlike sea (wud)a or 8) 3 m -1
(fig. 6.3b) (uud)d (8) 3
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The spectator is thus & much more complex object than a
single active quark. To reduce the number of variables, we
shall assume the following simplifications, based on our

knowledge on quark jets.

First, the studies of QCD jets presented in chapter 5 have

shown that the fragmentation function of a system consisting
of incoherent components can be represented as the incoherent
sum of their fragmentation functions, at least as far as fast

(x »>> 0) fragments are concerned.

-
Second, we shall assume that factorisation holds here as well.

That means that the distribution of fast fragments depends
only on the flavor contents of the spectator, whereas its

color contents influences the plateau region.

We are now ready to define the spectator fragmentation function
D:(z) which refers to the decay of a coherent parton system.
We use a reference frame where the initial nucleon has a large
womentuwm p . Since the maximum momentum available to fragments
is Puyax = P (1-x), the natural scaling variable is

o

z = p"/po(l-x). In the cms, we have z = -x with x_, defined in

F’ F

the usual way as 2 p,/W.

Do we expect scaling to hold for spectator fragmentation?

The picture of asymptotic freedom, together with the diagrams

of fig. 6.1 suggests that the spectator completely ignores the
hard process. The energy used to built up the preconfinement
plateau is radiated by the active quark; the color charge of the
spectator participates only in the final confining step at

fixed Qi. Does this imply that the spectator fragmentation

function is independent of Qz?

In fact, a Qz dependence of spectator fragmentation arises

in a rather indirect, and process dependent way, as can be
seen from fig, 6.6c). The incoming proton dissociates into

the active quark at x' and the spectator at (l-x'). The active
quark radiates an energy fraction (x'-x) and is then hit by
the hard probe. Therefore, the maximum momentum fraction of
spectator fragments is (1-x'), and not (l-x), as naivly

expected, Since the amount of radiation, (x'-x), increases with

increasing Qz. the spectator fragmentation function D(z)
shrinks with increasing Qz, and the particle density at

low z increases. Qualitativly these effects of scale breaking
equal those observed in quark fragmentation; quanctitativly they
differ and depend on x as well as on Qz. This difference of

the perturbative jet structures in e'e” and in 1N reactions

has been emphasized by various author5224—227).

In reality, however, these differences are small compared

to nonperturbative effects, at least at present values of

Q2 and W. This is evident from fig. 6.22 where the distribution
of sphericity is compared for ete” events and for 1N reactions
in two bins of W. The distributions agree within the error
bars. Therefore we feel that in the following discussion scale
breaking effects can be neglected without introducing much

bias.

Let us now consider the fragmentation of the coherent part
of the spectator. Its decay is govermned by soft, collective

processes, and one may ask if the perturbative quark parton

S i i R
{ e

’l—\\ =
2.0 |~/ ‘1\ L momeg 88T
/ N
L) *
/ N

|»~{ ‘}\ =

ufo i *\\L
- o}l————
-l 11

I

©
=

|

r

| -
e
o
=
.

o

L

Fig. 6.22

a) sphericity distribution for vp reactions with W = 6.6 GeV
and for e'e” annihilation at W = 7 GeV

b) sphericity distribution for vp plus vp reactions at W = 10.5

GeV and for e’e- annihilation at W = 13 GeV. From 15" ;HZ_IBS)
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wodel, or, more gencral, the concept of individual quarks,
may be applied. Consider the decay of the spectator (mass w.)
into a parton b and a core of mass LIp Let z be the fractional
momentum of b, and p, its transverse momentum. From simple

kinematics, we get

02 4

1

ppm - ———= 4z a? : (6.16)
(1-2z)

If the core z contains valence constituents of the spectator,

its mass should be of the order 0(GeV)la9_l9l).

That means,
lhowever, that for z + | the active parton is far off shell.

A fragment which contains this parton thus actually tests the
parton structure at large 02 and the application of the
perturbative parton coucept appears to be juatified.l92 )
This result, as well as eqn. (6.16) seems to disagree with
the conclusions of chapter 4, that fast particles in jets are
produced last. We found, that the production coordinates of

particles ly on a hyperbola in space-time
t™ - r° = const (6.17)

This corresponds to a fixed production time of each particle,
as measured in its own rest frame. Eqn., (6.16) forces us to

modify this statement:

-t = L e const.(1-2) (6.18)
Pp
The production time of a fast particle is then

t ~ z/l-2 (6.19)

measured e.g. in the core rest frame. This modification
concerns only fast particles; it does not destroy the principal

scheme of an inside-outside cascade, but simply introduces a
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variable cut off for the evolution of the cascade.

To conclude: although spectator fragmentation is basically a
soft process, the quantum numbers of fast fragments should

reflect the constituent structure of the spectator.

Unfortunately, experimental data at sufficiently high 02 and
W, suited to test these ideas is rare. Fig. 6.23 shows the

Xp distribution of positive and negative fragments observed

in yp reactions in the 15' bubble chamber 205) for events with
W > 4 GeV and x > 0.05, with typical Q2 of the order of 2:+:10

2 208)

GeV". Similar results have been reported by BEBC In fig.

6.23, target fragments populate the region Xg *+ -1. For
comparison, the distributions observed in the proton fragmentation
region in inelastic I*P reactions at /s = 5.6 cev229) are

included as dotted lines.

The similarity of the pion spectra obtained in the two reactions
is striking ; furthermore in each case proton production domi-
nates for Xp -1. The absolute proton yield, however is a
factor 5 down in the deep inelastic reaction, for xp * -1.

A dominant production of neutral baryons can be excluded.

Baryon number conservation requires then the proton distribution

s +
to peak at lower Xp» in contrast to the n p events.

The full lines in fig. 6.23 are the result of a phase space model
(UJM). The model uses constant matrix elements to describe

pion production; the matrix element for proton production

hae been adjusted to fit the experimental proton spectrum.

In addition, experimental values for the multiplicities have

been used as an input., The agreement between data and the

simple model is surprisingly good; this demonstrates once more
that a those energies jet physics is still governed mainly by

phase space effects.

Nevertheless, the following facts have to be explained by

fragmentation models

- the spectrum of positive pions agrees with that obtained from
+ : c 5 g : :
normal w p, or pp interactions at similar energies. The ratio

of positive to negative pions increases for fast pions. The
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increase is slightly stronger than observed in normal inter-
actions. However, most of this second effect, if not all, may

be accounted for by charge conservation.

- the production of fast protons is suppressed compared to

normal inelastic interactions.

Various models have been proposed to describe the fragmentation

of multiquark systems, like generalisations of the Feynman-

Field mode123%) 230y,

, multi component fusion models etc.. We

shall discuss two models which rely on a minimum number of
additional assumptions, which are most commonly accepted and
are well documented, and which have proven useful for the des-

cription of normal inelastic reactions: the quark recombination

14) 232,233)

model and the dimensional counting rules

6.5 The quark recombination model (QRM)

The quark recombination model is based on a recent observation

by Ochala) that the Xp distributions of fast mesons produced

in proton-proton collisions closely resemble the x distributions
of quarks known from deep inelastic lepton nucleon scattering.
If these mesons were produced'from fast quarks by fragmentation,
as in e'e” annihilations, the meson spectra would fall much

more steeply in Xp than is observed, since one would have to

convolute the quark fragmentation function over the probability
distribution for quarks in a proton.

234) 14)

This observation lead Goldberg, and later Das and Hwa to

propose that fast mesons are produced in hadronic reactions by

the recombination of valence and sea quarks, at x_and x- ,

q q

respectivly, into a meson qq at Xy = xq + xa Thus the

production of fast mesons measures the combined probability

G(xq.xa)/(qua) of finding two quarks in the wave function of

the proton:
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3
d o dx dx-
g M B | = - 6.20
= E 3 i X, % G (xq,xq) R (xu,xq,xq) ( )
P Eqn. 6.23 yields a single quark structure function of the
pion
0 is the total nondiffractive cross section, and R is a
recombination function which parametrizes the fusion process. G (xq) ~ (1-x )
n 9

R can be decomposed into a presumably scale invariant two (6.24)

x -+
body piece and a many body piece 1

X X 236)

q i imate agreement with experiments
=) = . q _q S8 e [ in approxima
R(XM.Xq.Xq) RZ(KH.xH)G(XH xq xq)+R (xu’x

- 6.21
,xq) ¢ ) conservation requires a < 4 237).

Probabilicy
q

. In practice, oy is nearly independent of the specific choice
Because of the difficulty of many body recombination, : : . .
of R2 » once the condition of short range recombination is

R' is assumed to be negligible except for Xy very close to 238)
. obeyed .
I, where it gives rise to Regge behaviour , This is visualized 5 . .
- 235) For proton-proton interactions where antiquarks are concentrated

by a "competition" argument : fast hadrons are produced 3 237)

) o 108) at low x, G(x_,x-) can be approximated as
alter the rapidity plateau at x =0 has been built up . a g
At that time however, most of the hard gluons which could

articipate in a multi body recombination will already be "used" . -
PEFELESEAS Y % G(x_,x=) = lim G _(x )x=86(1-€)/¢ (6.25)
by other fragments, respectivly will have turned into quark L e+0 T

pairs feeding the particle production at low x.

Rz(x »X=) can be determined from plausibility arguments. One x is the average momentum fraction carried by the quark species
99

expects recombination to be of short range in rapidity; thus 9. Eqs. (6.20) and (6.25) explain Ochs observation, they yield

R, will be zero for IYq-YE| >> 1. It seems further natural

do
to assume that the probability for two quarks at xq,xa to %(xH E;g) = ;aucq(x“) (6.26)
recombine into a meson at Xy is proportional to the
probability to find the two valence quarks of a meson at Xy at
xq and xa, respectivly., Using e.g. the Feynman Field parametrisation of parton structure
functionl,zag) the QRM describes extremely well the cross
That means 5 - + n .
sections for n° and K production by proton beams for 0.5 s xM;0-9
RZ(Eq.Ea) = G"(Eq,CE)/(Eqﬁa) (6.22) 18, 29T), Vice versa,the structure functions of sea quarks in
the proton were determined using eqn (6.20) and data on valence
+ ¢ 5 240) . .
with Lq = xq/xM and G beeing the two valence quark structure distribucions as an input. The shapes of sea quark distri-

function of the pion. Eqn. (6.22) can be fullfilled by chosing butions obtained in this way agree with results from lepton

nucleon scattering, proving the consistency of the model.

£ ,E-) = - »
R, (_q.tq) a gng (6.23)
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With less theoretical justification, the QRM can be extended to
lower values of Ky including thus e.g. the production of K~

in proton-proton interactions via recombination of two sea

quarks' . At low Xy however difficulties arise due to hadron
production by resonance decays. At high x, x > 0.4 resonance
countributions to the inclusive spectra were shown to be negligible
both uxpcrimuutallyzaz) and theoreticallyzaa). Though the QRM
gives a good description of the shape of inclusive particle
spectra, the absolute magnitudes of the cross sections turn

out to be considerably below the data, when calculated for the
standard amount of sea quarks. To fit the data, the momentum
fraction carried by the quark sea of the nucleon has to be

20 to 50 7 14,2]7,240); taking into account that the quark
antiquark system has to be a spin-0 color singet would increase

the required number of sea quarks by another order of magnitude

The enhancement of the sea is usually explained by the following

. 235,240
mechanism :

in an undisturbed hadron, sea quarks and

gluons forw an equilibrium state. During the interaction, this
equilibrium is disturbed since quark-antiquark pairs "condense"
into mesons. Consequently, new quark pairs are created etc.,
until all gluons are used. Therefore the momentum fraction
carried by the effective sea should be of the order 50%, or
somewhat less, depending on the time scales governing the
quark-gluon equilibrium and the recombination mechanism. Finally,
it is not unnatural to assume that the spin and color states

of the fihal mesons will be adjusted by emission and absorption

of soft gluons, without modifying the z distribution of the mesons.

The ideas nicely dovetail with the probabilistic quark model
approach to proton fragmentation by Pokorski and Van Hove244_246).
They assume that in hadronic collisions the gluon clouds of the
hadrons interact and generate the rapidity plateau, whereas

the incident valence quarks fly through without change of

momentum and recombine to leading baryons and fast mesons.

235)
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The QRM has been applied to deep inelastic reactions by De

Grand et.al.241’247).

The situation is only slightly more
complicated in this case; here one measures the combined
probability for seeing three quarks (fig. 6.24) in the

wave function of the proton.

Fig. 6.24
Quark recombination in reactions initiated by pointlike probes

measures the three quark distribution in the nucleon.

For instance, the meson spectrum in the target fragmentation

region in deep inelastic electron-hadron scattering is

2 9xg O g %
Lq;, [ G(x,x_,x=)R,(—, ) 8 (x,,~(1-x)z)
| do(x,z) _ ii"% xq x§7 g2 *y H

a(x) dz 2
Lqj G(x)
i

(6.27)

where a; is the charge of the i-th quark. 2z is the fraction of
the recoiling core's momentum (in an infinite momentum frame)
carried off by the meson. The cross section is normalized by
the total cross section at fixed Bjorken x, i.e. it describes
the number of mesons per event. Similar expressions hold for

neutrino-nucleon scattering.



So far the discussion has been quite general. In order to
wmake quantitative predictions, however, one has to make
models for the multiquark distributions in the target, like the

Kuti-Weisskopf mode1248).

A Kuti-Weisskopf model assumes that the instantaneous probability

distribution F of partous in the proton factorizes as

F = Fu(xu)Fu(xu')Fd(xd)Fo(l- Ex. )
u,u',d

K e X eyt (6.28)

The sea wave function B is a sum over all possible numbers of

sea partons

n n
F (X) = (T 8- 5 F (x))6(X-Ix)
o weg™ g 8 sea (6.29)

Eqn. (6.29) is written for one type of sea partons, its
generalisation to n quark flavors and gluons is obvious. The

coupling constant g determines the mean number of sea partons.

After summing over all unseen partons, one obtains for the
inclusive distribution of the valence quarks and of m sea

- 238)
partons

o
Fo = FL(OF ( DF(xg) 3 F(x;) €, (X)

m i=] uud (6.30)
with
X = 1-1Ix,
i
u,u',d,sea
The function Cuud expresses the damping close to x = | and depends

on the mean number of sea partons, i.e. on g. Approximately one

has R (6.31)
uud %

In general, g stands for the sum of the coupling constants of

the various species of sea quarks.

The functions F“.Fd,F. and the coupling constant g are to be
determined from data. The connection to the fully inclusive

single valence quark spectra is given by

6, (x) = (1-x)8F (x)

x+]

G (x) = (l-x)sid(x) (6.32)

x+1

In addition, Regge behaviour suggests that

1 1
Fo(x), Fi(x) ;m ;Ei = 7% ) (6.33)

The small x behaviour of the sea quark distribution is determined

by the pomeron trajectory

F_(x) ~ —_— -
s x40 x°P x (6.34)

Under the conditions of eqn (6.32) to (6:34), a fit of the

measured structure functions can be obtained e.g. by clhoosing
238)

F(x) s & W06 55

x"’z(los.Ox)(l—x)

Fi(x)

Flisaela) = % V(i =x)>

-1
x

Fs(x)
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and
gl—j'a “ee = 0,12
gS,E = 0.09
’ = 2.84 6.35
By ( )

for the sea quark and gluon coupling constants, respectivly.
These parametrisations are not unique; other combinations
(which fit the measured structure functions as well) were
chosen e.g. in ref. 241, The predictions of the QRM, as
quoted in the following also turn out to be insensitive to

the acuval choice of the model parameters.

Let us now specify the predictions of the QRM for vp scattering

(fig. 6.23). The basic features can be derived without explicit

calculation. In Kuti Weisskopf models, the two quark wavefunctions

factorize approximately, as can be seen from eqs. (6.30), (6.31),
and (6.35):

X

G(x,,x,) ~ c(:,)c(;%l) (6.36)

Taking x, as the x of the quark beeing scattered, le(l-xl) is
identical to the scaling variable z describing the fragmentation
of the spectator. That means that the distribution of a valence
quark of the spectator is identical to its distribution in the

initial proton, if written in the correct scaling variable.

For up iunteractions at very low x, the current will mostly
scatter off a sea quark, and the spectator contains all three
initial valence quarks. Consequently, because of eqn (6.36), the
distribution of fast mesonic fragments should be identical to
that observed in normal inelastic interactions. Furthermore, the
distribution of u' and « will be similar, except for a normali-
sation factor 2 since there are two u quarks, and a factor (I1-x)
reflecting the dominance of u quarks at large x. As the x of the
scatlered quark increases, the neutrino will mostly interact
with the d quark; therefore the »" distribution will remain

unaffected, whereas the m distribution steepens since a =
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Invariant cross section for meson production in the spectator

fragmentation region in yp + u-hix reactions as a function of
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x_.. Full curves are predictions of the QRM absolutely
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normalized. Dotted curves are predictions of dimensional counting
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Ratio of positive to negative pion density in the spectator
. . . s - .

fragmentation region in vp » y b x as a function of Xp» for

different values of Bjorken x. Curves as in fig. 6.25
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Fig. 6.27
As in fig. 6.25,
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As in fig. 06.26, but for ;p + ufh!x.
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cannot longer be produced by recombination of a valence

quark with a sea parton.

The pion and kaon spectra resulting from the exact evaluation
of eqn (6.27) 241D
current Vp interactions. The curves represent the lorentz

invariant cross section (2/:N)Idpfxd30/dp3. and the predictions

are shown in figs. 6.25 and 6.26, for charged

are extended to low x_, using empirical corrections and sea

24§)

enhancement factors . The normalisation has been adjusted to a

electroproduction experiment at lower eqergieszzz). In fig. 6.26
the ratio of v’ to n production is compared for various Bjorken
x, nicely demonstrating the transition from sea quark scattering
(low x) to valence quark scattering ("high" x). The corresponding
spectra for p scattering are shown in figs. 6.27 and 6.28,
including data from a y scattering experiment at lower energies.
As in the latter case the spectator always contains both u and

d quarks, the spectra of %" and 1~ are similar.

As far as baryon production is concerned, the predictions of

the QRM are rather ambugious since there are various competing
production mechanisms. For scattering of a sea quark at low x,

the possibilities are depicted in fig. 6.29 a)-d). The two

extrema are the recombination of all valence quarks to a

baryon, and the recombination of the valence quarks into three
mesons with the baryon being formed by the sea quarks left

over. The corresponding graphs for spectators containing two
valence quarks of the initial proton are shown in fig. 6.29 e)-g).
Obviously, for z + 1, the graphs with the maximum number of

valence quark lines collected in the baryon will dominate.

The relative probabilities can be estimated by noticing that the
processes shown in fig. 6.29 a) are presumably identical to
those describing proton fragmentation in normal proton-proton

interactions.



a) b) c) d)

Fig. 6.29 Diagrams for baryon production by spectator systems
containing all three initial valence quarks (a-d), and two

valence quarks, respectivly (e-g).

