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The available data on the formation of quarks and gluons in hard interactions of particles and
their hadronization into hadron jets at high energies are reviewed. Data on the structure
functions, fragmentation properties, and interactions of partons are examined. Modern
theoretical interpretations of the parton hadronization stage and estimates of the strong
interaction constant are presented. The universality of the characteristics of a hadron jet in soft

and hard interactions of particles is pointed out.
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1. INTRODUCTION

The rapid development of high-energy physics in recent
years has completely altered our understanding of the nature
of particles and their interactions. The multiplicity of had-
rons and the virtually unrelated directions of research and
models were replaced by a unified approach to the descrip-
tion of fundamental interactions.™? This approach is based
on the fact that the universe surrounding us is made up of
quarks and leptons, which interact by means of the exchange
of ¥ quanta (electromagnetic interactions), gluons (strong
interactions), and intermediate bosons (weak interactions),
discovered in 1983. This picture of the universe already con-
tains a unified theory of weak and electromagnetic interac-
tions, and for the time being, only a fragment of the theory of
strong interactions—the so-called quantum chromodyna-
mics (QCD).' ™

QCD successfully describes the interaction of colored
partons (quarks and gluons) at small distances (r<R),
where because of a remarkable property of this theory—
asymptotic freedom—the interaction is weak and perturba-
tion theory (PT) can be used.” At large distances (r~R)
the interaction becomes so strong that it probably does not
allow the colored quarks (gluons) to be in a free state. Only
their colorless (white) states—hadrons-—are observed in ex-
periments. It is precisely the description of this stage of all
processes, at which hadrons form from colored quarks, that
is the main unsolved problem of the theory of strong interac-
tions (the confinement problem). For this reason the experi-
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mental data are, as a rule, analyzed by using QCD perturba-
tion theory at small distances and phenomenological models
for the transitions of quarks into hadrons at r~ R (see Sec.
2). Because of this symbiosis of the theory and phenomeno-
logy even the main strong interaction constant a, (Q ), ex-
tracted from experiments, is model dependent. It is therefore
important to study the formation of hadrons at high energies
both in order to determine the structural elements required
for constructing a complete theory and in order to check
QCD at small distances.

This review is concerned with hadron jets at high ener-
gies. Jets are a group of hadrons whose transverse momenta
( p,) are much smaller than their longitudinal momenta
( p) ) relative to the axis of the jet (2P;). It is evident that
the terminology is borrowed from the standard representa-
tions of a jet of liquid or gas ( p, €p) ). Their formation is
not, however, a simple problem in the physics of particles
(see Sec. 3). Partons indeed do not exist in a free state,
whereas at high energies they transform into jets of hadrons,
which reflect their properties more fully than individual
hadrons.** The study of hadron jets at high energies is there-
fore one of the main problems investigated on all the largest
accelerators. Hadron jets were discovered in the so-called
hard processes, in which a high momentum (Q 22 10 GeV?)
is transferred to the partons. These processes include e*e~
annihilation, deep-inelastic /V interactions, production of
particles and jets with high transverse momenta in hadronic
interactions, etc.

The discovery of hadron jets in accelerators with collid-
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ingbeams (e*e”, pp, pp) in hard processes showed immedi-
ately that two different temporal (or spatial) stages of these
reactions can be studied. At first, partons with high mo-
menta are formed over a very short time 7~ 1/Q, and QCD
PT is applicable here. Then, over a longer time ¢ ~ 1/m, they
transform into hadrons, and this stage is described with the
help of models (m is the hadron mass).? For example, al-
ready at Q22 10 GeV? these stages appear in substantially
different regions: C+ 50.1 fm and ct R 1 fm. In addition, the
experimental data show that the characteristics of hadron
jets largely coincide with the properties of the partons gener-
ating them. This was the origin of the hypothesis of soft de-
colorization, in which it is assumed that when the partons
are hadronized their momenta and quantum characteristics
are transferred to the hadron jet (see Secs. 4 and 5), i.e., in
the first approximation the formation and hadronization of
partons with high momenta can be regarded as independent
processes. In the opposite case the picture would be very
complicated, and it is unlikely that such spectacular results
would have been obtained over a relatively short time.

The observed universality of hadron jets, produced in
weak, electromagnetic, and strong interactions, also serves
as a confirmation of this hypothesis—the hadronization of
partons occurs independently of the method by which they
are formed. It is therefore desirable to study jointly (see Sec.
5) the properties of the hadron jets produced in different
interactions (see Sec. 4).

The physics of hadron jets is linked primarily with hard
processes, which comprise only a small relative fraction
( £1%) of all hadron interactions. However, soft collisions
of hadrons (Q*~m?), which have now been studied for
more than 30 years in cosmic rays and in accelerators, have
played an important role in understanding the physics of
hadron jets. These processes do not have a hard stage and
QCD PT is not applicable. They are described with the help
of phenomenological models.>~> However, the soft stage of
hard processes—the hadronization of partons—has much in
common with soft collisions of hadrons.> Many models of
parton hadronization, moreover, make use of the basic char-
acteristics of these processes: the limitation of the transverse
momentum of the hadrons, the quasiplateau in the rapidity
in the central region, the approximate scaling in the frag-
mentation region, and the short-range correlation between
the hadrons. The unity of the physics of soft and hard pro-
cesses is well reflected in the parton model,*® which is widely
used in their interpretation. In this connection we shall brief-
ly discuss the basic characteristics of soft hadron collisions,
which clearly have a general character, in Sec. 2.

In our presentation we assume that the reader is famil-
iar with the fundamentals of the theory of the interactions of
leptons and quarks. '™ The phenomenology of soft collisions
is presented in Refs. 5-7 and the original parton model is
presented in Refs. 8-9. Some questions regarding the forma-
tion of hadron jets are discussed in review articles in Usp.
Fiz. Nauk [Sov. Phys. Usp.] and Fiz. Elem. Chastits At.
Yadra [Sov. J. Part. Nucl.].'®"3 The main results obtained
up to 1982 are presented in these papers. Since then the peri-
od of pessimism regarding the existence of jets in hadronic
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interactions (Sec. 3) has passed. Jets were separated in pp
interactions in 1982 (CERN). Now, with the successful op-
eration of the collider at CERN with colliding beams of pro-
tons and antiprotons (270270 GeV?). We have entered
the period of jet production: hadron jets can be seen, as they
say, with the naked eye. We shall therefore devote our prin-
cipal attention to the latest results obtained on accelerators
with colliding beams.

2. FUNDAMENTALS OF THE PARTON MODEL AND QCD

The discovery of scaling (1968) in experiments on deep
inelastic electroproduction was the first direct experimental
indication of the existence of new point particles inside nu-
cleons. These results served as the foundation for the parton
model (1969), which is widely used to describe the interac-
tion of high-energy particles.®= It has now been established
that these new particles—partons—are quarks ( ¢g;) and
gluons (g)."~ Basically, a hadron consists of two (mesons)
or three (baryons) valence quarks (q,) and gluons. The
quantum numbers of the valance quarks determine the
quantum numbers of the hadrons. In addition, a hadron con-
tains a so-called “sea” of ( q, q,) pairs, which have zero
quantum numbers and arise as a result of vacuum fluctu-
ations. This picture of hadron structure was obtained from
deep-inelastic processes.>*

In the parton model all interactions of particles reduce
to the interaction of their constituents—partons. It success-
fully describes both soft processes and the characteristic fea-
tures of hard collisions.’~'° In particular, the formation of
hadron jets at high energies, which are the subject of this
review, was predicted on the basis of this model. The possi-
bility of a unified approach to the description of all interac-
tions is an attractive feature of the parton model, which is for
the time being inaccessible to QCD.

On the other hand, the parton model of hard processes
is only the zeroth-order approximation of QCD. Indeed, at
high energies and Q°>— «, because of the asymptotic free-
dom of QCD, the partons can be regarded as free particles,
which is the starting postulate of this model.>® Thus the
parton model is the first stage in the theoretical description
of all interactions, and we shall examine its basic hypotheses
and results for both soft (see Sec. 2.1) and hard processes
(see Sec. 2.2).

Soft processes are studied because their properties have
been investigated most fully, and they have been widely used
in the formulation of the parton hadronization stage in hard
processes. In addition, in the last few years it has been shown
experimentally that hadron jets form universally in any in-
teractions, which undoubtedly indicates the unity of the
physics underlying their production, which for the time be-
ing cannot be given a rigorous theoretical interpretation.

The hard stage of jet formation is described by QCD.'
We shall therefore study the simplest gluon-quark interac-
tion diagrams, as well as a modification of the formulas of
the parton model taking into account the effects of QCD (see
Sec. 2.3).
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2.1. Soft processes

2.1.1. Experimental characteristics

The hypotheses of the parton model (of which there are
more than fifteen) concerning the momentum characteris-
tics of the partons in hadrons, are largely based on the ex-
perimental data on the properties of soft (Q 2 ~m?) hadronic
collisions at high energies (s'/2% 10 GeV).»% " ¥ For this
reason, following the historical development of the present
understanding of the parton nature of interactions, we shall
briefly present the basic characteristics of these processes.>~’

The single-particle

a4+b-oc+X, 2.1)
and the two-particle
a+t+b-octe+X 2.2)

multiple processes, where a and b are the primary particles,
¢, and c, are the secondary hadrons, and X is any hadronic
accompaniment, have been studied in detail in the inclusive
approach.>=® They are described by the corresponding invar-
iant distributions®

b
Ec dO: — ab 142
o1n dpo =fe (s'?, po), (2.3)
E E, do
'_CI—'E’—_&IQ'__]‘::?C. (silzv Pcp ng)y (2-4)

Oin dpcl dpc’

which in the general case depend on three (2.3) and six (2.4)
kinetic variables and the quantum numbers of the primary
(a, b) and secondary (c,, c,) particles.® Aside from the total
energy (s'/2) of the collision, different sets of kinematic vari-
ables, depending on the region of the phase space of the reac-
tions (2.1) and (2.2) studied, are usually used. They are
discussed in detail in Refs. 5-7. For our purposes it is suffi-
cient to study only two characteristic regions: the central
and fragmentation regions, where the functions (2.3) and
(2.4) behave differently. In these cases the variables

. Py 2Py

Ir= pl'nax W’ (2.5)
E+

y=~In E_;:: (2.6)

andp, are used.” Here x is Feynman’s variable; pff, p%,, are
the longitudinal and maximum possible momenta of the sec-
ondary particles in the center of mass system, and y is the
longitudinal rapidity (or simply the rapidity), which is con-
venient for studying slow particles (v=p/E<1) in the cen-
tral region. The boundary between these regions is very un-
certain, but with the energies of existing accelerators it may
be assumed that in the central region x=0.1-0.05 or
| ¥ S |ymex] — 2.7 The structure functions of the process
(2.1) in these variables have the following form:

yz oo E*d (s) o 2E* d%o (s)
HE0) = e e ~ mon G (27
12\ 1 dzg (s)
f(s ’p)_mW' (28)

The form of the distribution (2.8) remains unchanged under
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longitudinal Lorentz transformations, and only the origin is
shifted by a constant amount y,= (1/2) In [(1 +v,)/
(1 —vy) ], where v, is the relative velocity of the frames of
reference. Having introduced the basic concepts of the inclu-
sive description of multiple processes we shall list their basic
characteristics'4~'%:

1. The transverse momentap, of the secondary hadrons
are limited (p, S1) GeV and (p,) =04 —-0.5 GeV
in a wide range of energies §2 =10 — 540 GeV), while
pit ~s'/237"1* The double-jet picture of soft hadronic colli-
sions at high energies ( p, <p?) follows from here>~”** This
remarkable result was first obtained in experiments with
cosmic rays for long-lived particles (72 10~ %), primarily
for 7 mesons ({ p,) =0.35 4 0.05 GeV).® In experiments on
accelerators it was found that short-lived (r$1072% s)
states—resonances (R )—form the main fraction ( ~80%)
of the secondary particles, while the long-lived hadrons (7
and K mesons and baryons) are, as a rule, products of their
decay.® The distributions of the direct reaction products—
resonances—over p; are described by the simple formula

1 do(R)

—B(R)p2
om dp? =(n(R)e B )pl9

(2.9)

where B(R) = 3.4+ 0.2 GeV~2, which corresponds to
{(p, (R)) =0.47 + 0.02 GeV. The formula (2.9) is valid for
resonances with M(R) from 0.55 GeV (7 mesons) to 1385
MeV (2°*) and direct pions.> ® The limitedness of the
transverse momentum of the hadrons discovered experimen-
tally is widely employed in models and still does not have a
satisfactory theoretical explanation.

2. In the central region the invariant distributions of the
hadrons are virtually independent of the quantum numbers
of the primary and secondary particles, with the exception of
the values of (n(R)). They have for s'/? =23 - 63 GeV a
quasiplateau in y:

s P =4 () A=BlyDe™™,  (210)
where m? =m? + p?, s, =1 GeV?, @=0.2, f=0.1, B=7
GeV 1.9 The width and height of this quasiplateau increase
with energy as ~In sand s* (or ~In s), respectively.>'* The
growth in the average multiplicity of the hadrons is linked
precisely with this behavior:

@)~ | (s ph, ) dpl dy ~ In?s. (2.11)
The universality of f (s, p? ) for different processes and the
existence of a quasiplateau in y are employed in parton mod-
els.'?

3. In the fragmentation region the invariant functions
(2.7) are virtually independent of the total collision energy
f (p?, x). This phenomenon is called Feynman scaling or the
scale invariance of strong interactions.® It was discovered in
experiments performed on accelerators at the Institute of
High Energy Physics (Serpukhov) and CERN (Geneva).>¢

The distributions f (x, p?) for x = 0.2-0.8 are satisfac-
torily described by the formula

f(z, PL)=A(P2) (1 —2)™, (2.12)
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where m depends on the quantum numbers of the primary
and secondary hadrons.® Possible explanations for the val-
ues of m for different processes are given on the basis of the
quark-parton models.

4. Correlations in the production of two particles (2.2)
have been studied with the help of the functions:

_ 1 d% 1 do do
Cy (Y, y’)_‘o_m dy, dv3 "‘m a7, dy,; ° (2.13)
_ Cs (1, ¥a) __ Oindio/dy, dus _
Ra (s 9a) = oja (do/dy,)do/dys — (do/dy,) dojdws
(2.14)

for different sets of primary and secondary particles.'"

These correlation functions vanish if the hadrons are created
independently.'? Numerous experiments have demonstrat-
ed a short-range correlation in the production of the long-
lived hadrons in the variables Ay, Ap, and Ag
(Ap = @, — @, is the difference of the azimuthal emergence
angles of the particles).>® The correlation lengths (L) are:
L(Ay)=2, L(A@)=02-03 and L(Ap,)=0.15-0.2
GeV ™. They are largely explained by the kinematic decay
of the resonances. Unfortunately data on the correlations of
the direct products of the collisions—resonances—have not
yet been obtained.

The intervals of compensation of different quantum
numbers of the secondary hadrons (charge, isotopic spin,
baryon number, etc.) in the kinematic variables (x, y, p, )
have also been studied. They have a short-range character
(the so-called local compensation}).