An analysis of such interactions in terms of the graphs shown
above is reported in ref. 246. It is stated that the probability
T that two incident valence lines emerge in a single hadron

is about 0.65. Assuming that T has a universal value for all

"soft" hadronic processes 246)

, we are now able to predict the
sliape of proton spectra in the spectator fragmentation region.
For sea quark scattering, the terms dominant at large z,

fig. 6.29 a) and b) generate T2 and (2T)/2 protons per event,

in the mean. The factor 1/2 in 6.29 b) arises since roughly

half of baryons will be neutrons. For valence quark scattering,
fig. 6.29 e) dominates at high z, yielding an integral number of
T/2 protons per event. The QRM can be easily generalized to

this type of recowbination, yielding

duB
(EE ) ~ Gi(z) (6.37)

z+l

with Gi(z) beeing the distribution of the momenta of parton

systems containing i valence quarks. The normalisation is

given by
3 3
d o d
JEe—P P . 1?1 3 (6.38)
dp E
fig.6.29 a) b) e)
e.g.

We are now able to compare the QRM with the high statistics

data from the 15' vp experiment (fig. 6.23). The cut x > 0.05
provides a rather clean sample of vy-valence quark interactions.
Fig. 6.30 shows the data compared to absolute QRM predictions.
The shape of the pion spectra, and the charge ratios are well
described. The absolute normalisation seems to be a bit too

low, however taking into account that the model refers to
scaling spectra at very high energies, and does not contain
nonasymptotic corrections, the agreement is fairly good. The
proton distribution seems to drop slightly too fast as

|xF|+l. However one should note that for the mean W of this
data the kinematical limit for proton production is x, = =.90++«-

F

-.95, 80 at least the data point at highest -x . appears somewhat

F
questionable. Secondly, the excess at high x may be due to a
small remaining fraction of diffractive events. This is supported
by the BEBC data (fig. 6.31) which indicates that the proton

cross section drops at x_ + -1 as Q2 increases.

F
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6.6 Dimensional counting rules

A second, and widely used approach to describe the fragmentation
of multiparton systems is based on dimensional counting

technics 250-25&).

The dimensional counting rules (DCR)
developed by Brodsky, Blankenbecler, Gunion, and Farrar255—258)
refer to the inclusive spectra of the fragment a in the

fragmentation process

A+ a + X (6.39)

As usual, the process is decribed in a frame where the momenta

P, and P, are large. DCR predict

1 d3qa 2 y ‘4o m
- [ E 3 dp; ~z — — = 2z DA(Z) ~ (1-z) (6.40)
o dp, o dz z+1

with z = p./pA. and m = 2ux-l, where n_ is the minimum number
of quarks left behind in X.

Eqn (6.40) can be derived using the Bethe-Salpeter equation to

describe an n-quark bound stnte.256'253’24l)

If such a state
decays into a patt?cle a and n residual quarks, the mean
momenta of the residual quarks go to zero as (l-z) for z . 1,
giving rise to a phase space-like suppression factor (1-2)"x
in the transition amplitude, or (l-z)znx in the decay
probability. In the overall expression, one factor (l-x) is

canceled by an energy denominator refering to the core energy.

The spectrum of fragments a is then given by

do i
1 a @ 2i-1
i L fi(' z) (6.41)
i=n
X

with fi beeing the probability that i quarks are left behind.
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Equ. 6.41 holds only for 1-z small, e.g. z > 0.5'24|,257)

In this limit, o will be dominated by the leading term shown
in eqn (6.40).

There are basic differences between the DCR-ansatz and the

a
QKMZQI): in the councting rule scheme, no distinction is made
between sea- and valence quarks of the incident particles, both
are treated on equal footing, and with identical matrix elements.
The different shape of valence quark structure functions arises
from the summation over the different Fock states, in any of
which the valence quarks are present whereas the mean number

of sea quarks, equivalent to the relative importance of higher
Fock states, is smwall, Consequently, for semiinclusive deep
inelastic scattering we assume that the nucleon breaks up into
a quark ¢ (which is struck by the current) and a core A of n,
quarks; this core then breaks up into a meson a and a recoiling
core of 0y quarks. Thus we get in analogy to eqn (6.41)
§f, (l—xan-l (I_Z)an-l

A A (6.42)

B (1-x)2%,7!
A A

| daa(x.z)
L z — ~

D dz

z+|

This implies however that between the hard scattering and the
fragmentation the quark core A again reaches an equilibrium

state.

Note that in eqs (6.41) and (6.42) the power in (1-x) may

increase by one unit due to spin :ffects.253'26o)

Let me demonstrate the application of DCR in a few examples.

Fig. 6.32 ghows the leading graphs contributing to the proton-

and pion structure functions. For x + 1, we predict

u,d - Y

Gp (1-x)

T R (1-x)7

p

¢19 - (-

u

Cu;d,.. . (I—x)S (6.43)
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nx =2 n)(:l*
G:-l“ ——— Gg“—‘——‘
B =
ne=1 N =3
Fig. 6.32

Counting rule graphs describing nucleon and meson structure

functions. o is the number of residual quarks

in reasonable agreement with the experimental values. Fig. 6.32
can as well be read as defining quark fragmentation functions

(from right to left). Obviously one gets

x) ~ pr) (6.44)
A a
x+1
as required by rather general correspondance arguments 138"39).

T
The discrepancy between the prediction p" 4+ (1-z), and the
u

experimental results, close to (l-z)2 can be explained by

spin effects. The predicted suppression factor for unfavored
decays, (l-z)4 however is in clear disagreement with the observed
behaviour (1-z). The explanation is simple: the DCR don't

include effects like resonance production. Favored production

of p mesons by a u quark, followed by a decay into n+u’

yields a n spectrum suppressed just by (1-z) as compared to the



182

p spectrum. These modes have to be taken into account when
applying DCR; they are especially important in quark jets
where the ratio of vector meson to scalar meson production

112)

is of the order |, On the other hand, resonance effects

can be neglected in the high z region of favored soft fragmentation
LY. 9k

prucesses.qu'z*j)

Let us now calculate the distribution of spectator fragments
in up and yp charged current interactions with valence quarks.

We obtain

zDEu(z) ~ (l-z) for protons

3 +
wi 1 apfESd ~ 2 (1) ~ (1-2)7 for «*
dp
en} (), = giea)? Eow ¥
uu
and
P - =
3 zDud(z) (1-z) for protons
- 2 d o
w: [ dPLE"i -4
dp e (2) ~ (1-2)3 for #* (6.45)

Figs. 6.25 - 6.28 show these curves together with the QRM
predictions, a comparison with vp data is included in fig. 6.30.
In the last case, the proton cross section has been normalized
to give 0.5 protons per event. The pion spectra are arbitrarily
normalized, however the same normalisation constant is used

for both %' and n  spectra (although this is not necessarily
required by DCR). Except for the proton spectra at high lx

gl
the agreement with data is excellent.

Unfortunately, the fact that both QRM and DCR roughly agree
with data doesn't lhelp to shed light on the underlying frag-
mentation mechanism, The two models are even contradictory:
the QRM assumes that the final mesons reflect the quark
distribution immediately after the interaction, whereas the

interpretation of the DCR requires the spectator partons to
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reach a new equilibrium state. We shall return to this point

in chapter 7,

Let me now briefly go through a few recent extensions of DCR.
The influence of spin effects has been clarified in a recent
134 )

work by Brodsky If the helicities of parent and fragment

differ by Ah, an additional factor (I—z)zlAhI arises in do/dz.
This correction e.g. improves the agreement with experiment

for the favored quark fragmentation into mesons.

Furthermore one has to ask what scaling counting rules mean
in a world where scaling seems to be violated at least as far as
structure functions are concerned. It has been shown by Frazer
and Gunion262)
equation reproduces the Altanelli-Parisi equations. A heuristic
picture to this is given in the model of scale breaking by
Kogut and Susskind (chapter 5): increasing Q2 yields an
improved resolution of the system under study so that effectivly
the system appears to have more constituents, resulting in a

steepening of the structure- and fragmentation functions.

2
2D(z) = (1-2)2Pefe(Q)-! (6.46)

Additional violations of scaling which appear in system
with an even number of constituents, and which vanish like

l/Q2 have been discussed by Vainstain and Zacharov26o?

Finally, the question of the time scales involved in parton

fragmentation has been investigated by Gunionlgz).

As already
mentioned, there seems to be a disagreement between the
requirement of an intermediate equilibrium state in DCR, and
the fact that particle production at x close to | involves

off shell partons (eqn 6.16), resulting in short decay times
(measured in the rest system of the fast fragment). Since this
process will contain large momentum transfers, the quark pairs
required for the fragmentation can be created in a pointlike

manner during the decay (fig. 6.33 a). This quarks don't

that using the DCR-approach via the Bethe-Salpeter
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participate in the womentum sharing among partons belonging
to the n quark Fock state of the parent system, the suppression

per quark line left over is smaller than in the original DCR.

Using these "pointlike" counting rules one obtains

2n_tn_, -1

D:(z) ~ (1-2)""x" "p1 (6.47)

n is the number of those quarks in X which are completely
X

unaffected by the decay. npl is the number of quarks in X
whiclh participate in a hard creation process. In the case

of yp scattering at not too small x, one obtains now (fig.
6.33 b-d)

p" ~ (l—z)3

uu

p*  ~ (1-2)°

uu

P~ (1-z)' (6.48)

The x dependence in (6.48) has been calculated assuming that
the emission of a fast fragwent immediately follows the hard
scattering, and that consequently quark distributions are

identical to those in the incident proton. To derive multi-

quark distributions, factorisation in the sense of eqn. (6.36)

was used,
Within the limited statistics available, and due to the
restricted x range for negative fragments, "standard" and

"poiuntlike" counting rules cannot yet be distinguished

experimentally.
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Fig. 6.33 &) Counting rule graph involving a pointlike creation

process b)-d) corresponding graphs for the fragmentation of a

uu-diquark into p,,‘. and 5 . npl %n the number of residual quarks

which participated in the pointlike process. n is the number

of passive residual quark fields. The quark which interacts

with the external current belongs to the primordial wave

function and counts as a passive constituent,
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6.7 The 3 gluon decay of the T

Up to now we restricted our attention to parton systems where

in a suited reference frame the momenta of color sources are
more or less collinear. The principles of factorisation and
universality were used to describe the fragmentation of these
systems; QKM and DCR provide counvenient, however not yet fully
understood parametrisations of the fragmentation functions of
multiquark systems. There is no ambiguity of chosing the "best"
reference frame for the description of the fragmentation, except
for longitudinal boosts. The situation changes drastically as

soon as three or more color sources are distributed in space.

As an example, we shall discuss the decays of heavy quark-

antiquark bound etates like the T or the T'. These mesons
265)

were discovered as broad enhancements in the mass spectrum

of muon pairs produced in proton-nucleus collisions. The inter-
pretation as bound states of a new quark flavor has been confirmed

266-269)

by production experiments using the upgraded storage

ring DORIS at DESY27O) (fig. 6.34). The charge of the new quark
can be determined from the leptonic decay widths of theT and

the ', which turn out to be consistent with |q] = 1/3 (fig. 6.35)
27]). The bLest estimate of the total decay width of the T is
I' =50 KeV, as calculated from lee and the leptonic branching
ratio B, = B = 2.6 ¢ |42 271,292)

Hu
that the quarks in the T carry a new, conserved flavour, called

. The narrow width implies

bottom, and that the fT-mass is below the threshold for

production of naked bottom. Allowed decay modes are annihilations
into an odd number of strong, electromagnetic, or weak vector
bosons. Relevant decays are the annihilation into a virtual
photon, I' = O(a), and the annihilation into the simplest color
singlet formed of an odd number of gluons, I = O(Qg) (fig. 6.36).
Modes with more than 3 gluons are suppressed since GS(H:)/I < Mo
In principle, the ¢ may also decay into a large number of soft
gluons, which correspondingly have large couplings. This process

in generally assumed to be negligible274'275'289), as those
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Fig. 6.34

Visible cross section of the reaction e'e =+ hadrons. The
solid curve describes a single resonance with gaussian energy
resolution and radiative corrections. The width of the peak

is consistent with the energy resolution, o = 7.6 Hev.27l)
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Fig. 6.35

Quarkonium model expectation273)

for the leptonic widths of T

and T' for quark charges |q| = 1/3 compared to the mean

values measured at DORIS 266-269'292).
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gluons would have a wavelength large compared to the size

of the T. Therefore the T acts effectivly as a color singlet
and decouples. Since ag is very large compared to a, the three
gluon decay of the | essentially will saturate the hadronic

X 290
cross sectlon. )

The hadronic decays of the 7 offer the

up to now unique opportunity to study decay properties of
noncollinear arrangeuwents of basic color sources; in parallel
we may hope to get further insight into the way a gluon
fragments.

The matrix element for the decay has been calculated by various

auchorsz76-281)

1 dza | (l-x3)2 (I—x2)2 (l-xl)2

. ——T——-[ + + ] (6.49)
o dxldx2 (n"-9) X X, X, %4 x2x3

where x5 is the fractional momentum of the i-th gluon,

X = 2|§i|/ur. The inclusive x distribution of gluons is

shown in fig. 6.37; their angular distribution is illustrated
by the Dalitz plot (fig. 6.38). In general, the gluons will

be noncollinear. Note, however, that the matrix element (6.49)
refers to massless gluons, vhereas in the preconfinement picture

they are expected to be off shell, p2 = 0 (H:).

low do this gluons transform into hadrons? As a first step, use
the picture that colored objects at large distances from each
other built up tubes of color fields. In the case of two

partons the tube is obviously along the line connecting them,
and the jet axis will coincide with this line. For three partons
in a noncollinear configuration, the color field tubes ema-
nating from the partons have to join somehow in order to

form a color singlet. It seems natural to assume that the system
is in the energetically most favorable state, with a minimum

of energy stored in the gluon field,

The actual configuration depends on the properties of the color

strings, especially on their tension which is defined by the

—— —
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Fig. 6.36

Allowed decay modes of the Tmeson into vector bosons.
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Fig. 6.37

The inclusive momentum distribution of on shell gluons from

the T decay, according to eqn (6.49),

Fig. 6.38
Dalitz plot for the decay of the T into three on shell gluons,
according to eqn (6.49).
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energy per unit length at rest., In the MIT-bag model the

tension of an octet, or gluon tube is r = 3/2 times bigger than

that of a triplet tube 282)

283)

, lattice gauge theories predict
r > 2
In the latter case, it is more favourable for an octet, or

gluon, to split into triplet tubes.

For the T decay, possible configurations of flux tubes are
shown in fig. 6.39. In case of r < 2, the octet tubes join
in the middle, and a "color center frame" can be defined as
that frame, where the tensions of the three strings are in

284)

an equilibrium In the center of color frame, the gluons

are emitted with augles of 60° relative to each other 284).

For r 2 2 the octet tubes split up and the gluons are

connected by three triplet tubesg, 283,284)

Corresponding diagrams are obtained e.g. for qag states
resulting from e'e” annihilations (fig. 6.40). In the limit
re<2, the gluon may be identified as a "kink" in the triplet
string joining the quarks. This interpretation of a gluon has
been discussed extensivly in ref. 285; it offers a bridge to

219) where gluons don't appear explicitely.

topological models
From this point of view, one may even think of the 3 gluon
intermediate state in the ¢ decay as a closed triplet tube with

3 kinks!

In analogy to the Schwinger model (section 4.2) the hadron
distribution may be calculated as the four dimensinal Fourier
transform of the color field strength (eqn 4.10). Equivalently,
we may say that the color tubes decay into hadrons with limited
momentum transverse to the color-anticolor axis, rather than

to the jet axis in the overall cms. In the following, we shall

refer to three models for the fq-decay:

model 1 each gluon fragments as a color octet, and the
process is described in the overall cms. If a gluon
lias a momentum p, on octet-antioctet jet is generated
with an invariant mass M8x§ = 2p, and one half of

it is taken as the gluon jet. This straight foreward
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picture has been used by many authors 276'277’279).
model II Assume r s 2. The octet octet strings join symmetri-
cally in the center of color frame. Gluon fragmentation

is described as above, but in the center of color frame.

model III Assume r 2 2. Then the octet strings split into three
triplet strings, the fragmentation of each is described
in its own center of mass frame. The triplet strings are
treated as quark-antiquark jets, the "decay" of the
gluon into quarks being described by the usual Qcp

cross section.

In models II and IIT, the lorentz transformation to the overall cms
will lead to an increase of the mean transverse momentum

squared with respect to the new jet axis in the cms, and will

286)

modify the distribution of energy flux However, the fac-

torisation property (eqn 6.7) will still hold for fast particles,

since the scaling variable transforms as

®Lems
Zeus ™ ZcoLor cenTeR' © ¢

my
) + 0 (3—) (6.50)

"cms

where m, and p, refer to quantities in the color center frame.
A more sensitive quantity is the mean decay multiplicity of the

T. For model I we get

<n> =

0~ —

]
= Bg(x/?) (6.51)

do |
dx(——i) 30

dx
ngg(/;) is the mean multiplicity of a gluon - "anti"gluon jet

system of mass /8. In model II, the expression simplifies to

i = 3.-% a 8(%/E) (6.52)

g

Finally for model III we have

s do E
Idm(aE) nqa(m) (6.53)

1
<n> = —
a

o
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Fig. 6.39 Configuration of color flux strings in the T decay
a) r = 2, cus frame L) r & 2, color center frame c) r 2 2,
cws frame. Shaded and dotted regions are octet and triplet tubes,

respectivly.
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Fig. 6.41 Ratio of gluon to quark jet multiplicities as a
function of the partons momentum p from longitudinal phase

space models, adjusted to give R(w) = 9/4.

with do/dm being the mass distribution of the quark-antiquark
subsystems. In the limit of 5, shell gluons, and neglecting trans-
verse momenta in the process g+qa, (do/dm) is independent of the

choise of the reference frame.

Defining now R(p) as the ratio of gluon to quark jet multipli-

cities for a parton momentum p,
= 2 n -(2 6.54
R(p) 88( P)/ qq( p) ( )

we estimate for <n> from T decays

del I 1.10£.02)R -(M
mode <n> ( ) nqq( T)

del II < 1.20+.05)R -(M
wode n> ( ) nqq( T)

model III <n>

(1.50%.10) nqa(HT)

R is to be taken at p = 0 (HT/3).

Using the canonical value from QCD, R = 9/4, the models 1 and

II predict a‘tremendous rise in mulctiplicity on the y resonance,
as compared to the two jet continuum. At modest energies, however,
phase space effects will decrease the value of R. This is easily
seen; the mean number of particles produced is given by <n> =
/;I<Eh>. Two terms contribute to the mean hadron energy <£h>:

the momentum distribution parallel to the jet axis, depending

on the scale invariant matrix element, and the transverse momentum
smearing. .A moderate energies, the latter is dominant term, and
<n> becomes independent on the matrix element. Fig. (6.41) shows

R as a function of p, as obtained from phase space models des-
cribed in chapter 3. The matrix elements were adjusted to yield
R(=) = 9/4. The approach to asymptotic values is extremely

slow, in our range of interest we obtain R = 1.2 - 1.3. This

leads to the expectation for the relative change in multiplicity

on the ¢, compared to the continuum

30 - 45 2 model I
An/nqa = 40 - 60 % model TI (6.55)
40 - 50 2 model III
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DASP 2

Fig. 6.42

Average wvisible multiplicity of charged particles and converted

photons in the DASP inner detector.27')
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Invariant production cross section for the inclusive reactions

4+ =

e ¢ nix, k’x. p!x on and off the T (9.46) resonance.