The long-range correlations with respect to the multi-
plicity in the production of hadrons, emerging into different
hemispheres in the center of mass system, have been ob-
served in pp interactions with s'/2 = 540 GeV. These basic
characteristics of soft processes were obtained as a result of
multiyear studies of cosmic rays and on accelerators, includ-
ing also the CERN collider (1984).'* When the parton mod-
el was created (1969-1973)%° not all of them were known.
In particular, the large contribution of the resonances and
the relatively fast growth of f (y =0, s) and {(n(s)) with
energy were discovered in recent years. This does not, how-
ever, affect the foundations of the model, and its further
modifications take these features into account.

2.1.2. The parton mode/

The main hypothesis of the parton model is that a real
particle with a high momentum ( p) can be regarded as a
collection of some number (n~1In ( p/u)) of virtually non-
interacting point partons with limited masses (u) and
transverse momenta (k, ). The longitudinal momenta (k|| )
of the partons vary fromp to k|, ~u (Fig. 1a).*° In this case
the fast particle is weakly coupled with the fluctuations
of the vacuum, which appear over short time intervals
(7~ 1/k) and are important only for slow partons (k~u).
Thus a hadron in the limit p— o consists of a jet of partons
(k, €k ), moving in the direction p (see Fig. 1a).

Further, hypotheses on the momentum distributions of
the partons are formulated based on the experimental data
on multiple processes (see Sec. 2.1.1) and model assump-
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FIG. 1. a) Parton scheme of hadrons with p— « . b) Rapidity distribution
of partons in hadrons (a,b) before and after a collision.

tions®”?:

1. The structure function of a hadron F 3( p, k 1, k) in
the limit p— o0 depends only on x = k /p, i.e., scale invar-
iance holds. It is convenient to represent it in the form
Fd(x, k) =xq(x, k), whereg (x, k1) is the probability
density for finding partons with x and & .

2. The distribution of partons over the transverse mo-
menta is limited and ¢k, ) = 0.3 — 0.5 GeV.

3. Inthe central region the parton distribution is univer-
sal for all hadrons and is independent of x:

Fi(z, k%) =const, q(z)~ % .
This means that the parton rapidity distribution
(F3(y,p2)) has a plateau (Fig. 1b).

4. In the fragmentation region FJ(x)~(1—x)"
where m depends on the quantum numbers of the partons
and hadrons .

5. Partons interact with one another only if Ay~1 — 2
(short-range correlations).

As we can see, the main hypotheses of the model (items
1-5 above) are consistent with the established characteris-
tics of multiple processes (see Sec. 2.1), with the exception
of a strong breakdown of scale invariance of the hadron dis-
tribution in the central region (growth of the height of the
plateau with s). This breakdown is linked with the wave
nature of the interactions and is described by QCD.

In the model the hadrons interact via slow partons:

(2.15)

O~ MIKkZ ~ (siz)_i ~ eg=Ans,

where ¢ is the cross section for the interaction of point par-
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tons, # is the wavelength, s];” is the total energy, and Ay, is

the relative rapidity of these partons. Therefore only slow
partons with Ay,, <1 — 2 can interact with a large cross sec-
tion. As a result of their interaction all other partons can no
longer assemble into the starting hadrons; they will move
apart in space, producing as a result of their decays and de-
colorization, hadrons with rapidities in the interval from 0 to
In(2p/m) (see Fig. 1b). Because the interaction between the
partons has a short range the hadron rapidity distribution
will reproduce the distribution of the starting partons. This
is what determines the agreement in the overall characteris-
tics of soft processes between the model and the experiment.
The mechanism for the transition of partons into hadrons is
itself unknown, and for this reason additional assumptions
must be made in order to make more specific predictions
about the characteristics of the hadrons.'*~'?

The space-time picture of the interactions is also de-
scribed quite simply in the parton model.® In the absence of a
theory this is especially important in order to understand the
physics of the decolorization processes and to study colli-
sions between particles and spatially extended objects—nu-
clei.?*"?* The picture of the formation of a jet (see Fig. 1a) as
aresult of the successive emission of partons with £, ~u and
k| yields a distribution which is characteristic for diffusion
in the plane perpendicular to p:

Cw e"p[_—yﬁ,‘:__y)],

ny (yp—¥)
where p is the impact parameter of the collision and
n=y(y, —y) is the number of partons in the interval
A=y, —yandy, =In(2p/m). From here it follows that
slow partons ( y=0) have the widest distribution, and the
transverse size of a fast hadron is

@ (P )= (2.16)

Ry = (wyp)2 = (vIn-2)"*, (2.17)
which leads to the well-known growth of R, in the limit
p— oo In the longitudinal direction (z) each parton with & |
is distributed in the interval Az~ 1/k fl , and the longitudinal
dimensions of the hadron are once again determined by slow
partons:

(2.18)

Thus a fast hadron is a disk with a radius R, and thickness
R ~1/u. The total hadron interaction cross sections are
determined by the dimensions of the hadrons and
o~mR2 ~yin(2p/m).

In this space-time picture the concept of the lifetime of
one or another parton fluctuation is also meaningful, and
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hence also the “lifetimes” of partons

T ~ I,:'—i’»\.r'ﬂo

"Ti , (2.19)
where 7, is the characteristic lifetime of a parton in its rest
system.’ It is evident from (2.19) that the lifetime of partons
increases with momentum and their hadronization occurs at
increasingly larger distances, which is taken into account in
the study of hadron-nuclear interactions.?*-2?

These basic hypotheses of the parton model®” regard-
ing the structure of the hadrons are widely employed in the
analysis of soft and hard processes at high energies.'™ To
describe transitions of partons into hadrons the so-called
fragmentation functions D: (z, p3,) whose properties are in
many ways analogous to those of F{(x, k?), are intro-
duced.'” The specific form of the functions D} and F} is
determined from the experimental data on hard processes
(see Sec. 2.2). The quantum numbers (charge, strangeness,
etc.) of the partons and their corresponding hadron jets are
related to one another, which is what makes it possible to
measure them experimentally (see Sec. 4).

18,9

2.2. Hard processes

2.2.1. Types of processes

At the present time the main information on hard pro-
cesses is obtained from the study of deep inelastic/ N interac-
tions (Fig. 2), e*e™ annihilation into hadrons (Fig. 3), and
hh collisions (Fig. 4).

In the parton model / N interactions are regarded as be-
ing the result of incoherent elastic interaction of leptons with
a jet of quarks making up the hadrons. The cross sections of
these processes are therefore determined by the known cross
sections for the interactions of leptons with charged point
quarks (o(lq—Iq)) and by the momentum distribution of
the quarks in the nucleon ( g(x))."* As can be seen from
Fig. 2, in this case two jets (J; (h)) of hadrons, associated
with the fragmentation of the “knocked out” quark

FIG. 3. Diagram of e*e ™~ annihilation into two hadron jets.
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FIG. 4. Scheme of the formation of four (I-IV) hadron jets in hard hh
collisions.

(D§(z)) and the remaining diquark (D o, (2)), are
formed.'*

In e*e™ annihilation (see Fig. 3), in the simplest case,
two hadron jets are formed in the decay of a virtual y* quan-
tum (Q 2 = s = W?) into a qg pair. The hadron distributions
in the jets are described by the quark and antiquark fragmen-
tation functions D[ 4, (2).

Finally, the third and most complicated type of hard
processes are the hh interactions (see Fig. 4). They are de-
termined by the structure functions of the interacting had-
rons (F3, (x)), by the parton interaction cross section, and
by the quark and gluon fragmentation functions (Df]1 (2).
Here four jets of hadrons are formed. Two jets (I, II) are
associated with the partons which did not enter into the reac-
tion; they are usually called the spectator jets (J, (h)). The
other two jets (111, IV) are formed with the fragmentation of
the scattered partons and, as a rule, have high transverse
momenta or energies. These jets can be seen only at high
energies s'/2 2 20 — 30 GeV.

Thus hard processes yield quite complicated informa-
tion on quark and gluon formation and fragmentation,
which at first glance appears to refer to entirely different
situations. In all these reactions, however, there are two
stages: the formation of partons at very short distances
(r~1/Q) and their transformation into hadrons at large dis-
tances (R ~1/m). The experiments show that in the first
approximation these stages are independent of one another.
The formation of partons and their fragmentation into had-
rons can therefore be studied separately. In this case differ-
ent hard processes can be analyzed at the same time and data
on the structure functions of the hadrons, parton interaction
cross sections, and parton fragmentation into hadrons can
be obtained.

2.2.2. Momentum distributions of quarks In hadrons (deep-
Inefastic I N interactions)

The study of inclusive processes
!+ N>l +X, (2.20)

with large transfers of momentum (@) and energy (v) en-
ables the measurement of the momentum distributions of
quarks in nucleons (g(x)), which form the starting data for
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the analysis of any hard collisions with the participation of
hadrons.!™ In electromagnetic interactions (/=e, u) the

cross section of (2.20) can be represented in the form
d2o

dzdy ==0y(z, ¥) 2 efzﬂi (z),

1

(2.21)

withx = 0%/2mv,y, = qp/m =v/E,v=E — E', misthe
nucleon mass, and e,_is the charge of a quark in units of the
electron charge (see Fig. 2)."? ' Physically x is the relative
fraction of the momentum of the nucleon carried away by
the quark (0<x<1), and y,, is the relative fraction of the
energy of the lepton transferred to the hadron in the labora-
tory coordinate system. The first factor in (2.21) corre-
sponds to the cross section of the elementary process (for
example, eu—eu), taking into account the fact that the
square of the total energy in an /q interaction is § = xs:

2na? 1-4-(1 —yn)?
0 (7, y)————s,—%,

(2.22)
where a = 1/137.'% Thus in the parton model the cross sec-
tion of the / N interaction is the product of the known cross
section for scattering of point particles and the momentum
distribution function of the quarks in the nucleon. There-
fore, using (2.21), information on Ze} g¢,(x) can be ob-
tained from the data.

Measurements of / N interactions on protons and deu-
terons with Q 2 ranging from 1 to 200 GeV? and x ranging
from 0.03 t0 0.9 have now been performed.?*~?5 As a result it
was found that scaling breaks down (see for example, Fig.
5). As Q% increases the function F,(x, Q2) increases in the
region x < 0.2 and decreases in the region x > 0.2. This effect
is linked with the interaction of partons and is explained in
QCD. It was also established that the valence-quark distri-

bution d, (x) in the proton is narrower than u, (x).** As an
approximation it can be assumed that
V@ ~0.57(1—z). (2.23)

uv (z)

More detailed information on ¢g(x) can be obtained
from experiments on v(¥) N interactions. Because of the law
of conservation of leptonic charge v interacts withd, s, and
quarks, while ¥ interacts with u, s, and d quarks in the nu-
cleon."? For example the cross section for v, p—u~X is
equal to

d’c  _ Gsz
dzdyn =~ =

[d (z) 45 (2) +u (z) (1 —yn)?],

(2.24)

where G = 10 °m " % is the Fermi constant and the first fac-
torin (2.24) is the cross section for scattering of v by a quark
taking into account the fact that § = sx. Analogous formulas
for ¥p, vn, and ¥n interactions include other combinations of
g: (x)."? The combined study of these processes therefore
enables obtaining the momentum distributions

auy (2), adv (2), 2[4 @) +75@)],
s[3@+3s @]
in the proton (Fig. 6, (Q %) =8 GeV?)."”
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We shall list the basic results obtained by studying / N
interactions, which we shall require in order to analyze the
formation and fragmentation of partons.?4-2¢

1. The sea quarks and antiquarks u, (T, ); d; (d; ), s(§)
have low momenta x; 0.3 (see Fig. 6), they carry about
0.08 of the momentum of the nucleon, and g, (x) ~1/x.
Within the limits of error ( ~30%) there is no difference
between the quark distributions @, (x) and d, (x).*>?* The
contribution of the momentum of the sea quarks in the nu-
cleon is estimated to be ~0.005.%*

2. The distribution of the valence uy quarks over x is
wider than that of the d, quarks (2.23).%* The average rela-
tive fractions of the proton momentum carried off by the u,
and d, quarks are equal to 0.24 and 0.09, respectively (with

LIS S g St R SR AR St Sl St B B B B B

T

07 0% 46 88 , GF 4 46

FIG. 6. Momentum distributions (xg(x)) of the valence (dy, uy) and
sea (1, d) quarks in a proton, obtained from data on v(¥)N interactions.
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an uncertainty of ~10%). The total momentum carried
away by the quarks and antiquarks is equal to 0.45 + 0.03.

3. The gluons carry approximately one-half of the mo-
mentum of the nucleon. From data on vN interactions, tak-
ing into account the effects of QCD, it was found that

G(z, Q) =zg(z, Q%) =2.62 (14-3.52) (1—=)>°  (2.25)

with (Q2) = 5 GeV2.25?° Asexpected, the gluons are found
in the same region of x as the sea quarks ((xg Y»=0.16).

4. It was found that the quark distribution in the nu-
cleon depends on Q%( ¢, (x, @%)).

Thus the quark and gluon momentum distributions in
nucleons are known in the first approximation with
{Q %) =5 — 10 GeV> For example, they are parameterized
in the form

zu () =2.13z42 (1 —z)23 4 0.27 (1 — z)3¢,
zd (z) =1.26212 (1 —z)%° + 0,27 (1 — 2)3!,
zu () =zd (z) = 0,27 (1 —zht,

zs (z) = zs (z) =0,5zu (z),

(2.26)

where it is assumed that the strange sea quarks comprise
approximately one-half of the u, or d; quarks. This parame-
trization is used to find q, (x, Q%) when 0 2>100 GeV right
up to the collider energies (s'/2 = 540 GeV).'°

The structure functions of the pions were studied in
processes of the Drell-Yan type:

nt 4+ N - ptp- + X, (2.27)

with E,, >150 GeV and effective masses M(u*u~) =4.2
— 8.5 GeV.3*2427 The cross section of (2.27) is determined
by the nucleon structure functions (Fpi ~(1 —x)™ with
myq, =3(4)), by the cross section of the annihilation pro-
cess gq—u*u~, and by the pion structure functions
(F3(x)). Using the known functions F§ (x, Q?) it was
found from the data on the process (2.27) that

FS"Y ()= ZUT ~ 20,410,04 “ _1)0'9"'*0'05, (2.28)

where (Q2) = (M?*(u*u~)) =25 GeV>:? The valence-
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quark distribution u(x) in the 7~ meson turned out to be
wider (m ~ 1) than uy (x) in the proton (m =3). There are
still no data on q, (x) in other hadrons.

2.2.3. Parton fragmentation functions

Quark fragmentation functions are most simply mea-
sured in e* e~ annihilation processes:

e o > y* > qi+q —~ Iq, (z)-{-J&‘ (2), (2.29)

where two hadron jets are formed (see Fig. 3).

In this case, the parton model makes clear predictions
regarding the characteristics of the production of quarks,
which have been verified experimentally, and the relatively
simple kinematics of the reaction enables separating clearly
the hadron jets. Colored quarks and gluons were “‘discov-
ered” precisely in the study of e*e™ annihilation
(ete~—qqg; s'/2 = W45 GeV).