)
From DpASP 11. 271)
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Consequently, one expects the momentum distribution to steepen
slightly.

Let us now consider the experimental data. As evident from fig.
6.34, the T resonance sits on a continous background from

qq jets. Since the events cannot be separated on an event to
event basis, all experimental quantities refer to a mixture

of qq and 3 gluon jets. It is however possible to subtract the
contribution of qa jets from the continuum and from electro-
magnetic decays of the T itself on a statistical basis. In the
following, we shall refer to uncorrected values as to "on the T"
and to corrected ones as to "T direct".

Fig. 6.42 shows the mean observed multiplicity in the DASP
detector as a function of energy 27|). A slight increase in

AL B J is seen in the T region. The present data on multi-

plicities is summarized in table 6.3

Table 6.3

Increase of multiplicity for direct T decays compared to

two jet events

Group Ref. §(2) remarks

DASP IT 271 12 + 3 ) not corrected for accep-
tance effects, however

DHHM 288 13+ 3 ) corrections should be
small (x1)

PLUTO 287 27 + 8 corrected values

This values are incompatible with the predictions of model III,
they can be accommodated to models I and II only by chosing
R = 1.0.

Fig. 6.43 shows the invariant cross section for the reactions

+ b 3 1 :
ee + 7w x, kix, px

as a function of the particle energy on and off the resonance,

respectivly, as measured by the DASP II group.27l) Above the
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K momentum cutoff of 200 MeV/c, the pions show a purely
UPSILON DIRECT exponential spectrum Edsa/dp3~exp(-E/Eo) with

Bo(un resonance) = (2601 25) MeV

Eo(off resonance) = (240t 25) MeV

Within the statistical accuracy, there is no difference between

==

Zi~
alo

the values on and off the resonance.

More precise (preliminary) data are available from the PLUTO
detector. Fig. 6.44 shows the distribution of momenta parallel
41)

to the thrust axis compared to do/dx, off the resonance

Direct Tdecays yield a smaller number of particles at high x,.

Assuming that factorisation holds, a model independent guess

for particle spectra is obtained by convoluting do/dxs over

R e 0.6 0.3 1.0 the gluon fragmentation function ph (z) Justified by the small

value of (R-1), we chose as a tlrst approximation D (z) = D (z).

Fig. 6.44 The resulting spectrum do/dx, is included in fig. 6. 43 it fxts

Observed x, distribution with respect to the thrust axis from data quite well.

direct T decays. The point-dashed curve gives the distribution
) ) ) . ) The above data dont allow to decide wether the T really decays
off the resonance. The full line is a model prediction assuming
dominantly into three jets, instead one has to study topological
w(z) = b"(2). From PLUTO*!) ¥ JEEEs ¢ g SRgARae
& 4 quantities like sphericity or thrust. At this place it should

be pointed out that T decays will not show a pronounced 3 jet

Pseuda-

sphericity structure, since the mean energy per jet, <E> =3 GeV, is just

at the threshold where it is possible to recognize a jet structure
0SS Y ¢ .
jon a statistical basis, averaged over many events. The following
results rely on a comparison with Monte-Carlo models, taking
into account the detector acceptance, the reliability of the

track recognition and last not least radiative corrections.

-}. Let me first discuss results from DASP 11271’29|). Since the
DASP detector measures directions of particles, but no momenta,

four "pseudo" topological variables have been used:

045

9L Vs (GeV) 945 95 Pseudosphericity = % min <sin29>

(C4/n)min <|sin 8|7 )2

Fig. 6.45 Pseudothrust = max <|cos 8|>
271)

Pseudospherocity

% 3 s 2
Mean pseudospherocity as a function of energy. From DASP II Pseudoacoplanarity = 4(min <|cos 6]>)



where 8 is the angle of each track with respect to the preferred
axis, or, for pseudoacoplanarity, with respect to the preferred
Plane. < > means the average over particles of one event. Fig.
6.45 shows the mean pseudosphericity as a function of Vs.
Obviously, events from 7 decays is less jet like. Table 6.4
Summarizes the relative changes of these variables on and off
the T resonance, compared to a Monte Carlo calculation. The
m0dél, based on the Field-Feynman algorithm assumes that gluons
are produced according to eqn (6.49), and that they decay

exactly like quark jets.

Table 6.4
Change on/off resonauce Exp.zgl) Hodelzgl)
<Pseudoacoplanarity> 18.814.0 23,0
<Pseudosphericity> 9.1+1.8 9.8
<Pseudospherocity> 9.51+2.0 14.0
<Pseudothrust> - 2.810.6 = 3
<Multiplicity> 8.4t2.0 7.0

The agreement is fairly good, XZ_ 1.4/NDF, T decays are defini-
tivly different frowm normal two jet events, a fit in terms of

two jet models gives X2 = 22/NDF. The DASP II group pointed out
that, if the T decays into three gluons, the decay properties of
thesg gluons are identical to those of quarks. A change of the
parameter 'a' governing the behaviour oi the model for z -+ |

(eqn 4.26) from a = 0.88 to a = | completely spoils the agreement,
yielding X2 = II/NDF although the effective change in D:(z) is
smaller than for the asymptotic QCD prediction, D:(z)~ (1-2) DZ(z)
(tig. 6.46). Similarly, a significant change in the mean trans-

verse momentum with respect to the jet axis can be excluded.

Recent, and very detailed studies of the hadron distribution from

T decays by the PLUTozgz) and DHHNzBa) groups strongly support

this picture of a three jet decay of the 7. This is e.g.
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demonstrated by a three jet analysis using the triplicity
293), as performed by the Pluto group. The triplicity

method assigns three jet axis to each event by grouping the

method

detected particles into three disjunct groups in a way as to
maximize the sum of the momenta of the jets. Let x|2x22x3

be the normalized jet womenta, and 8,3 6,3 6; the angles between
the jets. Fig. 6.47 shows the experimental distributions of
thrust, X1, Xg, %, and %, fg;zgirect T decays and for two

jet events from the continuum + Included are Monte Carlo

model predictions for two jet, three jet, and phase space

like events. Consider first the two jet data off resonance.

An attempt to assign three jet axis to a two jet event will

lead to one jet axis coinciding with one of the jets, and the
two other axis pointed opposite. Consequently, X is peaked
close to |, and % is close to 180°. The distribution in x4
should be rather flat, since the momentum of one original jet

is shared among two reconstructed jets, and the angle between
this jets, ©, should be small. This is exactly what is observed.
For direct T decays, % decreases, and q increases, proving
that it is reasonable to assign three distinct axis. Data are in
good agreement with the 3 gluon decay model (which assumes that
gluon jets behave like quark jets); a description by pure phase

space seems to be ruled out,

It has been pointed out that the spin of the 3 decay partons
can be determined from the angular distribution of the axis

of the fastest jet with respect to the beam axis.289)

In the
limit xl+l, the distribution of the angle 6 between the event

axis and the beam direction is given by

do/dcos® ~ I acoaze (6.56)

with
a = 1 for spin | partons
a =-1 for spin 0O partons.

Averaged over all values of x 2839:) for

|» one predicts a = 0.39
spin | partons, and a < 0 for spin O partons. The distribution
of the sphericity axis of direct T decays is shown in fig. 6.48

as measured by the PLUTO and DHHM detectors. Taking into account
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that the DUHM detcector does not allow a precise measurement
of the momenta of fast charged hadrons and thus has the
tendency to smear the distribution towards isotropy, the

spin | assignment seems to be slightly favored.

Let me briefly discuss another prediction from QCD: since

the gluon couples to all quark species with roughly the same
Slrength, in contrast to a virtual photon, the production of
Strange quarks should be enhanced. However, as pointed out in
chapter 5, the effective change will be small. Fig. 6.43 demon-
strates that in fact no abnormal production of charged kaons

is observed on the T. In fig. 6.49 the cross section for neutral
kaon production is compared to the total cross section. The
relative increase on the T is statistically not very significant,

but would be compatible with the expectations.

o
oK) L ®had
60 ee > Kg+ (nb)
(nb) PLUTO N
[preliminary)
40
10
20 5

930 935 940 945 950
Ecm (GeV)

Fig. 6.4Y

- : o o
Cross section for k° production compared to ¢

as a
292) hadr.

function of Vs. From PLUTO
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6.8 Summary

The fragmentation of systems containing more than two elementary
color sources, resp. color sources composed of two or more

quarks, is studied.

As far as quark jets produced in lepton nucleon interactions are
concerned, the principles of scaling, factorisation - or environ-
mental independence -, and universality hold approximately and
can be used to relate quark jets from different sources, and at
different energies. Small violations of scaling and factorisation
are observed, and agree qualitativly with QCD predictions, where
0 (as) terms are taken into account. However, regarding the low
mean W, it seems more likely that these effects correspond to

the "scale breaking" seen in e'e annihilations at very low
energies, which result from phase space effects due to the non

negligible particle masses.

The fragmentation of the multiquark spectator systems in IN
interactions is shown to be described by quark counting rules,

or by a quark recombination model.

Let me now summarize what we learned from the study of T decays.
The dominance of a three parton decay mode, probably with spin 1
partons, seems to be estahlished. Although present data have a
limited statistical accuracy, there seems to be a disagreement
between the expected properties of gluon jets, and the observed
fragmentation modes, which are identical to those of quarks,
especially as far as multiplicities are concerned. However, parton
fragmentation at these energies is expected to be strongly in-
fluenced hy phase space effects. Because of these problems, it is
hard to draw definite conclusions on the dynamics of systems with
noncollinear color sources. Only models where the gluon splits

up into two incoherent quark jets seem to be excluded.

Assuming that the decay partons of the T fragment like quarks,

data is consistent with factorisation,




7. Jets in hadron-hadron interactions with particles

of large transverse momentum

) L R 3 33 . 3 N .
Both in e e annihilations and in lepton-nucleon scattering jets
are produced since a parton interacts with a current of large

Ql. fhe four momentum Lransfer is given by the change in

mowentum of the lepton and is well defined experimentally (fig.7.la)

In close analogy, one predicts interactions of two partons inside
two colliding hadrons via the exchange of a vector boson'l);

simply by replacing the lepton at the upper vertex in fig. 7.la
by another quark (fig. 7.1b). The main difference is that

the current now wmay be a gluon, as well,

As a result of the hard scattering, four color sources are
distributed in the plane defined by the collision axis of the
incoming hadrons and by the three momentum component of the
current. In general, the two active partons will be scattered at
large angles in the overall cms, and the spectator systems will

move along the directions of the primary hadrons.

When the color sources start to separate in space, flux tubes

are built up which in turn "decay" and form jets. From our
present knowledge, the configuration of these flux tubes cannot
be calculated, it depends on the kinematics of the interaction
and on the specific tensions of color octet- and triplet strings.
In addition, one may have the possibility to group the color
sources into two colorless clusters 28“). It seems natural to
assume that the flux tubes are formed in a way as to minimize

283) Fig. 7.2 shows examples for

the energy stored in the field.
the case of quark-quark scattering. Depending on the ratio r of
the tensions of octet and triplet flux tubes, different configu-
rations are favored. Since, however, the final distribution of
fast fragments depends only on the state of the color field in
the proximity of the color charge and on the boost connecting
charge and cws, factorisation is still expected to hold; the
change of the field for r § 2 concerns only those slow particles

in regions of phase space where the four jets join.
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Fig. 7.1 Quark diagrams for

a) deep inelastic lepton-nucleon interactions

b) quark elastic scattering in proton-proton collisions

3
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P
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8 =
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Fig. 7.2

a) Flow of color lines for elastic scattering of valence quarks

b,c) Possible configuration of color sources and flux tubes after
the scattering for r > 2. Dotted and shaded regions denote
triplet and octet strings, respectivly.

d) Final 4 jet event in momentum space,.

e) A real large p, event. Momenta are projected into the scattering

plane, From BPS.3|l)
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The resulting configuration consists of two jets containing
particles with large transverse momentum with respect to the
collision axis, and of two jets of low p, particles (fig. 7.2d).
At sufficiently large p,, such processes should dominate the

1)

particle production in hadronic interactions.

This prediction was confirmed in 1973 by three experiments
Studying proton-proton interactions at the CEKN—ISRB-IO).

They measured a considerable excess of particles at transverse
momenta above | GeV/c as compared to the extrapolation of low
Py data. For meson production, the invariant cross section

can be approximated by

for 2 2 py < 5447 GeVv.

After this discovery, a large amount of theoretical and experi-

meutal work set in, concentrated on the following questions

- do high p, particles really result from a two body hard

scattering process?

~ are the active partons identical with quarks and gluons, and
is their interaction described by asymptotically free field
theories, like QCD?

- can one obtain further information on mechanisms of parton
fragmentation and confinement, and is there a link between
Lhese events and normal inelastic hadron-hadron interactions,

where only low p, particles are produced?

The experimental investigation of events with high py particles
(in the following we consider the high p, regime as starting at
py avound 2 GeV/c) is complicated by the complexity of the
wultijet final state. In each jet, the bulk of particles produced
will have longitudinal womenta which are comparable to their
momenta transverse to the jet axis. These particles are no longer

aligned along the jet axis and in genmeral cannat be attributed
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to a specific jet. Consequently, the momentum transfer q is
no longer directly accessable to the experiment, in contrast

to 1IN charged current interactions.

The following discussion is concentrated on the last two of
the questions mentioned above, which of course cannot be treated

independently of each other.

This chapter is subdivided as follows. The large variety of
experiments makes it necessary to discuss the main types of
experiments. This will be done in the remainder of the intro-
duction. In section 7.1, the predictions of the parton model
are discussed on a very elementary level..In section 7.2, the
main features of high p, events are compared with parton model
predictions. The properties of the jets at high Py, and of the
spectator fragmentation are discussed in detail in sections 7.3

and 7.4, respectivly.

The data discussed in sections 7.3 and 7.4 will mainly come
from proton-proton interactions at the highest ISR energies,
since there a reliable separation of the jets starts to be
possible; in addition the amount of final state interactions is
minimized in proton-proton interactions, as compared to hadron-

nucleus collisions.

To avoid additional complications, the discussion of jet proper-

ties will be restricted to jets produced in hadron-hadron colli-

sions,although we are aware that with the advent of more detailed
and precise data, jet production off nuclei will be an important

tool in studying the development of jets, because the interaction
with other nucleons tests the jet structure at carly stages of

confinenent.zgh'zgs)
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Experiments investigating events with particles of large p;
can be grouped into four main categories:

i) Experiments measuring inclusive single particle cross
secltions at highest p; and Vs, uilh the aim to study
parton parton interactions in the asymptotic region
where corrections due to masses, finite transverse momenta
and higher twists are negligible. The tiny cross section
requires large aperture spectrometers, which are usually

0y

realized by lead glasswalls detecting high p, w 's.

Table

ii) Experiments comparing large p, cross sections for different L

particle species, and different beam or target types.

Particle ratios at large p, reflect the quantum numbers
of the scattered partons, and thus help to pin down the
basic scattering mechanism. Such experiments commonly use
magnetic spectrometers of very limited acceptance.
iii) Experiments studying correlations between particles in
events with a large p, secondary. Most of the results
quoted in the following discussion come from this kind
of experiments, which can be set up in very different
ways, ranging from two small aperture spectrometers to
4y detectors. Since most of the recent detectors of type
i) are equipped with a vertex spectrometer,

field as well,

they contribute
to this

Experiments of type i) to iii) use a large p,, single particle

trigger. Their ability to measure parton-parton cross sections is

restricted by the fact that one has to unfold an a priori

unknown parton fragmentation function. A more reliable way to

"detect" a scattered parton is to measure the whole jet, e.g.

by determining the energy flux into a suited region of solid

angle.

iv) Experiments measuring jet cross sections. These experiments
are equipped with calorimeters measuring the amount of

energy emitted at large angles in the cms. Although in

209

principle being superior to other types of experiments

measuring parton cross sections, these experiments suffer
from the fact that even at ISR energies jets are far from
being pencil like, and that a cut in solid angle is a
somewhat inefficient way to collect particles from one
jet. Consequently, acceptance corrections are large, and

there are ambiguities in interpreting the data.

7.1 gives a list of large p, experiments, and summarizes

main characteristics.
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The rapidities y and y' are related to the scattering angle

8 in the two parton cus

8 = 2 arc tan exp((y-y')/2) (7.5)

In analogy to the treatment of lepton nucleon interactions we
2 3 4
assume that the cross section d g/dydy'dp, for the production

of two partons q and q' factorizes:

du(hlhzwqq') =£do(hl*ql)da(h2+q2)do(q‘q2+qq') (7.6)
932

The first two terms are the well known hadron structure functions

dothrq) = Gl(x) ax/x (7.7)

For the cross section we write
dol2 ~ % i
do(q,q,+99") = —— (s,t) dt (7.8)
dt

yieldiug fiuallylzs) (for simplicity, we omit the sum over

9,,9,)
4, q, do dxl dxz "
do = Ul (x )6 "(x,) —— — — dt (7.9)
1 1 h 2
I 2 dt X X
1 2
o 2
or, with (dx,/x )(dx,/x,)dt= dydy'dp}) (7.10)
do % 2 do
== = G, i )O. (X, ) ==
dydy'dpf hl | h2 2 de (7.11)
Writing ¢ as
dg . ° Aen t “-n,
—<(s,t) = a, s f(z) = a s £(8) (7.12)

dt s
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we obtain the scaling law
-2
____22_7 - 5 P(ysy'sxidpy " (7.13)
dydy'dpy

where the angular dependence of do/dt and the structure functions
are summarized in F, and the term p:Zn reflects the s dependence

of do/dt at fixed angle 8.

Eqn. (7.1) suggests that for a single dominant subprocess Lhe
8 dependence of o can be determined directly by measuring the

inclusive single jet cross section Edguldp3 = Idy'(du/dydy'dpi)

at two cms energies S1s811» but for fixed x,:
(ed’o/apd i ¢ (S
3 8
(Ea’o/dp? & 1 (7.14)

However this result holds only up to corrections arising from
the t dependence of the structure functions and of the coupling

a, as predict in asymptotically free theories 326'327).

Neglecting this effect, n is given by dimensional arguments

(821 = [a,] [%1 ° (7.15)

yielding n = 2 for theories with a dimensionless coupling constant.