The total cross section for jet formation in (2.29) with

5s'/23m,_can be written in the form®:

Otot (6%6™ = X) =0y (6% — p*p7)-3 26},  (2.30)
wﬁere

Oor (%6 — pop) = 2L (2.31)

while the factor of 3 represents the number of quark colors.
In this model quarks are created as free point particles with
spin 1/2, charge e and three different colors. The ratios

between different types of quarks in the reaction (2.29) are
determined by e :

d:u:s:c:b=1:4:1:4:1, (2.32)

if s'/2%m, . The angular distributions of the quarks (and,

therefore, of the hadron jets also) relative to the e* e~ colli-
sion axis in the center of mass system have the form
do (e*e~ — qq)
Otot (Y6~ — X)d | cos ¥ |

=2 (1 +cos? ®). (2.33)

The hadron momentum distributions in the jets
o%” — Jq, (h) +J; (b) — %}hq‘ &+ 2 hz () (234)
i q,
are determined by the expression

h h
do (e*e~ ~ h (3) X) _Z ‘3' fDq‘ 5+ DE, o]

2, ’
where D;_@) (z) are the fragmentation functions of the
quarks and antiquarks.'® They are normalized by the fol-

lowing conditions:

(2.35)

Gtot (e¥e~ — X)dz

,\ Zh‘l th,ﬁ,) (2) dz =<"2,(&,))’ (2.36)

52 Dy, (2)zdz=1, (2.37)
h

h

where (nq,_(a‘_)

) is the average number of hadrons formed in
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the fragmentation of quarks (q;) and antiquarks (q; ). The
relation (2.37) expresses the law of conservation of momen-
tum (2z; = 1).

In deep inelastic /(1 )N interactions (see Fig. 3)

14N - v*+ @+ (a9),.~ g, () + Y, () (238)

two hadron jets are formed.'” The normalized cross sections
of this process can be written in the form

] h h '
4  do(yN—->hX) 2:' 4,9 ) 10q, B+ Digg), )]
Otot (v*N) ds Zi e§,gi (@) ’
(2.39)

where o, (y*N) is the total cross section of the y*q; (x)
interaction, z = p, /xp and z' = p, /(1 — x) p in the center
of mass system (y*N).

Analogous formulas for quark fragmentation in v(V)p
interactions'”

1 dovp» whX) _ 4@ DE0+ /8% E Dy

4
Gtot ds i@vapre 0 )
{ do(p— pbX) _ *@DIE+A/3)d(2) DL () 241
Stot d - v (@)+1/3)d(2) (24D

contain different combinations of q, (x)D fL (z), which is
what makes it possible to distinguish jets of hadrons asso-
ciated with definite quarks.?? For example, for x20.3,
where there are no sea quarks,

{1 d — p~hX '
Otgt 2t dz : )=D'l‘l (2) (240
1 do(vp > phX) _ gy (2.41")

Otot dz

and the hadron momentum distributions 4(z) are the frag-
mentation functions of the u and d quarks.

Thus / N interactions and e *e ™~ annihilation yield rich
information about the fragmentation of partons into had-
rons. Combined analysis of the data on these processes yields
the basic characteristics of the processes by which quarks
and gluons transform into hadrons (see Sec. 5).

2.2.4. Hard hadron collisions

Four hadron jets form in hard ab interactions (see Fig.
4):

a+ b — qu (h) +' Jq, (h) +JS (a) +JS (b)v
two of which (J, (h) and I, (h)) have high transverse mo-
menta p, (J) or transverse energies K, (J) = 2K, sin ;. In

the parton model this process is viewed as being the result of
the scattering of two partons

(2.42)

Qi (z) + g5 (22) = qn (21) ,+ q (x2) (2.43)
by large angles in the center of mass system of (ab) followed
by their fragmentation into hadrons.'~® The description of
(2.42) therefore requires knowing the hadron structure
functions (F¥(x,), F¥(x,)), the parton scattering cross
section in (2.43), and the partons-into-hadrons fragmenta-
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tion functions (D :k (2), D:: (2)). As we have already dis-
cussed, the F](x) andD‘,;‘(z) functions are measured in
e*e” annihilation and deep-inelastic /N interaction pro-
cesses. Therefore the great interest in hard hadron collisions
is associated primarily with the possibility of obtaining di-
rect data on parton interactions at high energies.

Hadron jets are usually distinguished in the inclusive
processes

at+b—c, (p")+X, (2.44)
a+b— 2 € (B + X, (2.45)

by recording the particles ¢, with high transverse momenta
or groups of particles Z,c{" with high transverse energy
(E, (J)). The cross section (2.44) can be written in the
form??

do

C
E SFqi (z0) F31 (z,) 209 doun 4,44
[ dpc a 1 h 2 "3 A‘ 1 2

ik

(2.46)
where the summation extends over different types of partons
(i,j, k), and Dy is a function characterizing the fragmenta-
tion of the parton k into the hadron c. All kinematic vari-
ables in (2.46) are expressed in terms of x, and x,—the rela-
tive fractions of the momenta of the primary particles (a, b)
carried away by the ith and jth partons:

== (5 +45)

t=(P.—Py), "’=(Po—Pb)21 (2.47)
£=’1: , § = 24,8,

where 7 and § are the squares of the transferred momentum
and total energy in thereaction (2.43) and P, , P, and P, are
the four-momenta of the hadrons. The inclusive formation
of jets with energy E, (J) is obtained from (2.46) by inte-
grating over z '%:

d o A A o
E, (J)TP_EW={2. 5 Fat (@) Fy! (29) -85+ +u)
v J

a
% Ul‘{k
dt

(2.48)

dz dz,.

The ratio between the cross sections for the formation of the
hadron jet (2.48) and of the trigger particle (2.46) is deter-
mined by the fragmentation function D (z) and for z> 0.9
is equal to about 100.*

It is evident from these formulas that the basic charac-
teristics of hard collisions are determined by parton scatter-
ing (2.43). The differential cross section for (2.43) in lowest
order in ag ( p?) has the form?>1%-13

40;

(2.49)

=nad (py) LAl A.‘f’k 2 ’

&
where the amplitudes 4, are dimensionless, are averaged
over color and spin, and depend on the specific process of the
type (2.43).'° In the observation of trigger particles (c,.)
with = 90° their production cross sections obey the simple
scaling law:
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do

1
[ dpc - p‘l f(xl)’ (250)
where
2p

and x, =~x,=x,. It is evident from here that the bulk of the
change in (2.50) with increasing x, is determined by the x
dependence of the structure functions, which decrease ra-
pidly as x—1 (Sec. 2). Increasing the energy with fixed p,
decreases x; and, therefore, increases the inclusive cross sec-
tions (2.46) and (2.48). All these characteristic features of
hard processes have been observed in pp collisions at
5"/ = 20-63 GeV, and especially clearly in pp interactions
at s'/? = 540 GeV (see Sec. 4).

We shall end our brief review of the basic ideas of the
parton model here. The deviations from the formulas of this
model (for example, breakdown of scaling) are associated
with the field picture of the interaction of partons and are
described by QCD.

2.3. Interaction of partons in QCD

Strong interactions of quarks and gluons at high Q ? are
described by QCD PT.!*19-13 Their interaction constant in
the so-called leading logarithm approximation has the form

83 120

() =—7-= (33—2nq) In(Q%/AT) ° (2.52)

where n, is the number of quarks with mé €Q?and Aisthe
main parameter determining the applicability of perturba-
tion theory (ag«1).2" Estimates show that for Q2>100
GeV2ag (Q2)~=0.2. As is evident from (2.52), in the limit
Q %~ « the partons do not interact (as—0) and the formu-
las of the parton model are applicable without breakdown of
scaling (F(x), D(z)). For finite values of Q % breakdown of
scaling of the logarithmic type is expected in the perturba-
tion theory**:

F (z) > F (z, 1), D (z) =D (z, 1),

where t = In(Q %/A?).

The value of A can in principle be determined from
chromodynamic effects in hard collisions. In deep inelastic
I N interactions they determine the breakdown of scaling’:

F% (z, t)=§-:‘7'+’F§(z’, t) Wq(?’,—, ‘Lo), (2.53)

x

where W7 is the probability that after the transition from the
probing momentum Q, to the momentum Q a parton with a
relative fraction of the momentum x instead of x’ will be
recorded.?? However, for values of Q 2 which are now acces-
sible corrections reflecting the physics at large distances
(as—1) which decay in a power-law fashion ~ ( /93",
are important. For this reason the structure functions of the
nucleons, measured in /N interactions with Q ? varying from
1 to 200 GeV? and x from 0.03 to 0.9, are usually described
by the expression®*2°;
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Fx(z, 09=F3™(x, 0 (1+52), (2.54)

h(@) ==

1=z

(2.55)

which takes into account the evolution of F3P(x, Q?) ac-
cording to the perturbation theory (2.53) and corrections of
the power-law type (they are called twists). As is evident
from (2.54), they are significant for x % 0.5. The value of A
obtained from here falls into the range 50-250 MeV.?%2¢
Since at the present time there is no systematic method for
taking twists into account, the value of A determined from
these experiments is not reliable.”” Nevertheless, the good
description of the data by the expression (2.54) permits us-
ing FXP(x, @) for higher values of Q 2 also, in particular,
at collider energies (Q 2~ 10* GeV?) (see Sec. 4).'°

The results obtained from the study of e*e~ annihila-
tion into hadrons at high energies s'/2<45 GeV provided the
most spectacular confirmation of QCD.>™ The point co-
lored quarks and gluons were ‘“‘discovered” here and rich
information about hadron jets was obtained.'""'%28-3! In par-
ticular, the study of three-jet events

e +e > q+qgt+g—> 2 h+2_h+2gh (2.56)
q N

gives direct information about ag(Q?). Indeed, the cross

section of the process of hard gluon emission (2.56) in QCD

has the form?®2°

do (ete~ — qqg)

dz, dz,
Zas 2 e2 .
=—Z dig(ere - pw) _____“_:3)4(-1‘1 AR

wherex; = 2E_ /W, andis proportional toas (Q ?). The sep-
aration of the events (2.56) is, however, linked with the
model assumptions about the fragmentation of quarks and
gluons into hadrons (see Secs. 3 and 5) and for this reason
the quantity ag (Q >~ 10® GeV?), extracted from the experi-
mental data, is highly uncertain. We shall return to this
question in our discussion of the fragmentation of quarks
and gluons (see Sec. 5).

We have presented the basic formulas of the parton
model, which describes both soft and hard processes at high
energies. Their modification, taking into account the inter-
action of the partons (QCD), reduces to the simple recipe

F{'&(z) > FP®(z, Q?), DY ¢(z) - Die(z, Q3.

To find more detailed characteristics specific Fey}lman dia-
grams, which are best discussed in an analysis of the experi-
mental data (see Secs. 4 and 5), must be studied.

3. FORMATION OF HADRON JETS

In the parton model a hadron jet has the quantum
numbers of the parent parton and p, (g) =p(J) (see Sec.2).
In QCD it is also assumed that partons are decolorized with-
out significant changes in these relations (the hypothesis of
soft decolorization). Because of the absence of a complete
theory of strong interactions the degree to which the parton-
jet correspondence holds is unclear, and here experiment is
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the final arbiter. As a result, questions regarding the forma-
tion of jets become fundamental, because on the basis of
these jets we attempt to study the dynamics of the develop-
ment and fragmentation of partons, which do not occur in
the free state.??

The qualitative definition of a jet as a collection of parti-
cles moving in one direction with p ; €p; relative to their
total momentum (p(J) = £p;) conceals numerous ques-
tions associated with the absence of quantitative criteria for
referring hadrons to one or another jet. These criteria are
determined based on an analysis of the experimental data on
hard processes, in which jets are formed with different relia-
bilities. They are recorded most clearly in e*e™ annihilation
and in hard pp interactions (s'/? = 540 GeV). In this section
we shall briefly study the methodological problems of the
formation of jets in hard processes, which determine our
possibilities for studying the dynamics of parton interac-
tions.

3.1. e+ e annihilation into hadrons

Hadron jets are most clearly recorded ine* e~ annihila-
tion processes, in which all the collision energy (s*/?) goes
into the energy of the hadron jets ( W). The method for sep-
arating them has been under development for ten years, and
we shall therefore summarize the basic results regarding this
question.?®>! At the energies now accessible (s'/?>545
GeV) primarily two hadron jets are formed in these reac-
tions.

o'+ > qu+ @ — To, () + 73 (h), (2.29")

and a three-jet pattern of hard gluon emission is observed
only in approximately 10% of the events with s'/? 2 30 GeV:

ot +e” > q + q + 8 > Jq, (h) +J§‘(h)+1g(h)' (2.56")

In QCD these jets are actually a manifestation of the
production of many jets in the quark-gluon cascade (see Sec.
5.1). The formation of a third hadron jet (2.56) is also
linked with the quark-gluon cascade, caused by hard gluon
emission. The ratio of the cross sections of the processes
(2.56) and (2.29) is proportional to a5 (Q?).

In the first case, different quantities characterizing the
jet nature of the events are used to find the axes of separation
of the jets.?®3! They all give approximately the same re-
sults.?! The so-called sphericity is often used.

min 2 p’“
3 i

B
i

3.1

where p,; are the transverse momenta of the secondary had-
rons relative to the selected orientation of the jet axis. Mini-
mization of S over all possible directions enables finding the
axis of separation of the jets in the reaction (2.29). The phys-
ical meaning of § is obvious: for thin jets ( p,; €p); ) S—0and
in their absence ( p,; ~p|;) S—1. The value of (S(W)) de-
creases rapidly with increasing energy ( ~0.8 W ~'/2) and
for W2 25 GeV is equal to =0.1.2% 2% For this reason, in this
case, the two-jet picture of the processes (2.29) is already
clearly determined when W= 10 GeV, confirming the basic
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kinematic representations of the parton model and QCD.
The situation with the correspondence of the quantum
numbers of the partons and of the jet is more complicated;
this is attributable, in particular, to the wide angular distri-
bution of the slow particles ( p, 0.5 GeV).?**® They can-
not, therefore, be referred to one or another jet. They prob-
ably do not in principle belong to them, and are formed as a
result of fluctuations of the QCD vacuum accompanying the
decolorization of the partons.?® They can nevertheless sub-
stantially alter the quantum numbers (charge, baryon
numbers, strangeness, etc.) of the jet, if such hadrons are
linked to it. Since there is no clear boundary between the
“vacuum’’ hadrons and the products of parton fragmenta-
tion, the determination of the quantum numbers of jets is a
complicated methodological problem, which can be solved
only by analyzing and comparing the data from different
experiments (see Secs. 4 and 5).2”

Three-jet events (2.56) are separated in an analogous
manner. For example, the triplicity is used for this:

max (| D)oy [+ D egel+H| 2 ppil)
Ty= a = = !
2P

where the maximization is performed with respect to all pos-
sible allocations of the particles in the event into three
groups—C,, C,, and C;, which is what enables the determin-
ation of the separation axes of the quarks and gluons. For
ideally thin jets ( p,,—0) 75— 1. An example of events of the
type (2.56) is shown in Fig. 7.°° Their separation, however,
presents great methodological difficulties because of the
large background (=90%) of the two-jet processes (2.29)
and the unknown characteristics of parton hadronization.
This is what leads to the uncertainties ( ~40%) in the mea-
surement of the strong interaction constants ag (Q2) (see
Sec. 5).