The cross sections (7.12) and (7.13) refer to the production of
large p, partons, or jets. The single particle cross section ¢
is given by a convolution of o over the parton fragmentation

function D(z)

>

3 Py
3-(Py) = [ =3 E=—3(g7)D(2) (7.16)
dp




In order to cnable simple analytical calculations, we parametrize

¢ locally as E(d3uldp3) = Aplnk, and chose a rather general ansatz
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for n(z) Al 10
n:“u) = (B/2)(1-2)"+L+T8(1-2) (7.17) 3
[ G
The §-term takes into account that for certain subprocesses OhIGJ - Jloh
stable hadrons may emerge. From (7.16) and (7.17) we obtain k2
for the ratio of inclusive single particle and jet cross sections
328 -330)
01 100
3h 3 -
(hd—‘;- )/(Ed——%) gi MEUEL G R + T (7.18) Ir
dp dp (k+w=-2)1 (k=1)

T

D(z)=(m+1)(1-2) ™z 7

Within our approximation the single particle spectrum has the 0 1 5 L i
sawe slope in p, as the distribution of jets, however the absolute
m

yield is much smaller, choosing e.g. the standard quark frag-
mentation function with m = 243, L<< | and T = 0 (fig. 7.3).
This fact is easy to explain: for a large k, and a given p2 it is
less "expensive" to pick up a hadron at z = | from a jet with

py = plh, than to use a slow fragment of a parton at very large

Py. As k increases, the mean z of the trigger hadron approaches

3
! 3 ;h =h
dz d'o 'L ) L
| <py> 2 2 J(T)D(l)z— a5
o * <Pi> | -
o) 3§ (7.19) P
L , L _ |
e (LT TH Ph
z dp
2 —
Bul(k-4)1, L _ ., Bul(k-3)1 L
((ktm-S)l 'k‘2’1)/((k§m-2)| *i:T’T) (7.20)
Diz)=(mw)(1-2) "z
and uh drops (fig. /.4). Experiments triggered on a single hadron 1 ! =} 1 !

aL large p,

Fig. 7.3

Ratio of jet to single particle cross section for a fragmentation

function D(z) = (m*l)(l-z)m/z vs m. Typical slopes of the

inclusive cross sections are k = 9 at medium p,.

Fig. 7.4

1
2 4
m

Mean fraction z of the jet momentum carried by the trigger
particle h, for a fragmentation function D(z) = (m+l)(1-2)"/z.
The quantity shown is <Pj>/Ph = <l/z>.

ot e B A A A -



thus select a special type of parent jets: those consisting D(z) and D'(z) are fragmeuntation functions of the towards and

egsentially of one very fast fragment. This effect is known as

the away jet, respectivly. T oints should be kept in mind:
329,1330) y ] ’ P vliy wo p P

the trigger bias Experiments triggered by jets of large

since do/dxE depends both on D(z) and on the inclusive jet cross

p, are not subjected to this bias, however a similar bias is section daa/dp3. scaling of the fragmentation functions does mnot

introduced if the solid angle covered by the jet detector is necessarily imply scaling of do/dxE in Xpo Furthermore, the

comparable Lo the jet size: then the trigger condition enhances dependence of do/dx, on the trigger-side fragmentation function

318)

warrow, well collimated jets D(z) may induce correlations between the towards and the away jet.

. . . Compare e.g. events were scattered u- or d quarks create »'  and
Another important consequence of the trigger bias is that for a ol

k= trigger particles. Since D: falls steeper in z than D: e the
»

,d

mixture of different parent partons the species with the flattest . - )
mean momentum of the towards jet is larger for the k trigger, and

fragmentation function is favored by the single particle trigger

S0 do/dx, is flatter. Care is needed not to confuse such kinematical
condition. E

effects with dynamical correlations due to the scattering mechanism

0f course, only the jet containing the trigger particle is itself.

affected by the trigger bias; the recoiling parton in the .

. . § P, B G P To complete this discussion, let me quote the relations concerning
opposite azimuthal hemisphere decays unbiased, within the limits

" . . the two spectator jets at low p,. The energy available to the
imposed by energy-momentum conservation. The fragmentation of

A ¥ W . : . N spectators is reduced when compared to the total cms energy. The
this second "away" jet is usually described in terms of a variable

s . h sum of the energies resp. momenta of the spectator jets is
Xp referring to the trigger momentum p,
i

Ko, = p*/PE

g E' = /s - m,(cosh y + cosh y')

(7.23)
- - my(sinh y + sinh y') (7.24)
where h' is a hadron in the away jet. Neglecting transverse momenta

in the parton fragmentation, x_, is related to the "correct" scaling

. h' g E " Hence the usual Feynman variable ZPn//; is no longer suitable to
variable z referring to the momentum of the away jet .
describe the fragmentation of spectators. The most natural choice
zh' = 5 zh (7.22) is to use a reduced energy /s' for the system of the two spectator
E jets
1/2
(Note thatc kp may exceed 1.) /' = (E'2 - P 12y / .
The particle density (l/u)(do/de) is obtained from
= The appropriate scaling variable is then the reduced longitudinal
dz .d o P2 i . i g i < tat tend0?)
12 g5 (—)D(z)D (XE'Z) momentum of a secondary in the spectator system
1 do . dp~ 2
o dx,, '
ST N x' = 2p,//s' . (1.25)
155 ESS(—)n(z2) (7.23)

2 dp 2z



The QCD approach. Tn a hard scattering picture, the favored

candidates for the active partons are of course quarks and
gluons, with their interactions governed by QCD. The main
ingredients of the model are shown in figs. 7.6 to 7.8. The

basic subprocesses are quark-quark, quark-gluon, and gluon-gluon

. y " 331,332)
scattering, with the cross segtions
do ; 2, 2 £(8)
—=(9,9,799"') =1 a_"(Q°)—7=5-§ s '
ds 12 8 32 9,9 9,49 (7.26)

whose angular dependence £(8) is displayed in fig. 7.5. The
6-function in (7.26) refers to parton flavors only, color factors
arc included in f(8). Since the effective color charge of a gluon

is 3/2 times that of a quark, we get

“gluon gluon” “gluon quark” %quark quark (7.27)

As factorisation holds in QCD at the leading log 1eve1?9-20” the

parton structure functions and fragmentation functions are
identical Lo those measured in lepton-nucleon reactions, up to
corrections O(us) which mainly affect the distribution of sea
quarks. The Q2 evolution of G(x,qz) and D(z.Qz) is governed by
the Altarelli-Parisi equations (eqs 5.26, 5.33). However, the
large mass scale Q2 characterizing the hard scattering is not
uniquely determined in a leading log calculation, the naive
choice 02 = - l e.g. is not fully adequate to describe a quark-

gluon compton effect. Forms used in the literature are 926, 332=334)

of = BE ity P - Gem'/3, 2 - p?
(s"+L " +u")
B =~ ¢, Q% =8, QF = (5-t=u)/3 (7.28)

resulting in uncertainities of the single particle cross section
of the order 20-30 7,

Fig. 7.5
Angular dependence of parton-parton cross sections in first
order of QCD 331,332)
SCALE BREAKING A=0.4 GeV/c
{a) Electroproduction Siructure Funclion (b) Gluan Distzibution in Proton
of Proton
v Q82 4
-=-0%: 10
04} -—-Q%:50
W, (x,0%) -+ @?2500
— FFI RESULTS

03

0.2

Fig. 7.6

Typical parametrisation of quark and gluon structure functions

of the proton for various Qz. 326)
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As fig. 7.6, but for fragmentation functions.

Typical examples for structure functions and parton fragmentation

functions are shown in figs. 7.6 and 7.7

Although the basic cross section (7.26) scales as ;—2. scale
breaking effects increase the effective power in p, of the

single particle cross section by about 2 units, yielding 333)

3 3 —6ree]
E(d70/dp™) | ~ by (1.29)

in contrast to the naive expectation pI“ (fig. 7.8).

Whereas the distribution of quarks in a nucleon is determined
rather precisely from 1N scattering experiments, the gluon
density is accessable experimentally only through scaling
violations in the distributions of sea quarks, and is not deter-

mined very well. Nevertheless most authors agree that at moderate

Q2 =2-4 GeV2 the gluon distribution in the proton more or

less coincides with the counting rule prediction

cg(x) - (i) V2 (7.30)
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without scale breaking.Dot-dashed: with running coupling constant
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with the normalisation /[dx Gg(x) = 0.5. Based on theoretical

prejudices, the gluon fragmentation function is typically chosen

22
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(a) TypeI: k, Ininnsic 1o Wavelunction

1 Proton Beam

ﬂ}_/ S

—j Proton Torge!

a factor (l-z)steeper Lhan the quark fragmentation function. ﬁr;w?r
N
\—Amy Side
Fig. 7.9 shows a QCD prediction for the inclusive pion cross
w— Beom ond Torgel Jeis <p> #0

section at large angles for the reaction pp +w + X, subdivided -=== quarks

= gluons

(b) Type II: “Eftective” k, due 1o Bremsirahlung
Q" Trigger Quark

2=3 ump-onss\ |

into different subprocesses. The calculation is in fair agreement

with data for Py, 2 5 GeV/c, at lower p, the theory falls consider-—

ably below the data, indicating that additional scale breaking t. o Dasic- 2722 Subprocess

or higher twist effects have to be taken into account. Such t  Pioton Beam Q<\\ . a, Profon Targe!
\ "o

corrections could arise from a non negligible transverse momentum &

of partons in the nucleon, or from additional subprocesses N awoy Side

involving non-elementary constituents with form factors, as s Beom and Torgel Jals <p,> SO

are e.g. postulated by the constituent interchange model (CIM)
250-256,338)

Fig. 7.10

Effect of a parton transverse momentum in parton elastic
Parton transverse momentum. In the naive parton model, the

scattering processes a) primordial transverse momentum intrinsic
partons q  and q, move collinear with their parent hadrons h, and h..

1 2 I B to the wave function b) transverse momentum due to gluon brems-
There is however considerable evidence, particularly from . -
strahlung. The trigger condition (a large py hadron) selects
dilepton production experiments, that the partons can have a 2 N
configurations were the parton transverse momentum is aligned
sizeable transverse momentum. It has been pointed out that these

. 2 326
. with the final hadrons momenl:url.j2 )
effects are very important in large p, calculations, where the T T —T— T | —
steeply falling cross section is sensitive to the transverse W .
[ =3 = E
coufiguration of the initial state partons 7'336'337). o Vo seron E
&L a
Although the qualitative effect of parton transverse momentum E % j
3| N
is fairly well understood-triggering on a large p, hadron favors L - \\k E
~ F ]
configurations where both the active constituents move in the %,@-_ n
transverse direction of the trigger hadron, thereby reducing } i ]
. - . . Pl & e
the effective ¢ and enhancing the cross section- there ig no s F 3
N
. . b b E
common consensus how to incorporate these effects into the L ]
- -
calculation of cross section, and quantitative predictions “: |
: ¢ ; 326,333,339-342) 67 | E
show major discrepancies. - 1
lo)l : 7]
Two components contribute to the parton transverse momentum k,: 3 1
: : * 3
a primordial k, inherent to the initial wave function, and a 0 =L L

. Fig o« 1411 ¢ b8 , Py (Gevicl
component created through hard bremsstrahlung during the

QCD prediction for the single particle cross section at large Py
for proton-proton interactions at ISR energies, using a mean

parton transverse momentum of 850 MeV/c J32)
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interaction (fig. 7.10). Naivly, one expects the primordial
k, to be of the order 300 MeV, whereas the hard component
grows as Qzlln(QZ/Az). To circumvent problems arising in the

360-362) most authors

calculation of higher order QCD diagrams,
parametrize both cowponents by one effective k, distribution.
Chosing a mean k, of 850 MeV, independent of x and QZ. tiie
theory can be tuned to agree with data over the whole range of

py, (fig. 7.11)

The phenomenological way to include parton k, raises several
new problems. Consider e.g. the diagram shown in fig. 7.12.
It can be regarded either as a quark-quark scattering, with
the effect of the bremsstrahlung gluon beeing parametrized by
the parton k,, or as a quark-gluon compton effect; the same

process appears Lo be counted twice.

In the context of parton k, , another point becomes evident: it
is no louger possible to keep all partons on shell.lag'lgo)
Two ways are followed in the literature: either the active partons
are massless and kept on sﬁe11326). with the fate of the specta-

tors Dbeing neglected, or it is argued that the spectator essentially
carries the initial hadron mass, since it is subjected only to
confining forces which have an appreciable effect only after a

Va0, 3] Consequently, the active partons are off

rather long time.
shell (eqn 6.2). This procedure has the advantage that the pole
of the scattering amplitude at E = 0 moves into the unphysical
region and cannot be reached. In the case of on shell partons,
an arbitrary regularizing nass t »t - M2 has to be introduced to

avoid diverguucics.7'326)

In the spirit of a preconfinement model, pone of these methods
is fully adequate. llere the active partons become more and

wore off shell through successive emission of gluons, reaching a
mean mowentum squared of the quark line at the hard vertex

up to O(QZ). After the scattering, the active parton initiates

a "parton shower" aud successivly cascades down to the mass shell.

Fig. 7.12

QCD diagram which can be counted either as quark-quark
scattering or as a quatk—iluon compton effect. The dotted region
characterizes the two body process, the shaded region denotes

the interaction responsible for the large parton k,.
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Recent works start to deal with this problemaéb), e.g. by

chousing the parton mass as the mean mass of a Sterman-Weinberg
jet of corresponding momentum, with the result that the QCD jet

cross section is fairly insensitive to such manipulations.

Anyhow, all these ambiguities in the interpretation of the QCD
calculus concern mainly the region below p, = 5 GeV, and it is
commonly agreed upon that the inclusion of parton transverse

momentum improves the agreement between theaory and experiment

in the medium p, rauge.7'326'339_342)

Constituent Interchange Model (CIM). The QCD interpretation of

large p, phenomena requires a rather large parton transverse
wowentum. The phenmomenological representation of these fluc-

tuations by an effective k, instead by a sum over Feynman

diagrams rises various problems, part of which can be traced back

to the fact that a moderate p, the lifetime of a large k,
fluctuation is of the same order as the timescales set by the
lhard interaction. In this case, effects due to the coherence

of the initial wave function have to be taken into account,

resulting in subprocesses involving more than two quark partons.

250,251,254,256)

The CIM model assumes that particle production

in the region below p, =5 to 7 GeV/c is governed by such
'higher twist' or 'natural' mechanisms. Typical subprocesses and

their p, dependence are

qM -+ gM
- } -8
qq + MM Py

=12

qB + qB Py (7.31)

The labels M, B and q denote partons with meson, baryon, or
quark quantum numbers, respectivly, which are treated as having

a negligible primordial k.
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347,349)

It has been argued that a systematic treatment of all

hard scattering processes including both elementary quark and
gluon contributions and higher order constituent interchange
processes is given by the "hard scattering expansion"348)
accounting for gluon corrections to the basic QCD process,
constituent transverse momenta, higher twist effects etc. The

inclusive meson cross section e.g. is represented by

d3°h p(pr )] G(XL. 6) “(xl.l 8)
E 3 (hlh2+hX) - A + 3 + 5 4 sen
dp Py Py Py

q9q9 + qq gHM + gM  qM + qM
qg * qg qg + qi qq + MM

(7.32)

The intrinsic transverse momentum of the partons in (7.32) is

small and reflects non-leading contributions. The validity of
348) |

this expansion has been proven rigorously in a 93 toy theory ;

it is presently not clear if it is appropriate to asymptotically
free theories.

The p:‘terms in (7.33) correspond to the asymptotic QCD predictions;
the pIstermn represent the classical CIM mechanisms. The p:
processes are suppressed by a suble cancellation related to gauge

1nvariance367).

The normalisation of the different processes can be derived from
s 7 : 350)

meson form factors and elastic scattering cross sections .

The resulting cross section is in fair agreement with data (fig.

7.13), the dominant mechanism below p, = 5+-7 GeV beeing qM+qM.

From the experimentalists point of view, QCD and CIM mainly differ

in three points

i) in the CIM model, the "jet" containing the trigger particle is

formed by decay products of a meson resonance.
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ii) mesons which do not contain one of the incident valence
quarks are likely to be produced via qq + MM. For pp + k X
2 347)
e.g. one obtains
olgq + kM) _ _0.15 for 6 = 90°
ala » k'q)  (1-x,)2  and x, >.15 (1.33)

Compared to large p, w  triggers, which are in the CIM

almost entirely due to qM +n q, the away jet for a k  trigger
should be different, and its contents of k' should be enhan-
ced, in contrast to QCD where no strong flavor correlation

exists between the two jets at large p,.

iii) if one of the colliding hadrons contains a valence antiquark,
the qq + MM subprocess will considerably enhance the cross

section at large x,, as compared to QCD predictions.

7.2 General characteristics of high p, events

Scattering of quark or gluon partons was shown to account for
single particle yields at large p,, once higher order- and

higher twist effects are taken into account. In this section, we
shall discuss further evidence for a basic two body scattering
process, using two sets of data which are insensitive to details

of parton fragmentation. The mechanisms of fragmentation and the
properties of jets in large p, events will be discussed in sections
7.3 and 7.4.

Particle and beam ratios. Ratios of single particle or jet cross

sections at large x, for different particle species, beam and

target types essentially test the ratio of structure functions of

229

the interacting partons. They have the great advantage that

both theoretical and experimental uncertainities tend to cancel.

The ratio of jet to single particle cross sections (fig. 7.14)
tests the idea that scattered partons carry color and hence have
to fragment, yielding a tremendous ratio oJet(P;)/uh(PL) of the

326)(eqn. 7.18). The measured ratio is in

order IO3 at large x,
good agreement with QCD predictions. For pure CIM processes which
directly produce color singlet mesons, the jet cross section

is lowered by about one order of magnitude 347,349)

as compared

to QCD. In the subprocess expansion (eqn. 7.32) combining QCD

and CIM graphs, the relative abundance of processes can be adjusted
such that the major contributions to the jet cross section come
from QCD graphs, whereas CIM terms dominate single particle pro-
duction, favored by the trigger bias. Within present experimental
ettors,3l8'320'352) such a combination is jindistinguistable

from pure QCD.

Figs. 7.15 and 7.16 show u’/:_. k’/l+ and k /v ratios at large
py, for proton-proton collisions. In almost any hard scattering
model refering to quark partons, I*.k’ and 7 mesons at large x,,
or x contain a u and d valence quark, respectivly, from one of
the incident hadrons. Consequently, the w /n” ratio at large 3%
reflects the ratio 1/(1-x ) of u and d quark structure functions,
k’/n+ should be constant for x + 1, and k /w will drop with
increasing p,. Data show all these features, proving that the

standard valence quarks are involved in large x, particle production.

The same argument shows that the beam ratio pp » Jet + X/wp +Jet + X
falls with increasing x,, since the x distribution of valence quarks
is flatter in a pion, as compared to a proton, simply because
momentum is shared by only two valence quarks. Again data agrees
with the QCD ideas (fig. 7.17). The CIM prediction, where the
process qM + qM is considerably enhanced due to the incident meson,

falls below the data.
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2.0

i . ; ; T Finally, there is a simply way to decide wether the underlying

cm process is a scattering (t-channel) or fusion (s-channel)
mechanism: the ratio pp + Jet X/pp + Jet + X should be about | in
the first case, and large compared to unity else. The conclusion from

PP » JET + X fig. 7.18 is evident.
PP+ JET + X

15:._

o

Structure of large p, events. The inspection of particle and

1.0F —-%—- beam ratios supports the idea that in events with a secondary at
{ _j}"* ' large x, a valence quark is struck out of one of the incident ha-
__*__ Qach drons. What stays to prove is that this happens by a two body
process, i.e. that a large p, event contains four jets of par-
ticles, two at large p, and two low p, jets made of spectator

fragments.