On the whole e*e ™ annihilation processes are a perfect
example of hard collisions in which hadron jets are well sepa-
rated and there is no interference from background soft in-
teractions, which greatly complicate the analysis of / N and
hadron collisions. For this reason, data on jets in e "¢~ anni-
hilation occupy a central place in the study of the dynamics
of parton production and fragmentation.?®-*!

(3.2)

FIG. 7. Example of a three-jet event in e "¢ ™ annihilation. ¢ and 6 are the
azimuthal and polar emergence angles of the hadrons relative to the axis of
the e*e~ collision and £ is the energy.
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3.2. Hard hadron collisions

The formation of jets in hadron interactions

a-+b — Jg, (b)+Jq, () +T5(hs) +33(hs)  (2.42)

is complicated by the formation of spectator jets, which have
small emergence angles (¢ ; % 10°) in the center of mass sys-
temof (a,b) and { p, (hg)) =~0.5GeV (see Fig. 4). Hadrons
from hard scattering of partons (2.43) can therefore be re-
corded only at large angles (% 10°) and with high trans-
verse momenta (or energies) p, (h)»0.5 GeV. Attempts to
separate J, (h) with E, (J) 10 GeV for s'/2530 GeV were
unsuccessful because of the large background formed by the
spectator hadrons.?® For this reason at energies s'/2<62 GeV
hard scattering of partons (2.43) is, as a rule, studied by
recording the trigger particles with pi' 2 4 GeV:

at+b— I, (h) +Jq,(b)-+I3(hs) + B (hs),  (3.3)

in which the interference from spectator hadrons is small.
The angular and momentum characteristics of the jets in
these processes are discussed in detail in the reviews Refs. 5,
10, 13, and 32. In this case, because of the sample of events
(PR 4 GeV) the trigger hadron jetJ, (h) gives only limit-
ed information about parton fragmentation (2% 0.8) and
serves primarily as an indicator of hard scattering. Because
of the internal motion of the partons in the hadrons the sec-
ond jetJ a (h) has a wide angular distribution and its separa-
tion presents great methodological difficulties.’ As a result,
in order to separate them better a so-called pseudotrigger is
introduced, i.e., events, in which aside from c,, there occurs
another particle (c/.) with a high transverse momentum
moving in a direction opposite to p,,_, are separated. A care-
ful study of the four-jet picture (3.3) in pp interactions
(s? =62 GeV) with a large statistical sample (~10°
events) was performed in Ref. 33. Events with p{'>2;4,and 6
GeV at ¢, ~50°({ y,, ) =0.7) were selected. It was shown
that all four hadron jets are separated when p{ (¢, ) >4 GeV
and ¢ '(c;. ) =280 — 310° in the scattering plane. In addi-
tion, the jet picture is characteristic for the accompanying
particles (excluding ¢, and ¢ ). In this case the “dimen-
sions” of these jets for particles with p, »>1 GeV are Ay~ 1.0
and Ap=50° (¢ is the azimuthal emergence angle of the
hadrons?®). These values of Ay and Ag are in agreement
with the results of the modeling of the scattering and frag-
mentation of partons in pp interactions.** Thus with the help
of trigger particles and model calculations it is possible to
separate hadron jets with p, (h) X 1 GeV.

An analogous situation also occurs in the separation of
jets with respect to the transverse energy (E, (J)) with
s'% = 45 and 62 GeV in the reaction

p+p—>Jq(E) + X,

with | ;| $0.9 and E, (J) = 8 — 12 GeV.*** To evaluate
the cross section of (2.45) compiex modeling of soft and
hard ppinteractions employing the structure Fy (x, 0 ?) and
fragmentation D(z, Q2) functions obtained in /N interac-
tions and e*e” annihilation was performed.**** The
comparison of the results of modeling with experiment

(2.45")
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FIG. 8. Example of an event with the formation of two jets with high
transverse energies in pp interactions at s'/ = 540 GeV. UA2 installation
¢ and 6 are the azimuthal and polar emergence angles of the hadrons.

yielded the cross section of the reaction (2.45) with
x, =2E, ()/s'"?=0.2 — 0.5 with an accuracy of ~20-
30%. Here it is necessary to take into account the fact that
the uncertainty of the model representations is unknown.
Because of this data on jets with s'/2 560 GeV in hadronic
collisions are *“semiquantitative’ and are studied only in or-
der to compare them with other results.

A clear picture of jet production of hadrons at high en-
ergies (s'/2 = 540 GeV) was already obtained in the first
experiments on the CERN collider (Fig. 8).>>*® Here the
jets can be seen with the naked eye and for E, (J) R 35 GeV
they are recorded with an efficiency of nearly 1009%. Hadron
jets were studied with the help of two enormous experimen-
tal installations (UA1 and UA2), on which large groups of
physicists (135 and 65 people!) worked.?*>” These installa-
tions have the same general structure. They consist of a ver-
tex detector, surrounded by electromagnetic and hadron ca-
lorimeters with a high degree of segmentation (Fig. 9). The
vertex detector consists of a system of cylindrical drift and
proportional chambers, surrounding the collision region of
the colliding beams in the collider. In these installations the
number of secondary charged particles, their momenta
(UA1) and emergence angles (¢, ) (UA1, UA2) are mea-
sured in the intervals Ad = 5 — 175°, Ap = 360° (UA1) and
Ad =20 — 160°, Ag = 360° (UA2).?® This corresponds to

Electromagnetic and
hadronic calorimeters

A

ANt

’/‘////,/4”’}‘ \
e <N Vertex detector

- —7

Converter
Proportional
chambers

chambers
Calorimeter

FIG. 9. Vertical section of the UA2 installation along the direction of the
beam.

137 Sov. Phys. Usp. 29 (2), February 1986

s

the following change in the pseudorapidity of the particles.:

8
n=—Intg5 =y, (3.4)

In| <3 (UAL, [nlx 2.5(UA2).

In the electromagnetic calorimeter, consisting of scin-
tillation counters made of lead glass (UA2) or lead plates
and a scintillator, the energy of the electrons and gamma
rays produced in the decay of secondary hadrons is mea-
sured. The energy of the electromagnetic component of the
interaction is measured with an accuracy of AE(y, e* )/
E~0.14(E, GeV) "2, The energy of the hadronic compo-
nent is measured in the hadronic calorimeter (iron plates
and a scintillator): AE(h)/E(h)~E ~'* (GeV) (32%
with E = 1 GeV and 11% with 70 GeV). The high degree of
segmentation of the calorimeters makes it possible to mea-
sure these characteristics of groups of particles with a step of
Ap =15 and Ad = 10°.

Thus these gigantic installations have practically a 4+
geometry, record all charged secondary particles and their
momenta and emergence angles, and measure the total ener-
gy of all secondary particles with a step of Ap = 15° and
Ad = 10°.353% The computer complex controls the corre-
sponding operating modes of these installations and per-
forms the primary analysis of the information entering the
computer during the session. The famous intermediate bo-
sons (W*, Z°) were discovered on these installations in
1983.36-38

In the study of the formation of hadron jets in pp inter-
actions events with E, 225 GeV were selected.’®*” This
condition enabled lowering substantially the background
formed by the soft pp collisions. The recorded events were
analyzed for the purpose of separating hadron jets with the
help of a simple cluster algorithm (UA2)?": measurements
of E{ in segments of the calorimeter with a common side
were combined into clusters (or jets) if E >0.4 GeV. Clus-
ters with two and more local maxima in E, were regarded as
separate jets, if energies E| =5 GeV appeared between
them. Further, the rank of a cluster (or jet) was introduced:
EMSEPSE® S . A typical cluster with E, =2 GeV
incorporates measurements of E | in three segments, and a
cluster with £, = 40 GeV combines ten segments. The an-
gular characteristics (¢ ;, ¢ ;) of the jets were determined
from the values of ¢; and @, of the corresponding segments.

Events from the UA1 installation were analyzed using a
different algorithm*®: measurements of E in those seg-
ments in which E{>25GeV and A= [(Ag)}
+ (A7, )?]"2<1 were combined into jets. Clusters with
E{ <2.5 GeV were linked to a jet with respect to which they
formed an angle #<45° and their transverse momentum rela-
tive to the axis of the jet P! (J) <1 GeV. In spite of some
difference in the algorithms for separating the jets, basically
the same results are obtained on both installations.

The accuracies with which the different characteristics
of the hadron jets are determined depend on E, (J). Figure
10shows (E, ), ( P, ) and (n_, ) as a function of A relative
to the axis of the jet (7(J) = 0).?% The values of (E, ) were
determined from the calorimeter data, and the values of
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FIG. 10.{E, ), { p, ), and {n, ) as functions of A7 for different values of
E (J) (n() =0) (UAD).

( P, ) and {c,, ) were determined more accurately from the
indications of the vertex detector of UA 1.>® Figure 10 clearly
shows a hadron jet whose “dimensions’” with respect to Ap
decrease with increasing E, (J) for (E, ) and ( P, ) and con-
stitute Ay 5 0.5 at thebase of the peak with E, (J) R 40 GeV.
The background events contribute $5% to E, (J) and
( P, (J)). The situation is worse in the measurement of
(ne, (3)). In this case the background constitutes ~20-
30%, and (n_, (J)) cannot be determined directly without
the corresponding modeling of the parton hadronization and
soft pp collisions.’®® These results indicate that as E, (J)
increases particles with E, (h) 2 | GeV carry away an in-
creasingly higher relative fraction of the energy of the jet
than hadrons with £, (h) £0.5 GeV. For this reason they
have virtually no effect on the measurement of the kinematic
characteristics of the jet (E,, P, &, ¢), but are important
for determining their quantum numbers and (7., (J)).>*
We discussed an analogous problem in e *e ™ annihilation in
Sec. 3.1. In this case the problem is complicated further by
the background formed by the spectator hadrons, which
cannot be taken into account without model calcula-
tions.* ¢

Thus in pp interactions withs'/2 = 540 GeV hadron jets
with E, R 30-35 GeV are well separated and their kinematic
characteristics are easily measured. This is additionally con-
firmed by the separation of two- and three-jet events:

p+p = I (h)+ I% () + X, (3.5)
p+p = I (h) + I (h) + T2 (h) + X, (3.6)

which give direct information about the hard scattering of
partons (3.5) and gluon bremsstrahlung (3.6).>¢%7 The
events (3.6) comprise about 15% of the events (3.5), which
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corresponds to ag (Q?) ~0.2.%¢%8 The distribution of the
events (3.5) over the difference of azimuthal angles (Ag,,)
of the jets with £ ("’ (J), E 2 (J)>20 GeV has a sharp peak at
A@,, = 180° with a half-width of 101>’ This strong correla-
tion between the jets in the azimuthal plane is linked with the
limited transverse momenta of the partons in the hadrons
(see Sec. 2).

We shall examine some other methodological questions
associated with the separation of jets in hard hadronic colli-
sions when we discuss the data collected (see Secs. 4 and 5).

3.3. Deep-inelastic /N interactions

Data on the hadronic component, i.e., on parton frag-
mentation, in / N interactions were obtained only in individ-
ual studies, performed primarily with the help of the
chamber method for relatively low values (W) $15 GeV
and (Q?) $20GeV? (see, for example, Refs. 39 and 40). The
jets were not quantitatively separated in these experiments.
The jet nature of the events was, however, noted.***° In ad-
dition, as we have already pointed out (see Sec. 2), deep
inelastic v(V)N interactions enable the separation of the
fragmentation of quarks with definite flavor, which is diffi-
cult to do in eTe~ annihilation processes and in hadron
collisions. In discussing the results on quark and gluon frag-
mentation (see Secs. 4 and 5) we shall therefore use the data
on /N interactions, keeping in mind their limited nature.

4. QUANTUM NUMBERS AND INTERACTION OF PARTONS

The experiments on the formation of hadron jets in hard
processes as a whole yield direct information about the inter-
actions of partons at small distances and about the quantum
numbers of partons (see Sec. 2). It is precisely this stage of
hard processes that QCD purports to explain. However, the
fact that the mechanism of parton hadronization is unknown
makes it impossible to determine all characteristics of the
jets. It has been shown experimentally that the cross sections
o(J) for jet formation, £(J), and ¢, (17, ) are measured rela-
tively accurately (see Sec. 3). For this reason, only those
quantum numbers (flavor, color, charge, and spin) of the
partons on which these characteristics depend substantially
are determined from these data. To measure other quantum
numbers of the partons (for example, the baryon number,
isospin, and strangeness) it is necessary to study the mecha-
nism of parton hadronization (see Sec. 5).

The interaction of partons at short distances is deter-
mined by the “running”’ strong interaction constant ag (Q *)
(2.52). The measurement of this constant is the main goal of
the study of hard processes. At the present time g (Q?) is
determined most accurately in e*e™ annihilation into had-
rons both from the total cross sections and from the gluon
bremsstrahlung (see Secs. 5).

4.1. Quark flavors and colors

Six quark flavors (u, d, s, ¢, b, t), each of which can have
three different colors (#, = 3), are now known. The avail-
able experimental data are well described by these quark
states.’™ One of the important confirmations of these con-
cepts was the measurement of the cross section of e* e~ anni-
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hilation into two hadron jets in the interval
s'/2 = W =10 — 45.2 GeV. Indeed, in the parton model the
normalized total cross section of this process has the form

(2.30)

_olete > qudy) _
R, (W)—m~3z €g,,

where Z,e2 = 11/9 for the known quarks and n, =3.>"
Taking into account the gluon bremsstrahlung in QCD:

(4.1)

od (Q%) )
?

n?

R(QCD)= R, (142 ¢ ¢,

where C, = 1.39.%3 This relation was carefully studied above
the threshold for the creation of the b quark (W3>10
GeV)*** As a result, it was found that
R.., (W) =3.97 + 0.05 £ 0.10, is independent of W, and is
in agreement with (4.1) 3?2 The following conclusions were
drawn from this:

1. The number of quark colors is n, = 3.

2. Quarks have fractional charges and 2;e2 = 11/9.

3. There are no new quarks with m, 522 GeV.*’

In addition, the formulas (2.30) and (4.1) are valid for
the formation of point particles. Therefore the fact that they
do not break down makes it possible to estimate the spatial
dimensions of quarks: 7, <107 '® cm.?® Data from pp inter-
actions indicate that r, $0.5.10~'¢ cm.*®

4.2. Quark and gluon spins

Quark spins were measured in the processes of e*e™
annihilation into two hadron jets (2.29). In this case the
angular distribution of the jets has the form

do (ete~ — ]q]li)

=2 (1 +cos? By), (2.33)

T ogotdicos By |
if S, = 1/2. For scalar quarks (S, = 0) it is proportional to
~sin’? ;. Figure 11 shows the distribution (1/N)dN/
d|cos ;| with W = 34 GeV relative to the axis of thee*e™
collision.?! It is well described by (2.33) and is incompatible
with the dependence ~sin® ¢ ;. Analogous results were also

av
dcosﬁJ,
T T T T T T

W=34GeV

AN

15F ’ 1

/’.IJM _

1 1 X ! 1 1

1
a a2 04 0.6 cosé,

FIG. 11. Distribution of hadron jets in e *e~ annihilation over cos &, at
5'/2 = 34 GeV. The solid curve is the approximation of the data by the
function ~ (1 + cos? ¢,) (2.38).
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obtained for other energies (see the review of Ref. 31). Thus
there is no doubt that S, = 1/2.