Fig. 7.19 shows the ratio of particle densities observed in pp

collisions with a large p, particle at yt = 0, to those observed

for normal inelastic events3lo), as a function of the rapidity

O O [ U LN BE— I === )
y and the azimuthal angle ¢. The observed structure is not too
0 1 2 3 4 6 6 7

7.18 far from what one expects in a hard scattering model: near the

JET P,

trigger hadron, the particle density is enhanced, indicating

Beam ratio pp+Jet +X/pp+Jet +X ve p, at /s = 19 GeV 354) the existence of a "towards" jet. The increase in density opposite in azimuth

conpared to QCD 351) end ik 338) el ELH to the trigger is commoply interpreted as due to the away jet. Since the momenta
of the colliding partons vary, particles from the away jet are

smeared out over a wide range in y, when averaged over many events.

Contributions from the two jets at large p, are more clearly
seen in fig. 7.20: in the central rapidity region, the particle

density peaks at ¢ = 0, and at ¢ = n. With increasing

-étrigger
p, of the secondaries, the flat background of spectator fragments
312)

diminishes, and the jets are better collimated in angle
Fig. 7.21 and 7.22 demonstrate, that the increase of particle
density in the towards region ¢ =Qt follows the trigger rapidity,
whereas the density of away secondaries stays symmetrical around

y = 0.7) Since both particles of same and opposite charge as the

trigger show a narrow correlation, the effect cannot be entirely
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Density of additional secondaries produced in events with a
large p, (»7 GeV/c) Y at ¢ = 0 as a function of azimuthal
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Rapidity

Y

Rapidity distributions of secondaries, integrated over p, from

0.5 to 1.0 GeV/c. Shown are the distributions of awvay
(¢ = Qt + 180° & 40°) and towards (¢ = Qt t 25°) secondaries

for a trigger particle at y = 0.8 - 1.0, and of particles pro-

duced in normal events. The mean Py of the trigger hadron is

2.4 GeV/c. From CCHK 306)
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Fig. 7.22
Same data sample as in fig. 7.23. Shown

is the distribution of

toward secondaries with p, > | GeV/c, in rapidity relative to

the trigger rapidity. Full circles represent secondaries of

charge opposite to the trigger charge, open circles refer to

secondaries with the same charge as the trigger., From CCHK 306)
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Palr correlation functious for rapidities of towards and away secondaries.

a) between the trigger w? and charged particles on the same side

L) between the trigger n% and charged particles with p, > 800 MeV/c
¢) between charged particles in the away region

From (153l ) .

due to the decay of low lying resonances like 9}06'368)

Consider now the azimuthal region opposite to the trigger.
A comparison of the p, spectrum of particles with the in-
clusive spectrum proves that not only the number of particles,
303)y  1f the

excess observed in fig. 7.23 is attributed to the "away" jet,

but as well their mean p, is increased (fig. 7.23

two particles in this region are expected to show strong
correlations in rapidity, since both are more or less aligned
along the jet axis. Such a correlation, whose strength incre-
ases with the p, of particles is in fact observed (fig. 7.24313)).
The shape of the correlation function is similar to that

observed for towards particles. No correlativan is seen between

the trigger rapidity and away particles. Regarding the strength
of the two particle correlation function C(yl,yz) at ¥i-% ¥p

as a measure for the probability to find the away jet at y,

one concludes that its rapidity range is limited to |y| < 2-3

at ISR energies (fig. 7.25)3°%), Note further that the
correlation shown in fig. 7.25 is practically independent of the

trigger rapidity.

In hard scattering models, one expects the two jets to be
coplanar. It is however not clear, if the back - to - back
structure of jets seen in fig. 7.20 is not merely a conse-
quence of momentum conservation. This question has been in-
vestigated by studying events with two n0's of large pL.3M)
Fig. 7.26 shows their diffexence in azimuth for events having

a fixed value of ET' E, is defined as the sum of the pion

T
transverse momenta, plus the p, of another object necessary

-+ e +
to ensure the p; balance. py,x = - Pi,0 ~ P;,o'- For
uncorrelated emission of particles as described by the UJM (chapter
3) ,» the production probability depends only on E, and not

0

on the angle between the w"s. Fig. 7.26 proves that even at

fixed E; the distribution peaks at A¢ = 0° and at A¢ = 180°.

Finally, is there exactly one away jet in each event, and
does it compensate the whole p, of the trigger particle?

Fig. 7.27 shows the momentum distribution of the away jet,
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Distribution of azimuthal angle between to large p, w0's,
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as obtained from a calorimeter experiment3l9—32').

The
discrepancy between the trigger P, and the mean momentum
of the away jet cannot be explained by the limited acceptance

of the calorimetegsz).

A natural explanation is given by
assuming a parton transverse momentum of ~ | GeV/c; in this
case, the transverse motion of the active partons is aligned
along the trigger direction, with the recoil beeing taken

by the spectators. This interpretation is supported by the

investigation of spectator fragmentation7'309) (section 7.4).

In fig. 7.28 the frequency of reconstructed away jets with Py> 1.5
GeV/c is plotted as a function of the trigger py- As a reference,
two curves from a monte-carlo simulation of the jet reconstruction
procedure are shown, one for zero parton transverse momentum,

and one assuming a momentum difference between trigger and away
jet of ~ 0.8 GeV/c, due to parton k,. The away jet was chosen

to resemble those observed in e'e annihilations. The result

for nonzero parton k, supports the idea, that an away jet is

present in each large p, event.

To conclude: correlation data are fully consistent with the
assumption of an underlying two body hard scattering process.
But note that this does not necessarily give new information
compared to the investigation of inclusive cross sections:

it has been pointed out 336,337)

that e.g. in an uncorrelated
jet model (section 3.1) whose matrix element is chosen power
behaved in p,, a large transverse momentum is likely to be
compensated by a single particle, or cluster. If such a model
is used to describe parton thermodynamics, all kinematical
features of large p, events are reproduced once the single
parton matrix element is matched to describe the inclusive

spectrum,
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7.3 The jets at large Py

The investigation of properties of the two jets at large p,

is concentrated ou the following questions

- does factorisation hold, i.e. does & quark fragment in the
. 8= —_ . s
sawe way in ¢ ¢ annihilations and in such a complex environ-

ment of color sources as is given in large p, reactions.

- are the fragmentation functions of the towards- and away jets
identical? According to QCD, the avay side parton is likely
to be a gluon, whereas the towards parton is more often a

quark326),

- is there any evidence for scale breaking effects, or for gluon

brewmsstrahlung?

- is there a nontrivial correlation between the flavors of the
towards and the away parton? Such a correlation would be a
hint that additional mechanisms are active besides the basic

QCD graphs.

Consider first the parton fragmentation functions, which can be
studied via the xp distribution of particles in the unbiased

away jet (eqn. 7.23)

Figs. 7.29 and 7.30 show Xg distributions for lower ( < 4 GeV/c)
and higher ( > 3 GeV/c) p, of the trigger particle. The cross
sections ( I/a)(du/dxg) scale for p: > 3 GeV, the onset of

scaling being evident from fig. 7.31. In the scaling region,

X, spectra from different experiments, and for charged and neutral
secondaries agree remarkably well (fig. 7.32), and are described
by (l/u)(du/de)»-exr('3.7xE)/xE

The scaling violations at low p: can be understood as a conse-
quence of a nonzero parton transverse momentum, and partly as a
contamination by spectator fragmenta7).

. L . t .
Since these effects are negligible at sufficiently large p,, it
seems justified to use eqn (7.23) to predict x, spectra for the

known quark fragmentation function. For this purpose, the jet
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cross section was taken as the measured inclusive cross
312-314)

by QCD 326). The quark fragmentation function was parametrized

section

"

as Dq(z)~exp(-4.5z)/z. Alternativly, a "gluon" fragmentation

function Dg(z) - (l—z)Dq(z) was used, The agreement between

data and the naive calculation is surprisingly good (fig. 7.32).

Data ly between the curves for quark and for gluon jets; for
definite conclusions the calculation certainly is not precise

enough.

It is interesting to note the similarity of the predictions
using Dq(z) and Ds(z). The reason is that these fragmentation
functions were used both for the towards and the away jet.

In the "gluon" case, of course the distribution of fragments
in z is steeper, on the other hand, the mean z of the trigger
lhadron decreases (eqn 7.19, fig. 7.4) and thus the momentum

of the parent jets is increased for fixed trigger p, , thereby

just cancelling the additional power (l-z) in Dg(z). The situation

changes once towards and away jets are taken to fragment in
different ways; for a towards quark and an away gluon jet the

prediction falls below the data at large x As far as absolute

rates are concerned, data typically lie agfactor 2 below the
predictions (fig. 7.30). Note, however that the normalisation
is essentially given by momentum conservation; using the
extrapolation (l/o)(da/de)~exp(-3.7xE)/xE, only 352 of the
trigger momentum is compensated by charged particles in the

away jet, for the data shown in fig. 7.30!

Finally to demonstrate what Xp scaling really means, consider
fig. 7.33 where the inclusive spectrum of particles is shown
together with (dulde) at xp = |. For uncorrelated emission

of toward and away hadrons, the particle density at Xp = |
would drop by 5 orders of magnitude when changing the trigger
p, from 2 to 5 GeV/c. Instead, the correlation between towards

and away jet momenta keeps (dn/de) constant within 20-3021!

times the jet to single particle ratio predicted
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Single hadron invariant cross section and away side multiplicity
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Longitudinal distribution with respect to the jet axis of charged
particles associated with a high p, neutral trigger. Longitudinal
momenta are scaled according to the trigger momentum. From CS 313).
The solid line is calculated from eqn (7.34) using quark frag-

mentation functions, and is normalized arbitrarily.
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Note in passing that at Xp = | the scaling limit is reached

very early, siunce the event is in a fully symmetrical

configuration, and the influence of a parton k, nearly dis-
366)

appears .

In analogy to eqn (7.23) the spectra of additiomal particles

in the towards jet are given by

+h
do dz _d~g Pt
(_T_[) = [-— E=—=(=—)D(z, |x,|2) (7.34)
d ¥kl towards ‘ dp3 £ e

For a first check, the two particle fragmentation function

D(zl,zz) can be written as a product of the inclusive fragmen-

tation tunctions,

Dq(zl,zz) = e(I—z‘—zz)exp(-b.5(zl+zz))/zlz2 (7.35)

yielding a rather good representation of the measured spectra
(fig. 7.34). Although the inclusive distribution seems to scale
for different trigger p, , the fraction of momentum carried

by additional particles of the towards jet decreases with
increasing trigper p, (fig. 7.35). This is equivalent to an
increase of the mean z of the trigger hadron with p:. and to an
increase of the jet to single particle ratio (eqn. 7.16). The
effect is well accounted for by eqn (7.19), with Dq(z) as
chosen above. The 207 difference in normalisation is explained

by the azimuthal cuts used in the experiment,

The mean 2z of the trigger particle depends both on the steepness
of the jet cross section, and on the shape of D(z). With
increasing steepness of D(z), <z> increases and less momentum

is left over for other hadrons in the trigger jet. The BFS

>
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scaled to the

jet momentum, for charged particles in the trigger jet.

Corrections due to the hadronic-neutral component of the jet

lead to an additional uncertainity of 202 at large z. From E 260

318)

. The full line shows the distribution in z = 2P//;

obtained for quark jets in e'e” annihilations at /68 = 6 to 13

GeV.
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collaboration has measured the amount of momentum carried

by additional particles of the towards jet, for different
trigger types (fig. 7.36). Since background from the spectator
jets is not subtracted, only the change with the trigger Py

o pp collis.':ons BFS.
o pPp 3
fragmentation process, and their mean z is smaller thaa that 14— i

is significant.Antibaryons seem to be produced by an unfavored

ol unesons.

12+
As we have seen above, it is rather hard to determine the _};///’

shape of fragmentation functions from xp distributions. A more
Promising way is to detect as many jet fragments as possible,

50 that the total momentum of the jet is known. Results from

<nm>

such attempts are shown in figs. 7.37 and 7.38: both towards

and away jet fragmentation agree with each other and with

lepton induced quark jets. However, some caution is needed:

since the experiwents do not manage to detect all jet fragments, 2~ -1
large corrections are applied which in turn depend on the jet 0_% ) T Y PP
properties, and it is not fully clear how unique' the final, 10 15 20 25
seft consistent solution really is. vG-KhV)

Figs. 7.39 and 7.40 show fragmentation functions obtained from

318) Fig. 7.41

Mean multiplicity measured for large p, jets per jet pair

the calorimeter experiment E 260 using a jet trigger, as

compared to jets in ete” reactions. The distribution of + =
together with a fit to data from e e annihilations (compare

particles in the trigger jet is definitely flatter than in 311) 312)
to fig. 2.2) From BFS and CS .

"standard" quark jers. Unfortunately, however, this does not
allow definite conclusions: due to the limited solid angle

of the calorimeter, the trigger bias selects jets consisting

of a few, fast particles and rejects less collimated jets
containing many slow particles. The problem of trigger bias
disappears when the away jet is considered, nevertheless a

real comparison is possible only by extehsive. and model de-
pendent simulations, since we know (fig. 7.27) that the away
jet in the average carries about | GeV/c less transverse
momentum that the trigger jet, according to which momenta are
scaled. In addition, particle momenta refer to the jet momentum,
and not to the jet energy, as in e*e- (this effect has been
corrected for the CS data shown in fig. 7.37). The first effect can

roughly be accounted for by chosing the scaling variable
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Angular distribution of jet fragments around the reconstructed axis of a jet
ac large p,, for different cuts in the transverse momentum of the secondaries.
Since the jets are detected at 90° in the cms, these cuts in p, correspond to

cuts in the womentum fraction parallel to the jet axis. From CCOR“Z).
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g 334
Only hadrons at large z are taken into account. From BFS )
and CS 313). As a comparison points from IN interactions 367)
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Fig. 7.45
Definition of Pouc * All momenta are projected into the trans-

'
verse momentum plane. pt, ph. pq and pq are the momenta of

the trigger particle, of a hadron in the away jet, and of the

two scattered partons, respectivly.



0.8 #2P//s for the jet seen in e e annihilations, and
Py et . 3 to 4 GeV/e.
7.40), ¥Fig.

4
multiplicity of jets in large Py events with data from e e

[Tl

With this choice, the distributions agree

reasonably (fig. 7.41 compares the mean charged

annihilations. Although the overall agreement is not bad,

nn for low /s show an increase of the

e€specially the BFS data
mean multiplicity by slightly more than one unit. The excess
Can be traced to an increase of particle density by a factor
that the effect

2 for z = 0 to 0.2, and the authors claim,

Cannol be accomodated within a model with "standard" quark
jets. It could be regarded as a sign for gluon jets; on

the other hand, z = 0.1 corresponds to particle momenta of
about 0.5 GeV/c in the cme of the two jets of large p,, and
factorisation is not expected to hold for such fragments.

In the spirit of the QRM e.g. other explanations are possible:
reactions produce a chain of

picturally, quarks in ete”

quark pairs, which "recombiue" into hadromns. In large p,

evenls, and at swall z, this chain overlaps with the primordial
quark sea of the incident hadrons, and the multiplicity will be
enhanced; although such particles in principle do not "belong"

uniquely to a large p, jet, they are close to it in rapidity

and are counted by the reconstruction procedure.

Let us now turn to the dependence of the fragmentation functions
on the transverse momentum with respect to the jet axis, q,.
Figs. 7.42 and 7.43 prove that the distribution of particles

is sharply cut off in 9,, and that in large p, jets particles
are distributed uniformly in azimuth around the jet axis. [f <qpis
plotted as a function of the track momentum, or Xg (fig. 7.44a)

a seagull effect is visible.

Although it has been argued 225,226)

that O(as) corrections

lead to a stronger broadening of jets in hadronic interactions,
2 ; + - o » . 4

as compared to jets in e e annihilations, no clear effect is

secn up to now. This is astonishing since QCD effects manifest

P S —

D W - = - - - - -

themselves clearly in the nucleon structure functions, where
they give rise to a large parton k,.

The Qz. or p, dependence of k, can be measured directly in two
ways. Either the component of k; in the scattering plane is
determined by measuring the transverse momentum imbalance of

the two jets, or one studies the component out of the scattering
plane, which gives rise to a noncollinearity of the jet
transverse momenta. This is usually done by investigated the
momentum component P .t out of the scattering plane defined by the
trigger momentum and the collision axis (fig. 7.45).

Obviously, the mean square of ® sug is given by the following

relation
I 2 2 2
Pout ™ 3 <qy(1,Q7)> + xz(%<qi(‘E:Q2)> + <kf(x,Q2)>)

(7.36)

where ql(z Q ) is the mean transverse momentum squared of a
jet fragment carrying a fraction z of the jet momentum, and kz
is the effective transverse momentum of a parton of fractional
momentum x in the incident hadron. The trigger hadron has

been assumed to have z = |, The factor 1/2 enters, since only

one component of transverse momentum is used. For practical

purposes, <piut> is often replaced by <|pouJ> 2

Whereas for a trigger transverse momenta between 2 and 4 GeV
7)

no significant variation of «<|p |> was found for fixed X s

out
312,314) report an increase of

more recent experiments
<|p°ut|> with the trigger P, for trigger momenta between 3 and
10 GeV/c (fig. 7.46 and 7.47).
strongly on Qz, the vurlatxon of <|p

with Q

Since q, is known not to depend
|> can be interpreted as

. 2 2 i
in increase of <ky> Unfortuuately this explanation

is not unique since at fixed /; x,, and x increase also with

2 t
Q°, or p;. To exclude a x-dependence of k,, measurements at



b R - = - - - - —— T T -

different energies are necessary. Fig. 7.48a) summarizes the

values of <k,> as derived from <|p and from the jet

I,
momentum balance. At fixed energy,°:§1> increases with the
trigger py, Or Qz. As shown in fig. 7.48 b), the x, dependence
of <k,> cannot be responsible for this effect. It is interesting
to note that for p: + 0 all curves extrapolate to <k,> = 300 to
400 MeV, in agreement with the naive guess for transverse momentum
fluctuations of partons in a nucleon of size 0 (1 fm). It is
tempting to attribute the rise of <k,> with p: to QCD bremsstrah-
lung effects; actually first calculatiops of the higher order
graphs involved succeed in rep;ztll\)ncing the slope of the Pout

distribution for large JE

To summarize so far: the fragmentation functions D(z) obtained
for fast ( p >> m ) fragments of the scattered partons in

large p, events agree with the properties of quark jets measured
in ete” annihilations, within the experimental accuracy; also

the transverse size of jets is similar and mainly determined

by nonperturbative effects. A large asymmetry between the frag-
mentation of the towards and away jets, as expected in the CIM
mode], is excluded. On the other hand, a dominant contribuction
from gluons jets with a fragmentation function D:(z) = (I~z)02(z)

scems to be hardly compatible with data.

s, 0 . ~ 2
QCD effects are visible as an increase of <k,> with Q .
However there is no evidence for a broadening of the large
p, jets, or for a sizeable fraction of events containing more

than four jets.
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ve. trigger p,. For the WPLF data, <k,>
has been calculated from <ki> assuming an exponential distri-
bution in k,. Some of the error bars include systematic uncer-
tainities (CCHK, CS), other refer to statical errors only (CCOR).
The WPLF data is corrected for detector resolution. Additional

332) ere suggested which would systematically

corrections
decrease the mean k, by 10-152%.

b) Mean parton k, as a function of x,, for fixed trigger py of
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Fig. 7.49
Average charge density dQ/dy for events with a large p, n’ or

w Lrigger at y = 0, compared to the charge density in normal

inelastic events. From BFS 3|0)‘
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The next step in the investigation of jets in large p, events

is to study correlations between quantum numbers of particles
emitted within one jet, and in different jets, respectivly.
Correlations in normal hadronic interactions are governed by the
principle of "short range order" which states that flavour quantum
numbers of secondaries tend to be conserved locally.377'lgé'372)

The situation differs drastically for large P, events. In the hard
scattering process, both confined quantum numbers - like fractional
charge, or color - and non confined quantum numbers like strangeness
propagate over large distances in phase space and give rise to

long range quantum number correlations.