The gluon spin (S, = 1) was first determined from an
analysis of three-jet events e*e~—qqg (2.56) employing
models of parton hadronization.”® Convincing data on S, in
hard pp interactions (s'/2 = 540 GeV ) with (Q?) ~2000
GeV? have now been obtained.?®*® For this purpose the
events

_f) +p—=>IOh) +IPGH)4+ X (3.5)

with E, (J)>35 GeV, |7|<1.0 and |Ap |<45° relative to the
axis of the jet (2432 events) were selected on the UA 1 instal-
lation.® The angular distribution of these jets is determined
by the expression:

dio __ F(z) F(zy) do

dz, dz, d cos 4 . 1 dcosd

5 (4.2)

where F(x,)/x; and F(x,)/x, is the number density of par-
tons with x, (x,), d&/d cos 8is the cross section, and ¢ is the
angle at which the partons are scattered in their center of
mass system.’> The absolute magnitude of the parton scat-
tering cross section depends on the type of “‘elementary”
process:

qq — 49 (4.3)
gq — g4, (4.4)
gq — 24, (4.5)
gg —gg, (4.6)

but they all have a similar angular dependence. For example,
for gluon scattering (4.6)

do 9 nad(Q?) 2 A
i 2 3 — ~2
Tood 5 2z (34 cos? 4)® (1 —cos 8)2, (4.7)
TV T 1T 1 T T T T
0%} 7
- 7
E (7-cos)™? /{? ]
t [ S ]
AR L} ]
L o c
Ll
[=] >0
R k=
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X T (-cosg "~ A
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FIG. 12. Distribution of hadron jets formed in pp interactions at
5"/% = 540 GeV as a function of |cos ¥, |. The solid curves show the predic-
tions of QCD for vector and scalar gluons.
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and the leading angular dependence

do ~ t ~ 1
dcos ¢ sint (§/2)

— (4.8)
(t —cos 9)2
is the same for all processes and is associated with the ex-
change of a vector gluon*¥ For scalar gluons
o () ~ [sin? (¥ /2)] ~'.3° Figure 12 shows the distribution
of jets in (3.5) over |cos+|, normalized to o(&) at
cos # = 0. The figure also shows the expected jet distribu-
tions in the reactions (4.3)-(4.6) with the exchange of vec-
tor and scalar gluons. It is evident that the experiment is
consistent with .S, = 1 and excludes S, = 0.

Analogous experiments were performed at s'/? = 63
GeV (pp interaction) with the detection of trigger particles
(2.44) with pi'>4 GeV.** The results of their analysis using
complex modeling in order to eliminate the soft background
are consistent with S; = 1. Thus the spins of quarks and
gluons have been reliably determined and correspond to the
predictions of QCD.

4.3. Quark charges

We have already pointed out that the fractional charges
of quarks are determined indirectly from data on the cross
sections of hard processes (see Sec. 4.1)." In the parton
model the quantum numbers of the hadron jets are those of
the parent parton. It is here that the possibility of direct
measurement of the charge, strangeness, baryon number,
and other quantum numbers of quarks and gluons arises. In
an experiment this equality can break down because of the
unknown origin of the “slow”” hadrons (see Sec. 3). As was
proposed back in the original version of the model,® how-
ever, the fast hadrons probably store the genetic information
about the properties of the parent parton. In this case the
problem of slow hadrons vanishes (see Sec. 5). Another rea-
son for the breakdown of the correspondence between the
parton and the hadron jet is linked with the mechanism of
their hadronization. For example, when quarks transform
into meson jets their average chargeis (Q ™) = e, + (e3),
where (e; ) is the average charge of the light antiquarks (1,
d, 5), which form mesons by combining with a quark. If all
light quarks were to appear with the same probability, then
(Q ™) =e, and {¢5) = 0. Because of the well-known sup-
pression of the production of the strange antiquark (see Sec.
5) (@ ™) s#e,. This effect is not large numerically,*>** but
it must be taken into account when studying specific pro-
cesses.

Here we shall merely point out the first attempts to
measure the charge of quarks from jets. It is simplest to mea-
sure ¢, in v(V) N interactions (see Sec. 2.2). In this case the
hadron jets are formed with the fragmentation of ‘“knocked
out” quarks:

v+p->-Wr+d —>u—->7J(@u)+X,
v+p—>W-+u—=d->J@ +X,

(4.7)
(4.8")

and for this reason their charges are (Q;(u))=~2/3 and
(@)= —1/3 (AQ=(Q7(w)) —{(Qj(d))=1). In
several experiments on v(¥) p interactions estimates of
(Q;) were made with WX 3 GeV and x, 2 0.1 (see, for ex-
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ample, Ref. 44).> As a result it was found that
(Q7(n)) =0.80 £ 0.11 and (Q7(d)) = —0.33+0.15.*
The difference between the charges of the jets
AQ =1.13 £ 0.19 is virtually free of methodological and
theoretical uncertainties and within the limits of error coin-
cides with the expected value AQ = 1 (see also the work in
Ref. 40 on p p interactions).

An attempt to measure e, was also made in the study of
hard pp interactions (s'/2 = 52 GeV) with the trigger parti-
cles ¢, (p'>2 GeV).* In this case the hadron jet J, (h),
propagating in a direction opposite to p}'(c,. ) forms in the
scattering of u or d quarks and the average charge is
{(Q;) == q,/3 = 1/3. In the experiment the dependence of
(Q;) on x;, where x; is the relative fraction of the momen-
tum of the jet carried away by the leading charged hadrons,
was studied. It turned out that for x, £ 0.6, {(Q;) = 0.35

+ 0'04'45 36)

Thus the first measurements of ¢, show that probably
the fast hadrons remember the fractional charge of the light
quarks as an average over the events. Of course, to resolve
this question quantitatively it is necessary to study the na-
ture of the hadronization of partons (see Sec. 5).

4.4. Cross section for the formation of hadron jets and QCD

The basic hypotheses of QCD on the existence of col-
ored quarks and gluons and the weakening of their interac-
tion at short distances have been verified experimentally. To
make quantitative calculations on the basis of QCD, how-
ever, the instantaneous strong interaction constants ag (Q ?)
or the parameter A (2.52) must be measured. We have al-
ready discussed the possibility of determining A in deep-
inelastic processes from the evolution of the structure func-
tions F(x, Q%) with Q 2 £ 200 GeV? (see Sec. 2). In this case
the corrections associated with the unknown physics at large
distances have turned out to be significant, and for this rea-
son the measured value of A falls in the range 50-150 MeV.
From the QCD description of the physics of heavy mesons
and low-lying hadron states it has been found that A =100
MeV and ag(m?) =as (10 GeV)?=0.2 (references in
Ref. 11). The data from the CERN collider on jets in pp
interactions also enable checking the basic QCD representa-
tionsof F(x, Q) and e (Q ?) withrecord values of Q 2. Here
we shall briefly study the results of the latest investigations
of these questions in e*e ™ annihilation and pp interactions.

The total cross section of e*e™ annihilation into ha-
dron jets is determined by the expression (4.1), where the
contribution of the terms ~ag and ~a? is only =8%. Nev-
ertheless, the high accuracy of the measurement of R (4.1),
which is equal to 3-5% and is determined entirely by syste-
matic errors, enables finding the value of ag(Q?)
(Table I).?° The weighted average value determined from
the data in Table I is

{as (1170 GeV?)) = 0.19 + 0.06, (4.9)

the error in which ( =30% ) does not exceed the uncertainty
inag (Q?), obtained from an analysis of three-jet events (see
Sec. 5). This is attributable to the high accuracy of the mea-
surement of R (W) achieved in recent years and the absence
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TABLE I. Summary of data on the measurement of R( W).

Type of installation W, GeV R+ AR,,, + AR, as + A, + Aag,
TASSO 30—36,7 4,05+0,064-0,19 0,24+0,04+0,13
JADE 30—36,7 3,99+0,04+0,10 0,20+0,03+0,08
MARK-I 30—-36,7 3,95+0,05+0,22 0,18+0,03+0,15
MARK-II 29,0 3,90+0,05+0,25 0,17+0,03+0,17
MAC 29,0 3,87+0,10+0,10 0,15+0,06+0,08

of significant theoretical uncertainties in the calculation of
the total cross sections (4.1). The value ¢g < 1 obtained with
5'/22 10 GeV can also be used in the perturbation theory to
calculate the characteristics of the initial stage of hard pro-
cesses. In this case it is difficult to extract from (4.9) the
parameter A(2.52), because, strictly speaking, it is not
known whether Q ? is equal to s or the square of the mass of
the quark emitting the gluon (M} ~s/8).28:2 and 37)

Experiments on the study of the formation of hadron
jets in pp interactions with s'/2 = 540 GeV open up new pos-
sibilities for checking QCD.?>*® Here record momentum
transfers in hard processes (Q 2~ 5000 GeV?), in which the
problems of taking into account the physics at large dis-
tances are no longer important (see Sec. 2), have been
achieved. In spite of the fact that a technique for separating
jets and determining their numbers has still not been perfect-
ed (seeSec. 3), increasing @ * by almost two orders of magni-
tude makes it possible to exclude reliably the background
processes and to study parton-parton scattering. We have
already demonstrated the advantage of high energies on the
example of the precise determination of the gluon spin (Fig.
12). We shall now discuss the data on the cross sections for
the production of jets (see below, Figs. 13 and 14) in the
following processes®®":

p+p—>Th) + X, (4.10)
P+p—=>I®Mh +I®nH + X, (3.5")
P+p—>IO{) + IO 0 +I® @)+ X (3.6)

The general picture of jet phenomena at these energies was
studied even before the collider was put into operation on the
basis of theavailable dataon F(x, @ ) for 02 < 200 GeVZand
trigger jets (3.3) in pp interactions with s'/2<62 GeV (see
Sec. 2).!° The extrapolation by an order of magnitude in the
total energy in the center of mass system (63—540 GeV)
was done on the basis of QCD taking into account the evolu-
tion of F(x, ¢?) (2.53). A large increase (by three to four
orders of magnitude!) in the cross section o' (J,, ) for compar-
able values of p{"( S 10 GeV) in the transition from 63 GeV
to the collider energies was predicted. This phenomenon is
determined by the fact that at s'/? = 540 GeV these values of
pY correspond to small values of x % 2p, /5'/2=0.05, where
F(x) increases sharply [see (2.25) ] owing to the gluon com-
ponent of the nucleons (2.46).'° Data from the collider in
general confirm this picture (Fig. 13).32 Scattering of gluons
by quarks and gluons plays the main role here.

The cross sections for the production of hadron jets in
pp interactions with large E, (J) orp, (J) (230 GeV) were
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measured with the help of the UA1 and UA2 installations
(see Sec. 3).253% The absolute values obtained for the cross
sections of the reaction (4.10) in these experiments differ by
a factor of 1.5-2. The systematic errors, however, in both
experiments are still large [ + 65% (UA1l) and +45%
(UA2)] and it is therefore assumed for the time being that
the data are consistent with respect to one another. The sys-
tematic errors in the determination of the cross sections are
basically linked with the uncertainties in the measurement of
the luminosity of the accelerator ( & 209%), the determina-
tion of the acceptance of the installation ( + 35% ), and the
calibration of the calorimeters ( + 20%).3” 2" 3% Their de-
pendence on E; (J) does not exceed 10%.

The largest statistical sample of events was obtained on
the UA2 installation with a total accelerator luminosity of
L =112 nbn~ 1" In this case, events in which for the ha-
dron jets E, (J)>»30 GeV, |7(J)|<1 and ¢(J)<360° were
selected. The measured cross sections of the processes
(4.10) and (3.5) are presented in Fig. 14 (P, (J) <150 GeV
and m;; <300 GeV).>” The results of QCD calculations are
shown in the figures as shaded regions.*®*® The uncertainty
in the QCD predictions is basically attributable to two fac-
tors: the uncertainty in the determination of @ 2 in these pro-
cesses (Q2~p? (J) ordp? (J)) and the errors in the measure-
ment of the parton distributions in nucleons with
(Q?) =5 — 10GeV? (see Sec. 2). The effect of these uncer-
tainties on the QCD predictions of the cross sections of the

70~ L 1
4 4q &7 124
P, GeV

1

1

!
o

FIG. 13. Cross section for the formation of hadron jets in ISR and SppS as
a function of P, (J). The solid curves show the QCD calculations, '° per-
formed before the collider data were obtained.
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processes (4.10) and (3.5) was analyzed in Refs. 47 and 48.
As a result the upper and lower limits of the cross sections
were obtained (Fig. 14). The upper limit of the cross sec-
tions corresponds to QCD calculations with A = 0.5 GeV
and Q2 = P?(J), and the lower limit corresponds to calcula-
tions with A = 0.5 GeV and Q2 = 4P2(J). The solid curves
show the predictions from Ref. 10 with Q% = P2(J) and
A =0.5GeV (seeSec.2). Asisevident from Figs. 13 and 14,
QCD describes the inclusive cross sections for the produc-
tion of hadron jets in the entire range of values of the vari-
ables studied: s'/%P, (J) and m,; (s'/* =52 — 540 GeV,
P (J) =5 —150 GeV and m;; = 30 — 300 GeV), with an
uncertainty factor =5 for the largest values of these param-
eters. At the same time the cross sections themselves de-
crease by 11 orders of magnitude! This is undoubtedly a suc-
cess of QCD, though as before it is not possible to draw
definite conclusions about the value of A.

As we have already pointed out (Sec. 3), for E, (J) »60
GeV two-jet processes (3.5) dominate in pp interactions,
and the relative fraction of the three-jet processes (3.6)
drops to 10%.2%*” In addition, these jets carry away more
than 90% of the transverse energy of the pp collisions and in
the azimuthal plane Ag,, = 180° with a half-width of <10
All this makes it possible to assume that in this case hard
parton scattering processes of the type (4.3)-(4.6) are well
separated and, therefore, direct data on F(x, Q?) with
(Q?) =~ 2000 GeV? can be obtained. Such an attempt was
made by the UA1 group.?® For this purpose the relation
(4.2) integrated over cos ¢ was used:

cos ¥, ax

F(2) F (zy) = 2w ( f K2 dcos®)”,
0

(4.11)

where K =2 takes into account the effects of the higher or-
ders of QCD.3% The cross section o (&) in the form (4.7)
with A = 0.2 GeV and @? = P?(J) was employed.