In the remainder of section 7.3 we discuss correlations between the
trigger flavour and hadrons in the opposite jet of large p,.

In contrast to the constituent interchange model, QCD predicts
the flayours in the towards and the away jet to be uncorrelated,

since in QCD subprocesses no flavour exchange occurs.

Consider first the influence of the trigger charge. Fig. 7.49
shovs the net charge density (l/o)(da*/dy-do-/dy) for events

310) c+ and

with a positive and negative large p, particle at yt-O.
o~ are the cross sections for production of additional positive
and negative particles, respectivly. It seems that the charge

of the trigger particle is balanced by other particles close to it

in rapidity.

A precise measure for the correlation is given by the difference
of the two curves in fig. 7.49, the so called "associated charge

3n2) Naivly speaking Aq(y,yt) is the

density balance" Aq(y|y%).
answer to the question "which particles in a high p, event know
about the trigger charge?" or "where do the valence constituents
in the trigger particle come from?". Fig. 7.50 displays Aq(y,yt)

for events with a large p, hadron at y ~ —0.9.368)

The peak in
Aq follows the trigger rapidity; the whole distribution looks
quite similar compared to the compensation of the charge of a low

py "trigger" particle in normal events.372)

Fig. 7.51 shows Aq
as a function of the azimuthal angle ¢ aund the difference y-y[,
for two event configurations, with the two jets of large Py

being in the same rapidity hemisphere ("back-antiback") and with

R S S — A A - PR S— T . A A A - r~ a a A A a 2 a a
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the two jets in opposite hemispheres ("back to back"). The
rapidity of the away jet is given by the secondary with largest
p, ("jer leader") in the away wedge 150° s ¢ s 210°. The trigger

hadron is emitted at ¢ ~ 0%, and y ~ -0.9.

In fig. 7.51, three components of Aq can be distinguished: part
of the charge of the trigger hadron is balanced by secondaries
in the towards jet, with ¢ ~ Qt and y ~ yt. A second component
peaked at ¢ ~180° follows the away jet rapidity and can be
assipgned to fragments of the away parton. Finally, a third compo-

nent flat in ¢ is most naturally attributed to spectator fragments.

A contribution of away jet hadrons to Aq does not contradict QCD
predictions since it may arise from soft hadrons in the region
where the jets overlap, and hence will exchange flavors (fig. 7.2),
while the clharge of the scattered parton, as measured e.g. by the
charge of the away jet leader remains unaffected. Fig. 7.52a)

shows the mean charge of the away jet leader for "back to back"
configurations (see fig. 7.51), for positive and negative trigger

307)

particles. In order to exclude cases where an undetected neu-

tral is the leading particle in the away jet, transverse momentunm
balance was checked by calculating the ratio x = tpxtow/:pxauay'
which measures the fraction of the trigger jet transverse momentum
compensated by away side charged particles. In the limit xy ls
the mean charge of the jet leader <qp> measures the average

charge of the away side parton.

In a simple quark model a value <Qp> = 1/3 is expected, since the
average charge of a valence quark in a proton is 1/3. A more

sophisticated calculation of valence quark scattering, based on

326)

¢xact structure and fragmentation functions confirms this

value. The presence of gluon contributions should decrease <qp>.

llowever, the "back to back" configuration selects events where s, X,
and %, are large, and valence quarks are preferred. In addition,
the condition | acts similar to a trigger bias and favors
quark jets as compared to QCD gluon jets.

Lq (@ | o)
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ASSOCIATED CHARGE DENSITY
BALANCE

§ hiah p, , B, >2 Gk normal

Inelastic
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Y

Fig. 7.50

Charge density balance Aq (y,yt) as a function of the rapidity
y, associated with a large p, trigger at yt = -0.9. The full
line shows the corresponding distribution for nondiffractive

inelastic events. From CCHK 368).
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" Charge density balance Aq(¢,¢ ) of particles associated with a

large p, particle, for different intervals in rapidity relative
to the trigger, and for two eyent configurations
-large p, jets are in the same rapidity hemisphere ("back-antiback!)
-large p, jets are in opposite hemispheres ("back-to-back")
From CCHK 368).
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Correlation function R for two hadrons emitted with large, and

opposite transverse momenta for two
Py, t Pay- a) » bata from pBe collis

enhancements., b) The same correlatio

ranges of the "mass" m

ions, o corrected for nuclear

n function, corrected for

effects due to parton transverse momenta. R is defined in a way

that the flavors of the hadrons are
322)

uncorrelated if R=]. From E 394
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Data are consistent with <qp> + 0.3 - 0.35 for Xy + 1. At large
Xy, mo significant dependence of <qp> on the trigger charge is

Fig. 7.52b) shows the same plot for the "back-antiback" event
configuration. Here the charge of theé away jet leader is corre-
lated to the trigger charge. Although precise predictions are
missing, this correlation will be difficult to accomodate in the
QCD model; possible excuses are that the "back-antiback" event
type corresponds to the lowest values of ; for fixed p,. Non
asymptotic exchange processes will be strongest in this confi-
guration. Furthermore, the positive triggers contain a sizeable

07)

fraction of protons whose production mechanism will been

shown to differ from meson production.

Flavor correlations between towards and away particles at y = 0
322-324)
, which

detected and identified pairs of hadrons with large and opposite

vere investigated by two experiments at FNAL

transverse momenta, and by the BFS group at the ISR.3l°'3ll)

Fig. 7.53 displays the flavor correlation function Riih2 obtained

in the E 494 experiment.Bzz)

nhlh2 is defined as the two particle
correlation function C normalized to its mean value when aver-—

aged over opposite charged hadron pairs:

R
hyhy = ®h,n, / Cyty (7.37)
and
6
<zzd°” /o, )
1%2,3 3 /%cot
p,dp
c - 19P
hIhZ d o d30
(B =3/0 o) (By—/0, )
dpl dpl

FU— P a AR . a . — - - - B - -
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From fig. 7.53, one reads a significant correlation for hadron

pairs containing one or two k™ or p.

However the authors have shown that the definition of R may

not be fully appropriate, for the following reason: one knows
that for inclusive particle production at large p,, the hadron

p, is augmented by about | GeV of additional transverse momentum
Ap, from the parton transverse momentum. Symmetric pair pro-
duction is not biased by k, because of symmetry. Thus the species
composition in symmetric pairs of transverse momentum p,
corresponds to the single particle composition at p: = py + APy,

and the correlation function R is to be modified

ot 012 (PuysPiy) o,
bRy ) CoyCpyyrara)/oy I Coy(pyy*arad/o,,) (7:38)

This change influences only those hadrons whose relative abun-
dance depends strongly on p,, nawely k  and p.s (fig. 7.17).
Actually, all systematic deviations from unity disapear in the
k, corrected correlation function R® (fig. 7.53b). The authors
consider remaining fluctuations as not significant,
A contradictory result was obtained by the experiment E 357 324)
studying hadron pairs of lower p;, = l++1.8 GeV/c. In this case
a correlation function was defined without referring to inclusive
spectra, simply by comparing e.g. the abundance of protons
compared to the total positive particle yield h' on the away
side, for a Lowards antiproton p and an arbitrary towards
hadron h

n - Le/n)p

(p/ht)h (7.39)

This definition avoids the aAp, bias, but is still sensitive to

a change in the towards fragmentation function (s.eqmn 7.23).
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Fig. 7.54

s dependence of the particle-antiparticle correlation in pBe
collisions. Py is the sum of the magnitudes of the transverse
momenta of the two particles. Errors are statistical only.

From E 357 324).
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Ratio of the average number of hadrons in the away region for

different combinations of trigger particles, and for positive

and negative secondaries. From BFS JIO).



Strong correlations between p and 6 and between kf and k~

are observed (fig. 354). Such a correlation is expected e.g.
for CIM fusion mechanisms. It should be noted that this experi-
ment does not really test the large p; domain. Mean invariant
masses of the particle pairs are 2-3 GeV; thus the correlation
can be explained as due to the decay of a flavor singlet, low
P, cluster into pp, or k'k”. To arrive at a definite conclu-
sion, more precise data on the p, dependence of the correlation

is required,

A similar correlation for k and P triggers has been observed
by the BFS group at the ISR. Fig. 3.55 shows that the number

of negative particles in the away jet decreases for events with
a k orp triggering particle. The effect is observed for

large p, (> 3 GeV/c) and fast (py > 1.5 GeV/c) secondaries.

The observation cannot be explained by a change of the frag-
wentation function of the towards jet, since this should in-
fluence both positive and negative fragments in about the

samwe way.

To summarize: all experiments agree that for "non exotic"
large p, meson triggers no significant correlation between
the flavors of the towards and the away parton is seen (here
the CCHK data from fig. 7.52 b) are omitted, since a consider-
able fraction of triggers is known not to be mesons). For
exotic triggers (i.e. particles which do not contain a beam
or target valence quark) the situation is unclear; data are
sometimes contradictory and lack of statistical significance.
Furthermwore, the effect seen by the BFS group is not what is
expected in the CIM model. For qq + k M e.g. the meson M has
a comparable flat fragmentation function and the number of
positive away fragments should be considerable enhanced, as

compared to qM ~» n_q.
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Eig. 7.56

Kinematics of the two body subprocess for trigger rapidities y = 0
and 2, as a function of the away jet rapidity y'. Shown are
X1 X, and the scattering angle 5. X, is the parton moving in
the same direction as the trigger particle, and x, = 2 p./7s
measures the p, of the jets at large P,. Based on eqs (7.2,
7.3, 7.5) neglecting masses and parton k,. More refined

calculations including these effects show no major differences7).
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Contributions of quark-quark, quark-gluon and gluon-gluon
scattering to single particle inclusive cross sections at
Py = 2 GeV/c and /s = 52 GeV as a function of x,, according
to ref 326.




7.4 Spectator fragmentation

In the previous discussion of properties of the jets at large p,,
the two spectator jets at low p, were mainly considered as a
nasty source of background. Since however the active partons

are wmissing in the spectator systems, and since models like QRM
or DCR predict the distribution of spectator fragments to

depend crucially on its quark contents, the investigation of
spectator decay offers an independent, and complementary way to

check the parton model concepts,

As cowpared to studies of spectator fragmentation in lepton

nucleon interactions, high p, events at ISR energies offer the
advantage that the mass of the spectator system is increased

by factors of 10 as compared to the mean W in 1IN reactions,

and it is certainly justified to use asymptotic concepts like DCR.
Spectator fragmentation has been investigated by the CCHK/ACCDH?O7)
36:8) and BFS 309) groups using the Split Field Magnet detector
at the ISR. In both experiments the detector was triggered by
particles of p, = 2-3 GeV/c, which were produced in proton-
proton collisions at /s = 52 GeV. The trigger hadron was

identified by cerenkov counters,.

The BFS group selected trigger particles at y = 0, whereas the
CCHK collaboration used a forward trigger at y = 2, or 8=20°,

As a result, the kinematics of the two body subprocess differs
appreciably (fig. 7.56): for the central trigger, with x; = 0.1,

the active partons are likely to be gluons (fig. 1.57)326'

327). Because of the symmetrical configuration, the parton

creating the towards jet caun come of each of the incident protons.

For a trigger angle of 20°, the active parton in the proton
moving in the same longitudinal direction as the trigger

particle has to be in the valence quark region, at x = 0.4.

Here, qq and especially qg processes are expected to be relevant.

Since in QCD the forward cross sections are large compared to
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the probabilities for backward scattering (fig. 7.5), the
towards parton will always be the quark scattered out of the
proton in the same rapidity hemisphere as the trigger. The
spectator fragments of this proton will be called the
"accompanying spectator", as compared to the "away spectator"

opposite in rapidity to the trigger.

The forward trigger condition has yet another consequence: at

a fixed small angle the inclusive cross section falls more
steeply in p; than at @ = 900, and the trigger bias pushes the
mean z of the trigger hadron up to z = 0.8 -0.9 (eqn 7.19).

Thus favored fragmentation modes like u+n+, ld+n are strongly
preferred - this allows to determine the flavor of the scattered

quark.

For such events with a forward large p, particle, the predictions

of the quark parton model are evident

- in most cases, the accomanying spectator contains two quarks,
e.g. two u quarks for a . trigger, and a u and a d quark for

+
a w trigger

- quantum numbers of the trigger particle and of the away

spectator are uncorrelated

- the away spectator is likely to contain all three incident

valence quarks

General characteristics of the spectator. Fig. 7.58 shows the

distribution of spectator fragments in Feynman x for a central
large p, trigger, as compared to the particle density in normal

309) With increasing p: of the trigger, the

inelastic events.
distributions drop more rapidly at large x. This can be under-
stood simply as a consequence of energy conservation - the
maximum energy of the spectators diminuishes with increasing

trigger p,. Introducing a new scaling variable X = p"/(pbuam-ap:),
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the BFS collaboration found scaling for a = 2 (fig. 7.59).

This value means that the amount of energy carried by the

jets at high p, is twice the minimum amount required by

momentum conservation. This may seen embarrasing, however

Monte Carlo studies prove that for a = 2 the variable x is a

good approximation to the "correct" variable x' defined in eqn

(7.25), when averaged over the away jet rapidities. So

Feynman scaling seems to hold for spectator fragmentation.

Let us now turn to transverse momentum distributions in specta-

tor jets. Fig. 7.60 shows the ratio R of particle densities

Fig.

7.58

X1

12

in spectator jets and in normal inelastic events as a function
of p, with respect to the collision axis. Once more the trans-

versely cut off distribution of momenta proves to be a univer-

Distribution of positive spectator fragments in Feynman x for
eveunts with a large p, particle. Full and dashed lines refer

to the corresponding distributions in inelastic and in non-

sal feature of jets, the mean transverse momenta in the two

classes of events deviate by less than 10Z1 Assuming that the

basic fragmentation mechanisms are identical, the small

diffractive proton-proton interactions. From BFS.
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Density of positive spectator fragments in x , scaled to the

corresponding yields in normal inelastic interactions, as a

function of the

trigger Py .309)

RS —

difference in <p,> can be explained in different ways

- contamination by particles from the jets at large Py. Since

the rapidity of such particles is essentially restricted to

|y| £ 2-3, the effect should be negligible for |x|a£§% sinh(y )

= 0.3 - 0.4, for p, S I GeV.

- gluon bremsstrahlung of the active quark before the scattering

- the spectator axis of Fflight deviates from the collision
axis, since the active pérton recoils against the spectator

Such a recoil has in fact been observed 7) as a pronounced

asymmetry in the azimuthal distribution of fast spectator protons in

high p, events (fig. 7.61). Fig. 7.62 a) shows the mean

transverse momentum cbmponent opposite to the trigger Py as

a function of x, for a central trigger. The amount of recoil

carried per particle saturates for higher py of the trigger

(fig. 7.62 b). Such a saturation is expected for the primordial

component of parton k,, The comparison of the recoil component
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R
and of the effective k, measured by the imbalance of momenta
10f + of the large p, jets (fig. 7.48) offers the possibility to
osl separate soft gluon contributions (primordial k;?) from hard
*_*_§ * gluon effects (QCD) - only soft gluons are expected to be
06}~ reabsorbed by the spectators; hard gluons should materialize
04k as separate jets. Present data indicate a different dependence
02 e BFS X=.2-.6 on the trigger p, for the two components, for definite con-
CCHKX = .5-1 clusion more precise data on the recoil momentum for larger p: are
! L ! . s needed.
02 05 W Concerning the third possibility listed above, the BFS grou
R (secondaries) L P y , group
Fig. 7.60 claims that the increase of the mean p, of spectator fragments
Ratio of particle densities in the spectator fragmentation region cannot be fully explained by a momentum smearing due to the
of large p, events to particle densities observed in normal recoil.
inelastic interactions as a function of the particles p,. From
BFS 309) and CCHK 365). A)
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Fig. 7.61
Azimuthal distribution of fast positive particles
(a) in the accompanying spectator in large p, events, normalized Fig. 7.62
to the particle density in normal inelastic events. Full and Mean component of transverse momentum opposite to the trigger
dotted lines refer to parton model calculations including Py, as a function of Feynman x of the secondary (a) and as a
parton k,. From ccuK7’Jb5) function of the trigger p, (b). From BFS.Jog)

(b) in the away spectator.
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Quantum number correlations. As already discussed, the quark

parton model predicls strong correlations between trigger and
spectator quantum numbers. Fig. 7.63 shows the ratio of
rapidity distributions of positive secondary particles for

a n’trisguylo {hose with @ m trigger and similarly for negative
secondaries. The trigger particle at yt = 2 has a mean p, of
2.5 GeV/c. Similarly, the corresponding ratios for p/u+
triggers and for k /n triggers are given in fig. 7.64 and

7.65 (note that the "k triggers" contains a certain - ~30% -
contamination of large p, antiprotons, and that the "p trigger"
includes some k' - ~ 201)307). A clear correlation is seen
between the nature of the trigger particle and charged par-
ticles in the accompanying spectator jet; for y > 2, where

spectator fragments dominate,the ratios deviate markedly from

unity.
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Ratio of the distributions of spectator fragments for a g

: ~ + - .
trigger ((1/0)(do/dy) + trigger p(y|n')) and for a n trigger

(p(y|n7)) as a function of rapidity. The region y > 0 is

populated by fragments from the accompanying spectator. From CCHK.

307)
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As fig. 7.63, but for proton and n*-trigger. From CCHK 307).

" . + =
Spectator fragmentation functions. For a forward w and u

trigger particle, the quark composition of the accompanying
spectator is known to be ud and uu, respectivly. Using dimen-
sional counting rules, or the quark recombination model, the
scaling distribution of fast fragments can be predicted and
compared with the experiment. Vice versa, one can try to
identify the scattering mechanism by inspecting the quark
composition of the spectator, an application which is particu-

larly interesting for the proton and k triggers.