The factorization of the structure functions in (4.11)
was checked experimentally for x = 0.1-0.8. As a result
F(x) with a systematic error of + 30% with (Q2) = 2000
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FIG. 14. a) Cross sections for the production of
hadron jets (4.10) as a function of P, (J) at
s1/2 = 540 GeV (UA2).b) Cross section for the
production of two hadron jets (3.5) as a func-
tion of their effective mass (m;, ,, ) ats'/? = 540
GeV (UA2). The shaded regions show the re-
sults of QCD calculations.**°

GeV? was obtained (Fig. 15).> Its values differ substantial-
ly from the data obtained at Q > = 20 GeV?. This difference
graphically demonstrates the scale of the breakdown of scal-
ing when Q2 is increased by two orders of magnitude. The
number of partons with x 0.3 decreases substantially (by a
factor of four to five!) and increases for x 0.1 (compare
with Fig. 6). The contribution of the quark component of the
nucleons dominates for x 2 0.4 (see Fig. 15). These data can
also be represented in an analytic form:

F (z) ~ 6,2 8= (4.12)
or

F@)~8(1—z)® +14 (1 — z)* (4.13)

The first term in (4.13) is linked with the behavior of the
gluon and the second term can be linked with the quark com-

Fx) L L B L
10 3
Froy=6,26 %% @=47-48) 3
7p 6’@)+§4[0619+0(x)] 3
E (0%-20GeV?) 3
r - 922000 GeV?

o+
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02
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g 41 42 & a7 =z
FIG. 15. Structure function F(x) of a proton, obtained from data on pp
interactions at s'/2 = 540 GeV (UA1). The broken straight line shows the
dependence (4.12). The solid curve shows F(x) at Q 2 =20GeV?, thedot-
dash curves are the QCD predictions for F(x) at Q * = 2000 GeV? and the
contribution of the quark component.
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ponent of the nucleon with Q2 = 2000 GeV?. In this case the
scale of the breakdown of scaling when Q 2 varies from 20 to
2000 GeV? is manifested as a change in the exponents in
(4.13) from the analogous approximations of F(x) with
(Q?) =20GeV? [see (2.25) and (2.26)] (6—13 and 3—4).

Figure 15 also shows the results of the QCD calcula-
tions of F(x) with A = 0.2 GeV (@?=P2(J)) and

F(z, @)=6(@)++10@)+Q @), (4.14)

where G(x), Q(x) and Q(x) are the structure functions of
the gluons, quarks, and antiquarks in the nucleon, and the
factor of 4/9 takes into account the difference in the interac-
tions of the quarks and gluons. A parametrization of these
functions with (Q32) =20 GeV? was used.**It is evident
that the calculations describe the experimental data quite
well.

Thus the data on the cross sections for the formation of
jets at the highest achieved energies have confirmed the gen-
eral QCD picture of the interactions of partons and their
hadronization into jets. QCD successfully describes the de-
pendences of the cross sections of the processes (4.10) and
(3.5) on P, and m,; with the cross sections decreasing by 11
orders of magnitude! The errors in the measurements of
F(x) in deep-inelastic / N interactions with Q 2% 200 GeV?
and the uncertainty in the selection of Q * for hard hadron
collisions, which give an uncertainty factor of 55 in the
cross sections of the processes (4.10) and (3.5), will de-
crease as a reuslt of new and more accurate experiments
which are being planned. This will enable measuringag (Q ?)
or A with 0?=2000 GeV2.

Investigations of the formation of intermediate vector
bosons (W £, Z°) in pp interactions at /s > 540 GeV open up
new possibilities for checking QCD at short distances
(107 ¢cm).3%3® Because of their large mass (80 and 94
GeV) and the relatively high valuesof { P, (W,Z)) =4 — 7
GeV they serve as an indicator of hard processes of the Drell-
Yantype (qg—W (Z)) withp, 2 40 GeV!In this case, both
the characteristics of the production of W (Z) bosons and
their accompanying jets are well calculated in QCD PT.*®
The first comparisons of these calculations with the avail-
able data on events in which W* bosons were produced
show that they are well described by the theoretical curves.*®
The number of events in the statistical sample (= 100) is still
small, however, so that values of A from 0.2t00.6 GeV arein
agreement with experiment. A significant increase in the
number of events in which W (Z) bosons are produced with
52540 GeV is planned in the near future, which will en-
able a more precise check of QCD.

On the whole, studies of the hard stage of the formation
of partons based on hadron jets have enabled measuring ex-
perimentally the quantum numbers of quarks and gluons
and checking the basic ideas of QCD for Q2 52000 GeV2.
Quantitative measurements of the single parameter of the
theory ag (Q?) show that ag (Q?) £0.2 for 022 200 GeV?
and that perturbation theory can be used to calculate the
characteristics of the initial stage of hard processes.
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5. HADRONIZATION OF QUARKS AND GLUONS

After the successful verification of the basic postulates
of QCD at short distances (see Sec. 4) the main unsolved
problem of the theory is the description of the transforma-
tion of partons into hadrons. This occurs at large distances
(r 2 R) with small momentum transfer (Q~p, ~0.5 GeV/
¢), which precludes the direct application of QCD PT. The
experimental study of parton hadronization is therefore at
the present time the main source of information both for
solving the problem of confinement and for measuring some
basic characteristics of hard processes with ag €1 (see Secs.
Jand 4).

The model description of parton hadronization is given
either on the basis of QCD PT, including the principle of
correspondence of the parton and hadron spectra, or with
the help of phenomenological models based on the known
properties of soft hadron collisions (see Sec. 2) and some
elements of QCD, which take into account the characteris-
tics of the hard stage of the process (see Sec. 5.1). This estab-
lishes the general mechanisms of parton hadronization pro-
cesses, required for constructing a theory of strong
interactions.

Quark jets of hadrons have been studied in greatest de-
tail in e*e~ annihilation processes at s'/2 = 3 — 43 GeV
(see Sec. 5.2).25-31057 Data on the fragmentation of quarks
and diquarks have now been obtained from deep-inelastic
interactions. 26944451 The hadronization of heavy quarks
(¢, b) was studied in e* e~ annihilation.>®

The fragmentation of gluons was first studied in e*e™
annihilation into three hadron jets and in the decays Y—3g
(see Sec. 5.3).7%7*! Data on the hadronization of gluons in pp
interactions ats'/2 = 540 GeV have now been obtained.?63*
Thus the experimental information on parton hadronization
encompasses a wide range of energies and different types of
processes, which makes it possible to establish the basic
mechanisms of hadronization.

The unity of the physics of hard and soft collisions of
particles is manifested in the universality of the characteris-
tics of the hadrons in the jets produced in these different
interactions (see Sec. 5.4). This feature has not yet been
satisfactorily explained theoretically.

5.1. QCD and phenomenological models

5.1.1. Quark-gluon cascades in QCD

The possibility of employing QCD PT to study the ha-
dronization of partons is based on the space-time picture of
the development of a parton cascade (see Secs. 1 and 2)."' It
follows from the general principles of quantum mechanics
that the characteristic time for the production of colored
partons, for example, in e*e™ annihilation, decreases as W
increases:

1

B A —— P~ —

"~ W (5.1)

On the other hand, the characteristic quark hadronization
time (see Secs. 1 and 2) is'*?°

Eq 2
tNMé ~WH,

(5.2)
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where M is the effective (constituent) mass of the quark
and R ~ 1/M,,. For light quarks (u, d, s) R~1 fm. It is evi-
dent from a comparison of (5.1) and (5.2) that as the energy
increases the time interval Az = ¢ — 7, comprising the “life-
time” of a colored quark in accordance with the laws of QCD
PT, increases. In this case, bremsstrahlung gluons, which
form new gluons and (qq) pairs, are emitted, i.e., the so-
called quark-gluon cascade develops. Its development can be
calculated using perturbation theory up to @2z Q.!1:52 40
Parton multiplication proceeds via successive decays'!

q—-q-+8g (5.3)
g —>g+e, (5.4)
g—>q+aq (5.5)
whose differential probabilities have the form
4 qg U 14+ (1—z)2
dW (q — qg)—§7 7 dz % , (5.6)
Lag 4K 1—z
AW (g —~ go) =3 - dz [2(1—a) + - +-55 ],
(5.7)
- 1 di? 2 11—
4W (g~ qO) = 3 i dz LHG (5.8)

where &k, is the transverse momentum of a gluon (quark)
relative to the momentum of the parent parton and z is the
corresponding relative fraction of the energy. These “ele-
mentary’’ processes essentially determine the jet nature of
the quark-gluon cascade up to the moment at which the par-
tons are hadronized.*" It is evident from these formulas that
fast partons primarily emit soft gluons (quarks) with z«1
andx, =k, /p«<1, which move in the same direction (#«1)
as the parent partons. The total probability of these pro-
cesses increases with energy:

n E?
k2
Ww)NE,f_S dlfz S dk; ~25.1m2(ER),  (5.9)
A A
- = am
w3 ZL o~ %8 10 (ERY, (5.10)
1

R2

where k2 2 R ~? and R is the distance at which QCD PT can
still be used. Its value is unknown and can be determined

from the experimental data. The value of R can be estimated
roughly by using the value { p, ) =0.5 GeV for direct had-
rons (see Sec. 2). In this case k; >0.5 GeV and R< 1/
{ p. ) =0.4fm. In any case, it follows from (5.9) and (5.10)
that as the energy increases W'® and W9 1, e, a
quark-gluon cascade develops, and hard bremsstrahlung
gluons (z~1, ¢~ 1), which give rise to the hadron jets sepa-
rated experimentally, are already produced with an appre-
ciable probability. For example, in e* e~ annihilation these
processes constitute =~ 10% of the events with W>»30 GeV,
i.e., for E; >15 GeV.

Thus in this approach fast colored partons by the mo-
ment of hadronization shed their coat of collinear and rela-
tively soft (k, * 0.5 GeV) gluons and quarks, whose number
increases with E; (Fig. 16a). The decolorization of this mul-
tiparton configuration already occurs at large distances
(~R), owing to (qq) pairs created by the bremsstrahlung
gluons.

Perturbative QCD can be used to calculate the charac-
teristics of the quark-gluon cascade. The question of the ha-
dronization of the cascade naturally arises next. The local
correspondence between the parton and hadron spectra (lo-
cal parton-hadron duality) has been proposed as a working
hypothesis.>? *? This enables comparing the model with ex-
periment and determining the region of its applicability.
Specific calculations of the quark-gluon cascade in different
approximations of QCD PT and the first comparisons with
experimental data are carried out in Refs. 11 and 52. In par-
ticular, it is shown that the 7+ meson spectraine*e™ anni-
hilation at W2 20 GeV are described satisfactorily.>?

This model of parton hadronization, however, is based
on quite strong assumptions, which must be verified experi-
mentally (such a program is proposed in Refs. 11and 52). It
therefore makes sense to study at the present time only its
general predictions, associated with the structure of the
quark-gluon cascade, rather than with specific calculations
of the hadron spectra.

The average multiplicity of the hadrons in this model
increases rapidly with energy’":

(n(s)y=a+ bexp’[c (lné) l/2] ,

where a, b, and Q) are experimentally determined param-

(5.11)
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FIG. 16. a) Illustratios of a quark-gluon shower formed by
fast quarks (q), the nature of the change in the invariant
masses (M), the time (¢) and the distance (7) with the devel-
opment of the cascade are indicated at the bottom of the fig-
ure. b) Scheme of quark hadronization in the FF model.
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eters, ¢ = [72/(33 —2N,)]"?, and N, is the number of
quark flavors. This behavior of (n(s)) is linked with the
rapid increase in the number of soft bremsstrahlung gluons
and (qq) pairs with E, and the assumption of their indepen-
dent hadronization.

Another important consequence of the appearance of
quark-gluon cascades is the breakdown of scaling in quark
fragmentation processes (see Sec. 2). The values of the func-
tions D% (z, 5) increase as z—0 and decrease as z—1 with
increasing 5.**

A characteristic feature of this model is the hadron ra-
pidity distribution:

%%=p(y)-

(5.12)
As is well known, in the parton model p( y) = const, and
therefore (n(s)) ~In(W /m) because of the increase in the
admissible range of rapidities (O<y<In(W /m)) (see Sec.
2). The development of the quark-gluon cascades gives rise
not only to a rapid growth of (n(s)) (5.11), but also to a
characteristic dependence p( y). In this case it has turned
out that it is important to study the quantum-mechanical
picture of the emission of soft gluons, in contrast to the clas-
sical scheme of the branching process.'!-*>->? Indeed, a beam
of partons with an aperture angle ¢, <1 emits soft gluons
with ¢ > i, coherently with the “color charge” of their com-
mon parent. For this reason, instead of a large number of
new gluons (according to the number of partons in the
beam) only one will be emitted.** Because of this the num-
ber of soft gluons decreases as £ = y/y,,., —0, which is what
causes the corresponding decrease in the number of hadrons
in this region. As £&—1 the number of hadrons also decreases
with the development of the cascade because of the law of
energy-momentum conservation. For this reason, in this
model p(£) will have the characteristic bell-shaped form,
reaching a maximum as £—1/2. For finite energies ( W <50
GeV) the maximum in p(€) is located at & = 0.3-0.4.%2
Thus cascading of gluons causes p(£) to grow rapidly with
W at £~ 1/2 and gives rise to a finite number of hadrons as
£—0 and £—1. It is undoubtedly of interest to check this
unusual behavior of p(&) (see Sec. 5.2).

The behavior of jets of hadrons, formed by gluons, in
QCD PT has some peculiarities associated both with the
quantum numbers of the gluon and with their interaction
with partons. Gluons emit gluons more intensively (5.7)
than do quarks (5.8). For this reason, the cascade begins to
develop earlier in a gluon jet than in a quark jet, that is, all
phenomena noted above must be observed in gluon jets at
lower energies than in quark jets. It is expected that at high
energies the ratio between the multiplicities of the hadrons in
these jets will approach

@ () & T (0@ (5)), (5.13)
Because of the universality of the interaction of a gluon with
quarks of all flavors there should be more heavy quarks (c,
b) in a gluon jet. Finally, entirely new objects, for example,
bound states of gluons—glueballs—should also appear in
gluon jets.*¢
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The attractiveness of the model studied lies in the syste-
matic application of QCD PT up to Q, ~ m,, . Its extension to
the region of confinement is, of course, a working hypothe-
sis, which is required in order to make comparisons with
experiment (see Secs. 5.2 and 5.3).

5.1.2. Phenomenological models

During the last few years numerous phenomenological
models for describing hadronization of partons in hard colli-
sions of particles have been developed (see the reviews Refs.
50 and 57). The two most popular models among them are
the Field-Feynman model (FFM)>3° and the Lund model
(LM),%2 which are widely used in the analysis of experi-
mental data.®® *> We should also call attention to an entirely
new class of so-called cluster models,®**” in which parton
hadronization is described without the introduction of the
fragmentation function (D‘; (2)) and the limitation of par-
ton transverse momenta.

The FF model was the first parametrization of the ha-
dron distribution in jets.>® The well-known theoretical
physicist R. Feynman thought that experimenters should
have a simple description of hadron jets, based on the prop-
erties of soft and hard hadronic interactions (“standard
jets”), in order to find new phenomena.*® This goal was ra-
pidly achieved and in 1979-1980 there appeared modifica-
tions of this model which took into account the emission of
hard gluons (q—qg) and the formation of heavy quarks
(c,b) 59,60

The scheme of quark hadronization in the FF model is
analogous to the formation of hadrons in the parton model
(see Sec. 2.1). Hadrons are formed as a result of successive
and independent decays of the type (Fig. 16b):

9. —~ M (dy, @)+, (5.14)

in which the starting quark (q,) fragments into a meson
(M), while the remaining quark (q, ) decays according to
the scheme (5.14). This process continues until the remain-
ing quark has an energy W, > W, (W, =E + P, =1 GeV).
The parameter W, is determined from experiment.*®

The FF model takes into account two experimental re-
sults: the approximate scaling of the D} (z) functions and
the limitation on the transverse momenta of the hadrons
( p.). To reproduce the scaling in z it is postulated in the
model that the probability (P) for the fragmentation of ¢
into M (z) is independent of E,:

dp
=/, (5.15)
where
_ W+P||)M
T~ EFpq, (5.16)
1
{70 dz=1. (5.17)
]

The relationship between D(z) and f(z) is given by the
integral equation
i
. d
D(z)=fi(z) + S S fa—mD (4',,-) ,

z

(5.18)
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wheren = | — z. The first term in (5.18) gives the probabil-
ity for the formation of the first hadron (5.14) and the sec-
ond term takes into account the remaining cascade (see Fig.
16). If f(z) is expressed in a simple polynomial form

f@=d+1)0d—=24 (5.19)
then from (5.18) we obtain
D@ =@+1-4=2 (5.20)

which corresponds to experiment.’®” From here it follows
that the average multiplicity of the hadrons

(n(W)>=j D(dz=A4+Blaw, (5.21)
grows logarithmically with energy, as in the parton model
(see Sec. 2.1). The function f (z) is usually parametrized in
the following form:

f@) =1—ap + 3ap 1 — 2%, (5.22)

where a. is a parameter of the model.

The limitation on the transverse momenta of the had-
rons in the model is associated with the assumption that &,
of the associated quarks is limited (see Fig. 16b):

g ~ ML, (5.23)
which gives
{(p. (h)) = n'0g. (5.24)

Two additional parameters are introduced into the
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model:
__NW
NETINE (525
Yg= X ) (5.26)

N (uu)+ ¥ (dd) +-N () °

which determine the relative fraction (ay, ) of vector mesons
and the suppression factor (¥5) of the strange pairs (s§). A
detailed comparison of the FF model with experiment was
made in 1979-1980.28-31:50:57.63 We shall therefore present
only the results of this analysis. The parameters of the model
were determined from the data obtained by the TASSO
group at W = 12 and 30 GeV for two-jet e*e ™ annihilation
events (5<0.25)37:63 49, )

ay=0,57 & 0.20,
og= 0.32 + 0.04GeV, }
ay= 0.56 + 0.15.

With these values of the parameters the FF model describes
well the hadronization of quarks in hard v(v)N-, e( ) N-,
and hN interactions and in e* e~ annihilation.28-3%5%:57:63

Deviations from the model were observed for W= 30
GeV, for example, in the hadron distributions over { p1) in
the event plane ({ p,,)) and outside it ({ p3,,.)) (Fig.
17a).57% They are associated with hard bremsstrahlung
from hard gluons (2.56), which is taken into account in mo-
difications of the model with an accuracy of 0(as)* and
0(a2)® in QCD PT (Fig. 17b). In this case the quark and
gluons formed (e*e~—qqg) fragment independently. The
gluon decays into q and q:

g (E) -q (zE) + ¢ [(1 — 2) E),

(5.27)

(5.28)

FIG. 17. a) Hadron distributions in e*e™
annihilation at s'/? = 30 GeV over { p?,,.)
and ( p?..); the curves show the results of
calculations using the FFM model without
(1) and with (2) emission of hard gluons
(2.56).5>% b) Scheme of the FF model tak-
ing into account hard gluon emission.
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which further fragment according to the FF scheme. The
energy of the gluon is divided between the quarks orin accor-
dance with>®

f@ =1, (5.29)
or according to the law®®
fe @ =22 + (1 — 2)% (5.30)

These modifications of the model are widely used to analyze
three-jet events in e*e™ annihilation and to measure the
strong interaction constants of partons (ag) in QCD (see
Sec. 5.3).

The fragmentation of heavy quarks (Q==b, c) in the FF
model proceeds according to the same scheme:

Q -H (Qq) + q.

where the heavy mesons H (Qq) carries most of the energy
of the Q quark. This follows from simple kinematic consider-
ations. Indeed, the probability of the transition (5.31)%%7 is

1

(5.31)

where
AE ~E(QD)+E(@—E@Q ~1—1—12 (5.33)
and £ = (m,/mq)°. From here it is found that
H 1 k
Da ) =5 =am—rra—ar (5.3

has a peak at large values of z (see Sec. 5.2).

To complete the total scheme of the FF model, em-
ployed for describing experimental data, it is necessary to
examine the formation of baryons. In this case it is assumed
that the starting quarks pick up diquarks (qq) from the
QCD vacuum

da — (9a99) + qq (5.35)

with a probability of ~0.1, which corresponds to the ob-
served relative fraction of protons in e*e ™ annihilation for
W230 GeV.®° In this scheme short-range correlations
between baryons in different variables and local compensa-
tion of their quantum numbers should be expected.

This exhausts the basic elements of the FF model of the
hadronization of partons.’®*° Before proceeding to other
models we shall draw a number of general conclusions.

cms(2)
< FF-jets >
S — >
€T g, 4 > -
o 4%
= String 2 /5
qa q S/
-~ 00 —= .-": H
q dq H i -
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g
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In the FF model*** the fragmentation of quarks pro-
ceeds independently of the fragmentation of gluons. In this
respect it differs substantially from the LM.®"%? For this rea-
son the FF model is also often called the model of indepen-
dent fragmentation. The term “fragmentation” itselfis asso-
ciated with a specific scheme for the transformation of
partons into hadrons (see Fig. 16b). Its widespread use is, of
course, unjustified. It is better to use a more general term—
“hadronization,” since the mechanism of confinement is un-
known.

The FF model does not take into account the laws of
conservation of the energy and quantum numbers (charge,
color, flavor) of the partons. The space-time evolution of
partons into hadrons occurs in a manner opposite to that
expected in QCD PT (see Sec. 5.1.1). Indeed, in the FF
scheme in the center of mass system of (e*e™) the fast
quarks hadronize first, after which the slow quarks hadron-
ize (see Fig. 16b). Nevertheless, the success of this model in
describing the experimental data®>*’ for E, S 15 GeV shows
that the model correctly reproduces the basic mechanisms of
parton hadronization.

In the Lund model®'? unlike the FFM the evolution of
(qQ) systems as a whole is studied taking into account the
nature of the forces acting between colored quarks. At large
distances (R R 1/A), because of the strong nonlinear inter-
action of the gluons, the lines of force between q and g forma
string tube with a radius of ~1/A. At the same time the
force of interaction of the quarks is independent of the dis-
tance (d) between them and the potential energy of the

string'*%%7 is

E ~ kd, (5.36)
where the tension in the string is
k~1GeV/fm=0.2 GeV? (5.37)

As the quarks fly apart their energy transforms into the po-
tential energy of the string, and for E > E,( ~ 1 GeV) pairs of
light quarks (qq) can form from the QCD vacuum owing to
the tunneling effect. As a result the string begins to divide up
into shorter strings with the formation first of slow (qq)
systems and then faster systems, which corresponds to the
ideas of QCD (Fig. 18a).'"” The study of the evolution of
the entire system of (qq) pairs enables taking into account
the laws of conservation of the energy and quantum numbers
of the partons transforming into hadrons. In this respect the

FIG. 18. a) Diagram of the formation of mesons in the

cms(1) Lund model. b) Scheme of the formation of gluons in
—= the Lund model. The strings 1 (g,q,) and 2(g,q,)
=3 —'q)_—_;-) decay according to the FF model in their rest system.
" Mg a
FF-jets
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FIG. 19. The function f(z) for the FF and Lund models. The broken
straight line corresponds to f(z) = 1.

Lund model is more systematic than the FFM, Nevertheless,
the transformation of (qq) pairs into hadrons is studied in
the LM following the same scheme as in the FFM (Fig.
18b).

In the simplest variant of the LM

f@ =1, (5.38)
and for the so-called standard LM
f@=0+e(1—3), (5.39)

where c=~0.3 — 0.5 (Fig. 19),%7%? that is, the distribution of
hadrons over z has a scaling character, just as in the FFM,
but their spectrum is harder because of the choice of a differ-
ent form for f(z). However, the function f(z) (5.22) is
often used in the LM, especially for comparing the results
obtained with both models in analyzing experimental data.

The distribution of the hadrons over p? relative to the
axis of the colored tube in the LM is believed to be the result
of the tunneling formation of (qq) pairs from the vacu-
um61,62:

3 \ |
Zmi ey 1 (5.40)

dN~dp’lexp[-—- k

which leads to scaling of the hadron distributions over
m? +m? 4 p?. From (5.40) there also follow relations

Final hadrons
Decays of resonances

Directh and R

Clusters

Parton shower
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between the probabilities for the formation of different types
of (qq) pairs from the vacuum:

u:d:s:c=1:1:03:10"1, (5.41)
which gives the strong suppression of the formation of (cc)
pairs. All remaining elements of the LM—a,,, Dg (z), for-
mation of baryons, etc., are analogous to the corresponding
assumptions in the FFM.

The most significant difference between these models
appears in the study of the bremsstrahlung of hard gluons
(2.56).°°"7 In the FFM the formation and fragmentation of
gluons occurs independently of the evolution of the remain-
ing system. In the LM the string “is stretched” between the
quarks, gluons, and antiquarks, which is what couples their
further development (see Fig. 18b). For sufficiently high E,
this string separates into two strings (q,q,) and (g,q,),
which fragment into hadrons independently in their rest sys-
tems, for example, according to the FF scheme. As a result,
part of the gluon energy is transferred to the hadrons in
quark jets. This is what leads to the fact that the same rela-
tive fraction of three-jet events (2.56), distinguished experi-
mentally, requires higher values of g in the LM than in the
FFM (see Sec. 5.3).

Monte Carlo algorithms for modeling events on the ba-
sis of these models were developed in Refs. 58-62, which
made it possible to compare these models in detail with ex-
periment for W40 GeV (see Secs. 5.2 and 5.3).

A new point of view of the parton hadronization stage
has been under development in recent years in the so-called
cluster models (CM).%*~5” These models do not contain two
of the principal assumptions of the LM and FFM.: the exis-
tence of a fragmentation function D}, (z) and the limitation
on the transverse momenta of the partons. At the same time
they successfully describe the experimental data.

The first stage of a hard process—the development of a
parton shower—is studied in the CM, as in all other models,
on the basis of QCD PT (Fig. 20). The development of the
shower proceeds until M 2(qq) X ., where ¢, is a parameter
of the model. The new feature occurs at the hadronization
stage. Because of the color forces acting at large distances
the quarks and antiquarks combine into white clusters with

FIG. 20. Scheme of parton hadronization in cluster
models (CM).
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My(q,q)=m (a;) +m (9)) + Wanns (5.42)

where W,,;, is the minimum energy required for a cluster to
decay into hadrons. Thus in the CM a virtual photon with
M = Q forms many white clusters with M, Q. It is further
assumed that they decay independently according to the
scheme

M, (29, — hy CEARS WERHR

isotropically in their rest systems. The probability of the de-
cay (5.43) is determined by the usual factors:

(5.43)

P M —hjh,) = pep,py, (5.44)

where p; characterizes the relative probabilities of the for-
mation of (uil), (dd), (s§), and (c€) vacuum pairs, p, is the
spin factor of the hadrons, and p, is a kinematic factor corre-
sponding to the phase volume of the decay (5.43):

pk=Vx(Mgl'v M:a M:)M;]l1
A(a, b, c) = a® 4 b% 4 ¢* — 2ab — 2ac — 2bc.

(5.45)
(5.46)

The value of p; is determined from formulas of the type
(5.45) and (5.46) for the decay:

M, — 4,0, (5.47)

The formation of baryons in the model is viewed as being the
result of the attachment of (¢,¢, ) and (g, 4, ) pairs. The spin
factor is

ps = (2J, +1) (2J, + 1),

where J, and J, are the spins of the hadrons in (5.43). The
algorithms of cluster models are described in greater detail
in Refs. 64—67. Here we point out only that the number of
parameters in them is small (A, ¢, W, ) and with the val-
ues

(5.48)

ty =1.5 GeV?,
W —=1.25 GeV,

A=0.2 Gey,
} (5.49)

the characteristics of hadrons in e*e™ annihilation can be
described for W40 GeV.*>*” The CM take into account
the effect of the coherence of soft gluon emission on the ener-
gy spectra and the angular correlations of hadrons in QCD
PT.%7 In this respect the CM are close to the quark-gluon
cascade model.''?

The absence of a theory of strong interactions of par-
tons at large distances led to the rapid development of phen-
omenological models, whose basic features we have exam-
ined above. In all models the first stage of the process is
studied in QCD PT up to Q 2% Q 3, where Q) ~10 GeV? in
the FFM and Q >~ 1 GeV?in the CM and LM. In the quark-
gluon cascade models Q 2 ~ M 2152 The value Q3 ~ 10 GeV?
basically distinguishes FFM from other approaches, which
evolve in the direction Q3—m2 .17 Because of this the
region of applicability of the FFM is limited to E, < 10-15
GeV, when the parton cascade has not yet developed, and
coherent effects are therefore unimportant (see Secs. 5.2 and
5.3).
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5.2. Hadronization of quarks

As we have already noted, by the moment of hadroniza-
tion high-energy quarks comprise a quark-gluon shower,
and for this reason their transformation into hadrons is de-
termined by both quarks and gluons (see Sec. 5.1). An anal-
ogous situation also occurs for high-energy gluons. At the
same time, some characteristics of hadron jets depend on
their origin. It is therefore of interest to study quark and
gluon jets separately.

The basic results on the hadronization of quarks were
obtained in e* e~ annihilation with W<43 GeV.2#21557 I
deep-inelastic v(¥)p and pp interactions the jet characteris-
tics of hadrons were studied in the regions of fragmentation
of quarks and diquarks with W 15 GeV.?%44376% A com-
parison of these data with models makes it possible to estab-
lish the general laws governing the transitions of quarks into
hadrons.

5.2.1. Momentum distributions of hadrons in fets

a) Transverse evolution of a hadron jet. In e*e™ annihil-
ation into two jets (2.29) the distribution of the so-called
direct hadrons (4, ) over p? relative to the axis of the jet is
described by the FFM (5.24) with o, =i0.32 + 0.04 GeV
and W= 12-30 GeV, which corresponds to {p, (h4))
=0.57 + 0.07 GeV.”” As a result of the decays of reson-
ances the transverse momenta of the recorded long-lived ha-
drons (7, K, N, ..) decrease and are equal to
{p,(h)) =0.343 + 0.007 + 0.010 GeV with W =12-17
GeVv.*"

In the analysis of all cases of e*e™ annihilation there
occurs an appreciable broadening of the hadron distribu-
tions over p? with increasing W (2 30 GeV), associated
with the hard gluon bremsstrahlung, and

(P (h)y=a+ bW, (5.50)

where a = 0.072 4+ 0.008 GeV? and b = 0.0070 + 0.0003
GeV (Fig. 21).3' It is interesting that for p? 50.3 GeV? the
distributions are practically independent of # and the prop-
erties of these hadrons are probably determined by the char-
acteristics of the QCD vacuum. It is in this connection that
the well-known problems of “associating” them with one or
another jet appear, which makes it difficult to determine
their quantum numbers (see Secs. 3 and 4). The increase in
the “width” of the jet is not isotropic in the azimuthal plane
relative to the axis of the jet, which is what causes the differ-
ent distributions over (p,, } and {pZ .. ) (see Fig. 17a). They
are described well by the FFM and LM if the processes
(2.56) are taken into account.