As a scaling variable, we use x' as defined by eqn (7.25), and

make the following approximations for y, y' and m,:

- yt (trigger rapidity)
' o= 0 (experimentally: <y'> = 0.05)
t
m, = 1.1 py
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The effects of these approximations have been gimulated, showing ATIO OF: SECONDARY PARTICLE
e o ; - 5 ) DISTRIBUTIONS FOR
that an initial distribution Ed o/dp~ ~ (I—xf can be regained K_AND W TRIGGER
. . . [T

with an error in B of less than 10-15Z. For ratios of cross sections, hm"9'~zo el S
o yeie $el0°, 3607
= = 1 T =

these errors tend to cancel.

5 -

[Elmgvrem +

To compare with data, we use the QRM as defined by eqn (6.27). i
10| —- 9 W |
§¢¢0v%q¢¢¢09°¢o

Numerical values for meson production are taken from ref. 241.

predictions for ratios of particle densities are absolutely

~ 03 i
normalized. &
In addition predictions from counting rules are quoted, calculated & ol-
: ' h T ot 2n-1 : P £ =
via x'do /dx (1-x") , where n 1s the minimum number o % Wl @;ﬂﬁﬂﬁq
quarks left over after the hadron h is emitted (s. sections 6.5, Q [;—————— y
6.6). The normalisation is arbitrary. In apparent contradiction + +
369) ) s . ) 10 “‘f’b”’*”q>-‘ -
with experiments , such a counting rule predicts the distribution +
of u’ and n from proton fragmentation to be identical. To correct o8 méun |
for this effect, we use an ad hoc modification 307,192) of the Ltgf ! é L t—
Fig. 7.65 y

counting rule recipe: the predicted power is increased by one unit
As fig. 7.63, but for K  and n triggers. From CCHK307).

whenever the fragment contains a valence d quark out of one of

the primar rotons.
P y P POSITIVE SPECTATOR FRAGMENTS
The same modification has been applied to the DCR predictions ACCOMPANYING PION TRIGGER
assuming pointlike particle creation (eqn. 6.47).
. frigger fragments: R €(0.25,0.8)
DCR predictions are summarized in table 7.2. y"e e (50°,1307)0r(230°, 310°)
y20
' Table 7.2 I LA r I ol
. . --= w0y ) — —(1-X) —GRM
Dimensional counting rule predictions i
4

for spectator fragmentation spectra

4

v
trigger | hard scattering spectator | fragument predicted spectrum 'E '741- ]
type process contents charge and type ['standard"DCR "pointlike" DCR > .
~
a 99+ 99,98 + 98 ud + P (1-x), Ci=x) £
_ L " (1-x) a-0" £ d
L qq4+99,98+ 98 uu + P_ (l-x)7 (1-x) .
_ = n (1-x) (1-x)° —~
k q99+49,98 + 98 uu,ud . B (1-x), (1) E |
L - u (1-x) (I—x)‘ =
qq+ 99,98 + 48 uuds + P (1-x) (1) s (1-x")
n u (1-x) Q-x)"8(en) <L ! [
g8+ B8, B4+ Bq uud . P (,-x)z *  (-x)°(*) - - ol 0.2 0.5 1.0
- o (1-x) (l-x)k e &
Distribution in x' of positive fragments in the spectator

l accompanying large p, pions, compared to favored quark frag-

( * the straight forward prediction (1-x)"" is obviously not adequate)

. oy nt F .
mentation functions D/~ , the counting rule prediction (1-x")

(*¢ depending on wether the sea quark belongs to the primordial wave

functjon or not) and the prediction of the QRM, for a diquark-quark recombi-

nation. From CCHK 307%
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Spectruw of negative particles in the spectator accompanying
an' trigger, compared to model predictions, and to the fully
inclusive n spectrum. From CCHK 307).

Fig. 7.68

Ratios of distribution of spectator fragments in events with a
v, and a n‘ trigger, respectivly. The QRM prediction for nega-
tive fragments refers to pions; for positive fragments, pions
were assumed to dominate at small x', and protons at large x'.

From CCHK 307)
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For the K~ trigger, three possibilities have been considered

- scattering of a valence quark , followed by an unfavored
fragmentation into a K

- scattering of a 8 sea quark

- scattering of a gluon

Fig. 7.66 shows the distribution of positive fragments in the
spectator accompanying a pion trigger. The DCR prediction fits
data reasonably well, whereas the QRM distribution drops slightly
too fast at large x - an effect which had been observed already
in IN interacctions (fig. 6.30). As a less model dependent cowm-
parison, the quark fragmentation function D:‘ is shown,

assuming that the fragmentation of a quark into a meson will be

similar to the fragmentation of a diquark into a baryon.

The spectrum of negative particles in the spectator accom-

panying a "t trigger is given in fig. 7.67. The shape of the
spectrum coincides with the fully inclusive pion distribution
in proton-proton collisions IR

and DCR models.

, and is reproduced by both QRM

To demonstrate the influence of the trigger charge the ratios
of x' distributions for secondaries in the spectator jet
accompanying a n trigger and a at trigger are shown in fig. 7.68
for both positive and negative secondaries. As expected, there
are less fast negative fragments in 7 triggered events than
for I’ triggers, proving that in the first case the valence d
quark has been struck. The model caloulations included in fig.
7.68 are straight forward as far as negative secondaries are
conéerned; the QRM model describes data well even at low x'.
The prediction based on 'standard' DCR seems to be too steep
at low x', but below x' = 0.3 - 0.4 the model anyhow is not
expected to hold. The QRM values for positive particles include
three components: at low x', the ratio is dominated by at
production. At large x' the ratio is determined by the proton

yields from
i) ud + p + X for ctrigger at
ii) uu +p + X for trigger m

iii) wuu » A*’f X o " "

s get
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Based on the direct terms i) and ii) alone, one expects the
ratio plotted in fig.7.6 to increase with increasing x', since
in Lﬂe average Lhe uu system has a larger momentum than the

ud spectator. Contributions from iii) however increase the
ratio to values larger than |, in agreement with experiment.
Note that the prediction is not sensitive to the assumption

that all baryons are produced in their ground states.

The corresponding ratios of particles produced in association
with a k and n trigger are shown in fig. 7.69. In: the '
eveuts, positive spectator fragments are enhanced and the
density of negative particles falls even steeper with increasing

x than for a n trigger. This result is compatible with the

px|K) /[ p(x|T)

counting rule prediction for scattering of strange sea quarks
against quarks or gluons. It is however hard to accomodate these
observations in the framework of a recombination model. Since the
k~ contains no d quark, it seems impossible to imagine any ’ Fig. 7.69 0.2
scattering mechanism which picks up the valence d quark with At fig. 2'68 but for

the same efficiency than for wm triggers. Without such a mecha- K and n triggers.

nism, the ratio shown in fig. 7.69 is predicted to increase ol

with x', for negative secondaries!

Consider now events with a proton at large p,. Classical QCD

processes like quark and gluon scattering don't explain the

v
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o
2
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comparably large yield of protons at transverse momenta up to 107, 17 71 T

a few GeV 326) (fig. 7.70), instead CIM contributions like
347)

=TT T

quark-diquark or quark-baryon scattering have been suggested.

T
-
-

Fig. 7.71 shows the density of positive fragments in the

spectalor accompanying a proton trigger. As for a pion trigger, [om*]

V3+2346GeV
0= 90°

p-p colisions

Particle Ratio

the spectrum is similar to D:’(x'). The ratio of densities of

T T T

positive and negative fragments is shown in fig. 7.72, it falls

: . < . - o BS Collaboration
like (1l=x'). This cannot be explained consistently by a quark « This Experiment

L1t

LU0 d

recombination wechanism, since the net slope of the ol
distribution of negative fragments is flatter than the i Ps (GeVv/c)

distribution in x' of spectator d quarks, Fig. 7.70

J I
10 20 30 40 50 60 70

Ratio of inclusive pion and proton cross sections as a function

of p,, measured at 8 = 90° at FNAL energies.

316)
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POSITIVE SPECTATOR
FRAGMENTS ACCOMBANYING
PROTON TRIGGER

Hiogsr | trgmens § €0.25,08) as obtained for the ' trigger. DCR predictions are summarized
ﬁt;; ffﬁmﬂmnodm in table 7.3, for cases where the trigger Proton contains
! one, two, and three valence quarks of the projectile moving
J 20 ---xDJ ) _#}/' in the same longitudinal direction as the trigger particle.
g /
/
g o] S — 1
= | ’ g
2t “*L"+' 1 Table 7.3
- 4 .
~ 5| -7 1
L LS 1 DCR predictions for spectator fragmentation function
>
b '_— 1 in events with a proton trigger
x
2|
1 N ST A
0. 0.2 0.5
Fig. 7.71 (1-x) No.of valence spectator fragment predicted
Distribution in x' of spectator fragments accompanying a large quarks common to charge type spectrum
p, proton trigger. From ccuk . 307) projectile and "standard DCR"
CHARGE RATIO OF SPECTATOR trigger
FRAGMENTS ACCOMPANYING I Wi 6% ud i (1-x")
PROTON TRIGGER P 2
- ] (1-x")
trigger fragments nl €(0.25,0.8) +
y~18 | e(s0”,300r(230°,310°) 2 u or d t n (1-x*)
¢"'~igoc | ¥20 S " (l-x’)2
1.0} T T LA N R |
i I 1 3 "gluon" + ol (l-x')3
» , — - . (-x*)?
L --- (1-X") e
E 0.5 /'1
i; ;+— - Assuming that one of these mechanisms dominates, data are
ﬁ:>~ , consistent with a diquark common to projectile and trigger.
& 0.2} & . Such a configuration could e.g. result from scattering of a
: -
ﬁ — e ——774 quagi-bound diquark out of the projectile. As an extended
s . :
h, / system, such a diquark will show a form factor
/
A= / - - -
0. y = F(e) ~ 1/C+]e] /001 cev?))
P 3
| 4 L iy
. . o which explains why the ratio of inclusive proton to pion cross
0.1 0.2 0.5

Fig. 7.72 ’ section drops at larger py (fig. 7.70). A more natural
o (1-x")

Ratio of densities of positive and negative particles in the

accompanying spectator in events with a large p, proton. From

ccuk.307)
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explanation however is that for large parton k,, sometimes

the spectator and the "active" quark exchange their roles,

and that a large p, proton trigger favors such configuration
due to the trigger bias. For a parton <k,> of ~ 800 MeV, this
process qualitativly describes to measured cross sections.370)
Let me summarize so far: using the standard dimensional counting
rules, the shape of particle spectra in the accompanying
spectator caun be described. The quark recombination model using
a Kuti-Weiskopf matrix elewment fits the distribution of
spectator mesons in events with pion triggers quite well, but

fails drastically for "exotic" large p, particles like kK or

protons. There are two possible reasons for this failure.

a) The Kuti-Weisskopf model for the proton wave function makes
a somewhat art}fical distinction between valence quark and
sea quark matrix elements. It may happen that although the
model accounts for correlations between valence quarks, it
underestimates the correlation between a valence quark and

a fast sea quark.

b) In the QRM the fragments reflect the instantaneous distributions

of quarks at the moment of the scattering. There, the spec-
tator is far from its equilibrium; after scattering a quark
at x = 0.3, 702 of the spectator momentum turn eut to be
carried by gluons, e.g.. Assuming that this system regaines
its equilibrium before the fragmentations starts, the
qualitative agreement with experiments can be improved. A
quantitative fit has not been tried, since of course the
malrix elements of quarks in the spectator state will differ

from those used to describe the proton.

The quark gluon compton effect. One peculiar feature of the

QCD description of hard scattering processes is that a major

contribution to the inclusive meson cross section at p, = 2-3 GeV/c
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PION TRIGGER <x>= 26,<y> =18,<p,>=24 GeV/c
POSITIVE FRAGMENTS 02 sp,<8GeV/c, up + down

plxIm*) / pl-x"1m*)

Fig. 7.73

Ratio of the densities of positive particles in the accompanying
and in the away spectator jet, for events with a large p,

meson trigger. The curve shows the ratio predicted by a recombi-
nation model , assuming that the accompanying and the away

spectator contain 2 and 3 valence quarks, respectivly. From CCHK.
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3 * PION TRIGGER <p,>=24GeVic,<x> = 26 (CCHK)
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Fig. 7.74

Density of positive particles in the away spectator for a for-
ward trigger at x; ~ 0.) (+, from CCHK), for a central trigger
at x; ~ 0.1, and for normal nondiffractive interactions (o and-,

from BPS)aog)
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Ratios of particle densities in the
eveunls and in normal nondiffractive
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away spectator of large p,
events, for positive and
of x'. From CCHK.

n'/n-
kK /nt
K /n”
/nt

/n”

ol T

Ratio of deusities of positive spectator fragments for events

with a large p, u’/n_, K—/n_. K+/'+' p/n’ and 5/1— emitted at

y = 0. From HFS.’OD)
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comes from quark gluon scattering.

The experimental investigation of this prediction suffers from
the fact that there is no clear way how to identify gluon

jets, and that indirect tests - e.g. by studying particle ratios
in the away jet region - rely heavily on the ansatz for the

gluon fragmentation function.

The investigation of spectator fragmentation offers a method

to detect contributions from qg+qg subprocesses, which does

not depend on the knowledge of D:(z). We know that a forward pion
at large p, contains a valence quark which is missing in the
accompanying spectator. For the subprocess qg+qg ("quark-gluon
compton scattering") the spectator at rapidities opposite to

the trigger particle still contains all three valence quarks.

As a consequence, the fragmentation functions into protons

will differ for the two spectators - of course a three quark

uud system is more likely to produce fast protons, than a spec-

tator diquark.

In fig. 7.73 the ratio of densities of positive fragments in
the two spectators is plotted as a function of |x'|. The particle
density in the accompanying spectator is seen to drop faster

"away spectator". This is expected for

in x', as compared to the
qg processes; for pure qq or gg interactions the ratio should
be constant. Also shown is a QRM calculation for the ratio of
proton production by two and three-quark spectators. Refering
to this model, data are consistent with a strong contribution of

qg+qg processes to forward large p, meson production.

Consider now the fragmentation function of the away spectator.
Fig. 7.74 shows the distribution x'do/dx' of positive fragments
in the away spectator. In addition, fragmentation spectra of
spectators in events with a central trigger particle at x, = 0.1
are desplayed. The QCD model predicts that there as well the majori-
ty of the spectators consist of the three initial valence

326)

quarks. In fact the two distributions agree very well.
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To have a model independent reference spectrum, one can rely

on the observation that the main features of longitudinal

spectra in normal inelastic events are described by a model where
a gluon is exchanged between the two incident hadrons which

then ttagment.37l) llence the longitudinal distribution of
fragments will be identical for such events and for away
spectators in large p, events, provided that quark gluon scatte-

ring dominates.

Fig. 7.75 shows the ratio of the two distributions for both
positive and negative secondaries. In order to exclude diffractive
events in the "uormal inelastic" sample, a charged particle at
|y|<0.5 was requested. For each charge state, the ratio of
densities is independent of x' and is close to 1. Thig

result also points towards a dominant contribution of qg+qg

graphs in large p, particle production.

The consistency of this conclusion can be checked using BFS-
data on correlations between the yield of fast forward par-
ticles and the flavor of a central large p, hadron (fig. 7.76).
Consider e.g. the ratio of densities of forward positive
particles associated with a s and a trigger. Even if the
correlation, measured by the deviation from unity is increased
by a factor 2 to account for ihe fact that the accompanying
(-correlated-) spectator and the away (-uncorrelated-) spectator
are mixed up, the c¢ffect is smaller than reported for a for-
ward trigger (figs. 7.63 and 7.68). One concludes that valence
quark scattering is not the ounly source for central large p,
production. In any non-fusion model however the contribution from
sea quark scattering is expected to be small - what stays are

the gluons,

Note that the correlation for k /u triggers shown in fig. 7.76
does not agree with the effect displayed in fig. 7.69. This
indicates that the mechanism of strange particle production

depends on the region of phase space under consideration.
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Particle correlations in spectator jets.

The short range correlations observed between hadrons emitted
in normal inelastic hadron reactions are usually described in

90,372,373) assuming that in a first

terms of a cluster model,
stage of the interaction hadronic clusters with masses of about
1-1.5 GeV are produced. There is some evidence that a "cluster"
is a synonym for a sum over the known vector and tensor meson

teaonances.374)

The mean decay multiplicity and the width of the correlation
induced by cluster decay are characteristic and energy indepen-

dent features of low p, interactions.

To investigate such short range rapidity correlations among
spectator fragments, the perturbation by particles from the
two jets at large p, has to be minimized. To achieve this goal
the CCHK grouﬂ94'3681tudied events were both the towards and
the away jet are in the same rapidity hemisphere, at rapidities

y <-0.7. The jet rapidities are taken as the rapidity of the

trigger particle and as the rapidity of the fragment with largest

Py in the away jet region.

Correlations were studied among spectator fragments at positive

rapidities, Fig. 7.77 shows the two particle density correlation
' - ~1
C'(y,lyy) = oty lyy) ply,)

for Y, =2 and Y, = 4. The correlation function C'(yllyz) describes

the change in particle density at Y, for events which have a

particle at Y,, as compared to the inclusive rapidity distribution,

C' is closely related to the correlation function C defined by
eqn. (4.47)?72)From fig. 7.77 a strong short range correlation

is evident. Both size and width of the correlation essentially
agree with the corresponding distributions obtained in ordinary

nondiffractive proton-proton collisions at the same cms energy.

372)
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Two particle density correlation C'(yllyz) for spectator frag-
ments in large p, events, for two rapidities Yo " 2 and ¥, = 4,
The full lines sliow the corresponding distributione in normal

inelastic events. From CCHK368).

CHARGE DENSITY BALANCE ASSOCIATED WITH SPECTATOR
FRAGMENT , :
—— normal inelastic

Il

b high Py
T I I | | I T
_ - |O_ -

-0
o
-
L
i
|
N~
|
|
|
s
*
(@]
-
|
-
|
,\
T
L
|
|
|
|
[

Fig. 7.78
Associated charge density balance Aq(yllyz) for spectator frag-
ments as a function of Y for ¥, = 2 and Y, 4. Full lines

show the corresponding distributions obtained in normal inelastic
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In fig. 7.78, the charge balance Aq(yl,yz) is plotted as a
function of the rapidity Y- Aq(y|.y2) (s. fig. 7.50) measures
where in rapidity the charge of a particle selected at Y, is
balanced. Charge is seen to be conserved locally in phase space,

like in normal nondiffractive hadron reactions.372)

The similarity of correlations in inelastic events at low Py

and in spectator fragmentation at large p, suggest that the

same mechanism of fragmentation, or confinement acts, supporting
the hypothesis of jet universality in its most general sense.
Moreover, the observed correlations are in qualitative agreement
with the preconfinement concept in QCD, which states that during
the evolution of the rapidity plateau color singlet clusters
with masses of the order | GeV are created. From parton diagrams
describing jet formation via sucessive branching (fig. 5.6) one
learns that these states tend to be flavor neutral. Assuming
that such clusters decay without a large reshuffling of quark
lines one immediately predicts both size and width of the
observed correlations, and explains the observed local conser-

vation of charge.

7.5 Summary

The distribution in phase space of secondaries in hadron-
hadron interactions with large‘p1 particles is consistent

with the four jet structure characterizing a basic two body
parton-parton scattering. The main features of both inclusive
spectra and particle ratios at large p, are described in the
QCD model, where quark-quark, quark-gluon and gluon-gluon sub-
processes contribute. Especially at medium p, = 2.+-5 GeV/ec,
scale breaking effects and corrections due to parton k, have

to be taken into account.

Significant contributions from constituent interchange processes,

like qq + MM, or qM + q'M' are excluded.

The properties of the jets at large p, agree with those of quark

" § + - is. 3 ) §
jets observed in e e -annihilations, except for a possible
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increase of the plateau height. There is no clear evidence
for the presence of gluon jets with fragmentation functions
markedly different from quark fragmeuntation. However, based
on the experience gained from the study of T decays, such

a difference is not expected to show up at jet momenta below

See410 GeV.

In agreement with QCD predictions, the quantum numbers of
partons at large p, are essentially uncorrelated, proving that
wo flavors are exchanged in the subprocess. Only for production
of "exotic" particles which cannot result from favored frag-
mentation of a scattered valence quark, certain correlations are

observed; however the experimental situation is still ambigious.

A further test of the QCD model was obtained by studying spectator
fragmentation. It is shown, that in proton-proton reactions

with a forward large p, nf and n—, a u- and d-quark, respectivly,
is scattered out of the proton moving in the same longitudinal
direction as the pion, proving further that the underlying

parton-parton cross section is strongly peaked forward.

There are strong indications that the spectator opposite in
rapidity to the large p, particle still contains all three
initial valence quarks.This observation fits into the QCD model,
where forward large p, mesons are likely to be produced by

scatteriug of a fast valence quark against a slow gluon.

A comparison of p, distributions and two particle correlations
in the spectator region with those obtained in normal inelastic
events proves, that similar mechanisms of fragmentation act in

both cases.
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8. Hadron-hadron interactions at low p,

Motivated by the sucess of the quark-parton model in the
description of deep inelastic processes, one is tempted to
apply this picture to normal inelastic hadron interactions

as well.

Many of the general aspects of low p, hadron interactions have

been referenced already in chapters 2 and 7

- the secondaries form jets around the collision axis

- similar to the jets observed in lepton induced reactions,
these jets consist of a fragmentation region carrying the
quantum numbers of the incident particle, and of a plateau
region. The retention of quantum numbers like charge is
illustrated in fig. 8.1, where particle density and charge
density distributions per event are shown as a function of

the rapidity y, for pp reactions at /s = 52 Gevlga).

- the s-dependence of particle spectra is described by the

2'1.7): inclusive spectra

concept of limiting fragmentation
in the fragmentation region scale in Feynman x, resp. in

X, = 25//;. With increasing s, the length of the plateau

R
increases, but its other characteristics essentially stay

unchanged (fig. 8.2).

- inclusive fragmentation spectra factorize in a sense that
at high energies beam and target fragmentation depend only
on the type of beam and target particle, respectivly. This

is visualized in fig. 8.3.

- transverse momenta with respect to the collision axis are
limited; mean transverse momenta are of the same size as
the nonperturbative component of p, in reactions at large

momentum transfers.

All this is precisely what is expected in parton models where

fragmentation spectra are related to the distribution of

13-15)

valence quarks in the incident particles. In the
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Fig. 8.1
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following section, we shall concentrate on the main characteristic

of parton processes - the x distribution of fragments.

8.1 Longitudinal fragmentation spectra

To apply models like DCR or QRM to reactions at low Pys one
has to identify the basic interaction which gives rise to
the fragmentation. In deep inelastic scattering the process
initiating the fragmentation is well known: a large momentum

transfer leads to a separation of color carriers in space.

The existence of a rapidity plateau connecting the fragmentation
regions of low p, events indicates that in the initial
interaction "something" is exchanged between the incident hadrons
which gives rise to a long range force. The most natural
candidate for this "something" is color. Within the general
concept of QCD there are two mechanisms which could provide

a color exchange

- color octet, vector gluon exchange (fig. 8.43)‘82'l84'|68)

- color triplet quark exchange, resp. quark-antiquark annihi-
lation (fig. 8.4b)"l00'ls)

The gluon exchange mechanism was the starting point for the

182) 184) and has the advan-

Pomeron model of Low and Nussinov
tage of automatically generating a constant high energy cross
section.

The quark exchange, or annihilation mechanism is the QCD

equivalent of Feynmans wee parton exchangek).

The quark exchange model yields total cross sections rising as
In S for sea-quark-sea-quark interactions, and constant cross

233) Processes

sections for valence-quark-sea-quark reactions.
like valence-quark-valence-quark fusion (e.g. in wN reactions)
give a negligible contribution to the total high energy cross
section, since the valence wave function of beam and target

nearly don't overlap.

PR Ty SS——. PR N —
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a) Particle density per event (1/o)(do/dy) as a function of the

cms rapidity y for n+P - w*, n  (shaded) and pp+ u*,u—. at

/8 = 14 GeV.

b) Ratios of the positive and negative pion densities, respectivly,
for n’p + u+X/pp + n+X (Ri) and for K'p +u+X/pp » n+X (Ri). Particle
densities in the target fragmentation regions (y < 0) are inde-

pendent of the type of the beam particle.
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two fast pions at opposite rapidities.
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A possibility to distinguish between the quark and gluon
exchange mechanisms has been proposed by Brodsky and Guuion,233)
and is based on the ansatz that particle spectra at large x are
determined by those quark diagrams containing the minimum

number of quark lines; according to the DCR e.g. each additional
spectator line damps the x distributions of fragments by at least
(1-x) (see chapter 6.6). Consider now the reaction pp + w+un+X,
with two fast pions at opposite rapidities. The relevant minimal
diagrams are displayed in fig. 8.4, One recognizes that for

gluon exchange the production mechanisms are identical for both
fragmentation regions; the pion momenta are not correlated. For a
quark exchange to occur, one of the protons has to be in a higher
Fock state containing sea quarks. In the framework of counting
rules, the momentum sharing among at least five quarks results

in a damping of quark structure functions and consequently

of the pion spectra at large x; the production rates for fast
mesons in opposite fragmentation regions are expected to show

a pronounced untlcorrelation.zaa)
The corresponding predictions based on the recombination model
are less evident, and depend on the choice of the maltiquark
wave function. Nevertheless it is evident that in a state a
described by the upper half of fig. 8.4a), where one of the
valence quarks is forced to be at low x, the mean momentum of
the remaining valence quarks is larger than in a state as given

by the lower part of fig. B.4a).

Correlations between two fast pions have been studied at the ISR

for I’l’,lfﬂ—, and w v combinations. 7Tn Fig. 8.5 shows the
correlation function
dsa d3u dgo
R = (otot 3= 3= )/ ( 3= 3- )
d p‘d P, d pl d P, (8.1)

as a function of the Feynman x of the pion with momentum 32,

for different momenta of pion |. Full and dashed-dotted lines
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indicate DCR and QRM predictions for quark exchange, respectivly,
Dashed lines refer to uncorrelated emission after a gluon
exchange. Obviously any subtantial contribution due to quark

exchange is ruled out.

We are now prepared to predict single inclusive fragmentation
spectra using the recombination model, or dimensional counting

rules.

For a quantitative comparison, also collective excitation and
dissociation of the incident hadrons has to be taken into
account, besides the "quasiperturbative" processes given by the
QRM, e.g.233'237). Conventionally, such processes are described

in the triple Regge scheme. One obtains for A + B + C + X

3
B9 = (1-x ) 72%E (tac)
c
dp
for x .+l (8.2)

uAE(c) is the leading Regge trajectory identified in the exclusive
reaction A + H » C + H'. The x - and Py ~- dependence of o given

by eqn. (8.2) allows to identify triple Regge - and parton
contributions experimentally: for triple Regge terms, the slope

in p, of Ed3o/dp3 increases with increasing x, whereas for
incoherent parton processes one expects factorisation of the

Lype

=
;:..
a

s (I—xc)“g(pl) (8.3)

&
<=
N w

Triple Regge contributions turn out to be important 233,237) for

reactions like

"+t p o+ op + X (8.4)
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Fig. 8.5

Correlation coefficient R for emission of fast opposite pions,
. + - - - .

plotted vs x, at fixed x,, for =« w’. ' ; and w ©w , in pp

interactions at Vs = 63 GeV.37l)

The full line shows a prediction
for quark exchange based on dimensional counting rules (s. 6.6),

the daahed—dottéd line refers to quark exchange and quark recom-

bination, using a Kuti-Weisskopf matrix element (s. 6.5). The

dashed line corresponds to gluon exchange.
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where A and A' contain the same quarks. In quantum number
exchange reactions, Regge terms are sizeable only at large

x 2 0.9 237). Thus, reactions of the type (8.4) are omitted
in the following discussion; the x range used is restricted
to 0.3 ~ x 2 0.8. The lower x cut excludes central production

mechanisms and reduces effects due to resonance decays.

The data quoted in the following discussion come from experiments
performed at cms—energies between 14 and 63 GeV264'296'297’299'369).
To compare with DCR predictions, n and g (p;) is used as deter-
mined from fits of eqn. (8.3) to the data. At FNAL energies, it

= 2E//8 instead of
263)

is preferable to use the scaling variable Xp

Feynwan x, since the scaling limit was shown to be

approached faster in xgp. For the reactions considered, no signi-
ficant deviations from factorisation in x and p, (eqn. 8.3)
299,369)

were seen
The data available are summarized in figs. 8.6 a)-c). Since
in most models the exponent n essentially depends only on the
type - meson or baryon - of the beam particle, on the type of
the beam fragment, and the number of common valence quarks, data
e.g. on
n*N rg+ +
u—N + K- +

K'N"n' i

L

K_N v n— +

are averaged over. The error bars given indicate the statistical
error, resp. the rms. spread of n when averaged over several,
theoretically identical processes, whatever is larger. The
motivation for the second choice is that the spread in n measures
the influence of finite mass effects, resonance decays and spill
over from the target fragmentation region, and thus indicates

the inherent limitations of such simplifying models.

The nomenclature is as follows:

(i)

jol

H is an incident hadron, and H' is a particle out of the corresponding

fragmentation region. m is the number of quarks common to H and

s

Fig. B.6a) presents values of n for meson production by meson

and baryon beams, fig. 8.6 b) displays the corresponding values

for baryon production. Finally, the results on spectator frag-

mentation in high p, reactions are shown in fig. 8.6 c).

Theoretical predictions are given for three different models.

a)

b)

c)

Quark recombination (s. 6.5) enables very detailed predictions
for processes where the fragment contains one or more valence
quarks of the incident hadron; however the knowledge of the
corresponding valence structure function is required. This
condition restricts the predictive power of the model to
processes where fast mesons are produced. QRM predictions are
shown in more detail in fig. 8.7, for pp-’lt + X and

237) Here the maximum amount of information is

PP S b &
available both theoretically and experimentally. The shape of
particle spectra is extremely well reproduced; questions
concerning the absolute normalisation have been discussed in
chapter 6.5. In fig. 8.6, definite predictions of the QRM are
shown as black triangles, whereas values relying on the specific
choice of the Kuti-Weisskopf structure function are given by

open triangles.

Counting rules for pointlike emission (s. 6.6, eqn. 6.47).
This version of counting rules is based on the same philosophy
as the QRM: the distribution of fragments reflects the in-
stantaneous distribution of quarks at the moment of the inter-
action. The predicted power n may be increased by one unit due
to spin or isospin effects, e.g. for pp - n + X as compared
to pp x+ + X. The full bars shown in fig. 8.6 include this

uncertainity.

"Standard" counting rules (s. 6.6), eqn (6.40). Here it is
assumed the an equilibrium state containing all final state

quarks preceeds particle emission. (open bars in fig. 8.6)
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a)

b)

c)

production of a meson M' in the fragmentation region of a
meson M, or a barvom 3.

production of a baryon 3

production of quark=- and spectator fragments in reactions in-
volving large momentum transfers ("D" denotes a diquark system)

m is the number of common valence quarks of initial hadron and

fragment.

shown as criangles,

Predictions of QRM, "standard" and "pointlike" DCR are

open and closed bars, respectiviy.




Fig. 8.6 proves that these standard counting rules clearly disagree
with data from low p, hadronic interactions. Both "pointlike"
counting rules and the quark recombination model are in

reasonable agreement with low p, data and with results on
specLator fragmentation in events with large momentum transfers,

with the following exceptions

- the distributions of antibaryons in hadronic collisions is

predicted too flat.

- the QRM predicts qqqa (T) M to be flatter than D(;)M' in

contradiction with the experiment (fig. 7.69)
- in events with a large p, proton the distribution of negative
fragments is flatter than the distribution of d-quarks in the

. 3 + s
proton, as measured e.g. in events with a large p;, n trigger

Part of these discrepancies could be removed by choosing a more
complicated wave function for the proton, which includes
dynamical correlations between valence quarks. Especially the
two last points however indicate that a certain redistribution
of parton momenta occurs in between the hard scattering and the
fragmentation; for definite conclusions more precise data are

needed.

Do these models also describe the fragmentation of quark, or

gluon jets at large Q2?

Fig. 8.6 ¢) demonstrates that "pointlike" counting rules fail to
predict the favored fragmentation function for quark jets; the
prediction (I—x)uo--(l-x)l is flat in x compared to the measured
spectra close to (I-x)2 for 0.3 < x 2 0.8, which is the same range

of x as used in the discussion of spectator fragments.

An explanation for this discrepancies is given by scale breaking
effects: in the evolution of a quark jet, the formation of final
2 << 02. The

fact that hadron fragmentation is described by the QRM using the

state hadrons will occur at some scale Qg < 1 Gev

structure functions obtained in deep inelastic reactions indicates

Q2 >> Q2 > A (8.5)
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where A is the QCD scale parameter. In the fragmentation from
Q2 to Qg partons are generated, which increase the number of
spectator fields as compared to the minimum number:
(see eqn 6.46)
2
n Q7)-1
zD(z) = (1-z) °ff

Recently it has been tried to quantify these ideas within the
framework of the QRH26'). QCD (eqn 5.30) is used to describe

how a quark at Q2 fragments into a "valence quark" and a number

of "sea" partons of size Qz. This evolution is usually characteri-

zed by the parameter £ (see eqn. 5.35)

L@ 1n(Q?/2%)
5 ~ 1ln ( 2 )"'ln ('—T—E—
a (@%) 1n(Q?/0%)

Fig. 8.8 shows how the parton density in a quark jet changes

from 6(1-x) at € = 0 to a function decreasing with increasing

121)

x for large €. Final state mesons are formed by recombination

according to eqn 6.20

o2y d1g :
zD(z) = f : - G (Zq. zo QO)R(Zq.ZE.Z)
q q

Qi) is the two parton density within the jet.

where G(z _, z-
9 261)

ql
To deal with gluons, one may e.g. use the prescription

"at Qg all gluons convert into quark-antiquark pairs".

Practical applications of this scheme suffer from the fact that
the shape of G(zq, za, Qz) depends crucially on the unknown
ratio QOIA. and that for the region of interest, Q, ~ 1 Gev

the perturbative expansion starts to become unreliable.

In ref. 261 Q /A=1.1 is used as extracted from deep inelastic
o P

1IN scattering (in a model dependent way), and an "effective" A



Fig. 8.8

Single parton (quark, antiquark,
in a quark jet for different values of ¢ ~ln(aa(Q§)/a'(Q)).

The curves are calculated using an approximation to the exact
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Absolute QRM predictions for quark fragmentation functions with

( — ) and without ( -

- - ) vector meson contributions.
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is chosen to account for higher order corrections.

Although this procedure is somewhat questionable,

production is taken into account.

the results

(fig. 8.9) look encouraging, especially if vector meson
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9., Summary

The existence of jet like structures is shown to be a general
characteristic of hadronic final states in reactions of
elementary particles at high energies. The quark parton model
suggests that these jets result from the fragmentation of
colored partons. Although the partons produced in various
reactions may differ in their quark contents, in their color
state, and in the momentum transfer Q2 at which they are probed,

the resulting jets are expected to exhibit many common features.

In the present work, properties of jets observed in
- e'e” annihilations into hadrons

- hadronic decays of the T meson

- deep inelastic lepton-nucleon scattering

- hadron-hadron reactions with large p, particles

- normal inelastic hadronic reactions

are compared, and phenomenological approaches to describe their
properties are discussed.

In the parton model, the space-time evolution of a jet may be
visualized as an "inside-outside" cascade: the color charge of
the active parton induces a polarization cloud, which follows

the parton and finally neutralizes its color.

It is shown that phenomenological wmodels for jet fragmentation,
like the Feynman-Field algorithm, can be derived from this
concept.

The model of "inside-outside" cascades is further supported

by QCD calculations, where parton fragmentation is treated as

4 successive branching into partons of smaller mass, yielding
the same space-time structure of jets as the very naive parton

model,

According to these concepts, a jet should consist of a frag~
wentation region, and a plateau region, Parton quantum numbers
are essentially retained in the fragmentation region. Jets in
different environments, and at different energies are related
via scaling fragmentation functions, environmental independence
of the fragmentation, and by the universality of the rapidity

platcau,
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Data on quark jets observed in e'e” annihilations and in

lepton-nucleon interactions are consistent with these ideas.
Small violations of the idealized concepts can be understood
quantitativly as due to phase space effects at low energies,

and due to QCD bremsstrahlung corrections at high energies.

In contradiction to QCD predictions, the investigation of gluon
jets in T decays shows no evidence for a softening of frag-
mentation functions as compared to quark jets, and average
multiplicities are very similar for both types of jets. However,
parton fragmentation at these energies is governed by phase space

effects rather than by asymptotical parton concepts.

In hadron-hadron interactions involving large momentum trans-
fers, pairs of jets with opposite large transverse momenta are
observed. Both longitudinal and transverse properties of these
jets are essentially consistent with those of "standard" quark
jets. This fact, as well as measurements of inclusive particle
ratios at large p,, favor QCD models, where quarks or gluons

are scattered, as compared to constituent interchange mechanisms.
The absence of correlations between the charge of a pion at

large p,, and the quantum numbers of the opposite recoiling
parton proves further that parton scattering occurs through the

exchange of flavor singlet fields, like gluons.

In such interactions, where a quark is scattered out of a

hadron, or more general,where a current of large 02 interacts
with a single parton, a colored spectator system is left over and
fragments. In the present work, special emphasis is put on

the investigation of spectator fragments, since only here the
relation between the quark contents of a composed colored system

and its fragmentation functions can be studied systematically.

Pragmentation spectra of diquark spectator systems produced

in VN interactions are shown to be compatible with predictions
based on counting rules (DCR) or the quark recombination model
(QRM). Since the shape of fragmentation spectra characterizes
the quark contents of the spectator, this provides a new method

to determine the type of constituent subprocess occuring e.g.
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