The hadron distributions over the dimensionless vari-
able x, = 2p, /W exhibit the characteristic breakdown of
scaling predicted by QCD PT: the increase in the number of
hadrons for x, $0.05 and their decrease for x, * 0.1 with
increasing W.28-3! 48

Analogous effects have also been observed in up inter-
actions for E, =280 GeV, 0 ?>4 GeV? and W? = 40-400
GeV2.40-6869 The experimental installation for studying
deep inelastic . p interactions consists of a double magnetic
spectrometer with a vertex detector—a two-meter streamer
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FIG.21.{p),{p;):{p,),and  p}) asfunctions of W fore*e~ annihila-
tion. The straight lines show the QCD calculations for e * ¢ ~—qq processes
(broken lines) and taking into account the hard gluon bremsstrahiung
(solid lines).

chamber, containing a 1-m liquid-hydrogen target. It detects
all secondary charged particles with momenta from 280
GeV to 200 MeV in a 47 geometry. This is the first electronic
installation with whose help the hadron component in the up
interactions at high energies was measured. A total of about
11 000 up interactions were selected and the momentum dis-
tributions of the secondary hadrons in their rest system over
xg =2 ptt/W were constructed.® In this case the forward-
propagating hadrons (xg >0) can be linked with the frag-
mentation of the knocked out u quark, while hadrons with
xg <0 can be linked with the hadronization of the diquark
(ud) (see Sec. 2). The dependence (p?) =f(xg) has a
characteristic form similar to the *“seagull effect” in soft ha-
dron interactions>® and the value of (p?) increases with W2
(especially for xg > 0), just as in e*e™ annihilation (Fig.
22). Here we present the calculations based on LM taking
into account the emission of soft and hard gluons and the
limitation on the transverse momentum of the partons inside
the nucleon ({k?2) = 0.44 GeV?). As can be seen from the
figure, this variant of LM describes the experimental data
well. The correlation between the transverse momenta of the
secondary particles is an argument in favor of taking into
account the soft gluon emission. Figures 23a and 23b show

- The Lund model
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FIG. 22. ( p}) asafunction of x¢. for hadrons formed in gp interactions at
E, = 280GeV. The curves in the figures show the calculations employing
the Lund model.

the y* distributions of the fluxes of the transverse momenta
of fast hadrons (x} = 0.5-1.0) and the particles accompa-
nying them, for which p{ = p, cos ¢,, where ¢, is the azi-
muthal angle relative to pi". It is evident from these figures
that p!" is compensated by the hadrons in the central region,
and not in the region of fragmentation of the diquark
(y*=~ — 2), as would have happened if (k?) increased
(dashed curve).*” An obvious explanation of this phenome-
non is the emission of soft gluons (solid curve).

Thus the evolution of the quark jet of hadrons
D} (pi, W) for E; 520 GeV over p} is satisfactorily de-
scribed by the phenomenological models (FFM and LM)
with the parameters (5.27) and taking into account the
emission of soft and hard gluons in QCD PT (see Sec.
5.1).28-3! We also note that these distributions are described
well by the CM also, where it is not assumed that the trans-
verse momenta of the partons are limited and only three
parameters are employed (Fig. 24).5%¢7

b) Longitudinal evolution of a jet. Hadron distributions
overx, = 2p/W, normalized to o, are shown in Fig. 25 for
different values of W.3"5Y They have a characteristic form:
as W increases the number of hadrons decreases if x, 0.2
and increases if x, S0.1. This behavior is anticipated in
QCD because of the logarithmic increase in the probability

FIG. 23. Rapidity distributions of transverse momentum
fluxes of fast hadrons (a) and the particles accompanying
them (b) in the center of mass system of the hadrons. The
curves were calculated using the Lund model: for the
dashed curve ({k?) = (0.88 GeV)?) the soft gluon emis-
sion was neglected; for the solid curve ({(k2) = (0.44
GeV)?) and the dot-dash curve ({k,), = 0) soft gluon
emission is included.
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2
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FIG. 24. Distribution of hadrons over p? in e*e ™ annihilation, calculated
in the CM with A =0.2 GeV, ¢, = 1.5 GeV? and W,,, = 1.25 GeV for
W = 12, 30, and 100 GeV.

for gluon emission with increasing W (see Sec. 5.1). This
effect is more clearly seen in Fig. 26, where the dependences
(n(x,)) = f(W?) are shown for different intervals of x,,.
The breakdown of scaling can be expressed quantitatively in
the form

1 do
otot dzp

N §

:c,(1+c21n—s°-), (5.51)
where s, =1 GeV? and ¢, varies from 0.30 + 0.08 for x,
=0.05 — 0.10 up to 0.84 + 0.008 for x, = 0.4-0.5.>' The
drop in the cross section for x, > 0.3 isequal to =25% in the
measured interval W2 = 144 — 1350 GeV?, and is deter-
mined primarily by the region of small values W 2> 200
GeV? (see Fig. 26).

An analogous effect was also observed in up interac-
tions (Fig. 27).%° The fragmentation function of the u quark
decreases with increasing W for xz = 0.3-1.0 and increases
for |xg |<0.3. The fragmentation of the diquark is indepen-
dent of the energy for W<20 GeV. As in the case of v(v)p
interactions the diquark behaves at the attained energies

’”25}* 3
E " x = W=14GeV ]
. *i o—W=22GeV 7
$ & vwesGev
) ¥
= L 3
’E o "% J
* L '] R
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FIG. 25. Distribution of hadrons in e *e ™ annihilation over x, = 2p/W at
W = 14, 22, and 34 GeV.
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FIG. 26. The curves (1/0) do/dx, asfunctions of Wine* e~ annihilation

for different intervals of x,. The curves were computed using the FF
model.

more passively with respect to gluon emission than the
quark.

The phenomenological models satisfactorily describe
the longitudinal evolution of the quark jet taking into ac-
count the processes g—qg in QCD PT.?*-*! Here part of the
breakdown of scaling (from 5% to 15%) is associated with
the masses of the heavy quarks (c, b) and the transverse
masses of the hadrons (m?), especially for W2 5200 GeV>.
Hard gluon emission contributes from 5% to 10% for
W22 400 Ge V2. The combination of all these effects explains
the observed s dependence in (5.51). The complexity of the
pattern of the breakdown of scaling precludes the use of the
dependence DZ (x,, x;, s) for making a quantitative check
of QCD at existing energies. The situation is analogous to
that which also occurs for the structure functions F(x, Q 2)
(see Sec. 2.2). Figure 28 shows the values of sdo/dz for
52 =12, 30, and 100 GeV, calculated on the basis of the
CM, which also describe well the experimental data.®>¢" It is
evident from here that even on the next-generation accelera-
tors (LEP, s!'/2 = 100 GeV) the breakdown of scaling is not
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FIG. 27. The dependence of (1/N) dN(7* )/dxg on W in up interac-
tions at E, = 280 GeV for different intervals of values of x.
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FIG. 28. sdo/dz as a function of zin e * ¢~ annihilation at W = 12, 30, and
100 GeV. The calculations were carried out in the CM with A = 0.2 GeV,
t, = 1.5GeV? and W,,, = 1.25 GeV.

/2 — 30 GeV, where mass

large ( <20%) compared with s
effects are no longer important.

The normalized hadron rapidity distributions (1/
0, ) (do/dy) relative to the axis of the jet in e *e~ annihila-
tion are presented in Fig. 29.%' The width and height of these
distributions increase with W ( ~In s). This is what leads to
the growth of the average multiplicity of the hadrons.

In connection with the QCD PT predictions of the un-
usual form of the hadron spectra as a function of y owing to
the interference effect in the emission of soft gluons (see Sec.
5.1), these distributions were carefully studied in Ref. 31.
The possible errors in the determination of the axis of the
hadron jet and in the identification of the type of particle
were taken into account. Figure 30 shows these distributions
normalized to the region y = 0.1-0.2. The region y <0.1 is
excluded from the analysis because of the relatively large
systematic errors. From Fig. 30it is evident that the position
of the maximum in the distributions shifts toward larger val-
ues of y as W increases. At W =34 GeV y_. =1 and the
hadron yield is 16 +2% higher than in the region
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FIG. 29. Rapidity distribution of hadrons in e*e~ annihilation of
W= 14, 22, and 24 GeV.
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FIG. 30. Rapidity distribution of hadrons in e*e~ annihilation, normal-
ized to the region Ay = 0.1-0.2. The curves show the calculations employ-
ing the Lund model at W = 14, 22, and 34 GeV.

0.1<y<0.2, as QCD PT predicts (see Sec. 5.1). However,
the LM, taking into account the processes q—qg, but with-
out the interference of soft gluons, gives a qualitative de-
scription of the results obtained (solid curve in Fig. 30). The
increase in the hadron yield with increasing y is partially
associated with the formation and decay of heavy quarks (c,
b), which carry most of the energy of the jet (see below). For
this reason, the question of the manifestation of interference
effects in soft gluon emission (see Sec. 5.1) requires further
experimental investigation.®"

Thus the longitudinal evolution of quark jets, depends
not only on the scaling variables, but also on the energy
(D(z,s)). The scaling breakdown effects are not large, espe-
cially in the region s 2 400 GeV?, and are mainly described
by the hard gluon emission (5-10%).

The growth in the number of particles with increasing s
is linked with the increase in the yield of slow particles and
{n) ~1n?s. The functions D : (s, z) for hadrons of a definite
type exhibit an analogous behavior.?*=!

¢) Hadronization of light quarks (u, d). As we have al-
ready pointed out (formulas (2.40)" and (2.41)'), neutron
experiments enable studying the hadronization of light
quarks with a definite flavor. Neglecting the sea quarks (for
large x5 = ¢?/2M,) vp interactions give information on
the transformations of u quarks (xg > 0) and (uu) diquarks
(xg <0) into hadrons, while ¥p collisions give information
on d-quarks and (ud)-diquarks (Fig. 31).* As is evident
from the figure, at W = 3-10 GeV the isotopic equalities

DY (av) = DY) (v); DU (20) = D% (z8)  (5.52)

hold well. The difference between D {P). (x¢) and
D P (xg) yields an estimate of the probability that the
leading meson (xg ()R 0.5) has as a constituent the
starting quark u(7™ (ud), 7~ (ud)). This probability turns
out to be high (=~0.7 — 0.8), but the relative fraction of such
events is small. Analogous estimates were also made for
e*e~ annihilation processes.>®' It was found that a hadron
with y~y... has with a probability exceeding 60% the
charge of the initial quark. Thus fast hadrons in the jet carry
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XE.

information about the parent quark, which is what makes it
possible to measure its quantum numbers (see Sec. 4).

Data on the fragmentation of diquarks were obtained in
the same experiments.*® They turned out to be different from
Dq (xg):

D (uu) 5= 2D (u),
D (ud) % D (uv) + D (d),

i.e., the fragmentation of diquarks is not an incoherent sum
of the fragmentation of their constituent quarks. Actually
D(ud) <D(u) and D(d). Thus at existing energies the di-
quark forms fewer hadrons than a quark, which is what gives
rise to the scaling behavior of DY, (x,, xg) (see Figs. 22
and 27). This probably occurs because of its large mass
(M(qq) =M ), as also in the case of heavy quarks.

In conclusion we note that the results presented were
obtained at relatively low energies (WS 10 GeV ), where the
separation of jets from q and (qq) is not distinct. It is there-
fore of great interest to perform analogous experiments with
quasimonochromatic v(v) beams with W» 10 GeV.

d) Hadronization of heavy quarks (c, b). The observa-
tion of decays of heavy ¢ and b quarks in e e~ annihilation
makes it possible to identify the starting quark, since the
formation of sea (cC) and (bb) pairs is negligibly small. The
following methods for the separation of the production of ¢
and b quarks were employed in experiments of Refs. 28, 30,
70:

1) detection of the decays of charmed mesons:

(5.53)

D* > K-a*n*; D® - K-nt

D*+ - Do%%, D' - K-n*, K-p*;

(5.54)
(5.55)

by means of the observation of peaks in the spectra of the
effective masses in (K—7*"), (K—7*7w*) and
(K —p*w* ) systems;

2) detection of weak semileptonic decays:

¢ — qev,

(5.56)
(5.57)

qpv;

b —qev, qpv.
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In this case the large masses of the quarks gives rise to larger
values of p, (/) (R 1 GeV) relative to the axis of the jet than
that for the background decays of light quarks ( p, (/) £0.5
GeV), which is what makes it possible to obtain data on
D_(z) and D, (z).%” The main result of these experiments
lies in the fact that in the fragmentation of heavy quarks the
main fraction of their energy (z = 2E, /s'/?) is transferred
to the hadrons containing ¢ and b quarks®®’°:

(5.58)
(5.59)

(o) = 0,57 + 0.02,
(ap) = 0,75 =+ 0.03.

Within the limits of experimental error ( £ 20% ) the dataon
D%, (z) are described by the expression (5.34) with
£, ~0.20 and &, ~0.02(&, ~£, m2/m ). Asaresult cand b
mesons for z 2 0.4 are indicators of the flavors of the primary
(¢, b) quarks in e "e ™ annihilation, which makes it possible
to study their hadronization.

The distributions of D* * mesons over p? relative to the
axis of the jet were studied in experiments on the JADE and
TASSO installations.”®"? They are satisfactorily described
by a Gaussian distribution with o, = 0.36 + 0.2 + 0.04
GeV, which coincides with the analogous results for all
charged particles and with the description of the hadron p?
distributions in the FFM (5.24).5%

In addition, the separated D** mesons were used as a
“trigger” for hadron jets from the ¢ quarks in the opposite
hemisphere. The study of their distributions over y, pl,z, S,
and T showed that there are no significant differences from
hadron jets formed in e “e™ annihilation by all quarks with
the same energy (W = 34.4 GeV). Of course, the number of
events in the statistical sample ( ~100) is still too small to
draw definite conclusions, but the general characteristics of
the jets of long-lived hadrons (7, K, N) are apparently virtu-
ally independent of the quark flavors.

On the whole the hadronization of heavy quarks occurs
differently than that of the light quarks because of their large
mass. For example, the energy lost by a c(b) quark to gluon
emission is lower than for u(d) quarks. It is for this reason
that the distinct effect of leading of ¢c(b) mesons, kinemati-
cally reminiscent of the leading of baryons in hN collisions,
appears. An analogous effect also occurs in the hadroniza-
tion of diquarks. Because of this jets of quarks and anti-
quarks and jets of gluons and quarks can be separated on the
basis of the ¢c(b) particles. All this opens up new experimen-
tal possibilities for checking QCD and the structure of the
theory of electroweak interactions for heavy quarks.'*%7"?
This, however, requires that the size of the statistical sample
of events with c(b) particles be substantially increased.

5.2.2. Correlation and compensation of the quantum numbers
of secondary hadrons

The study of the usual correlations of the type (2.13)
for long-lived charged hadrons (7, K) in the rapidities,
transverse momenta, and azimuthal angles relative to the
axis of the jets in e*e ™ annihilation showed that they are of
short range, as in the case of soft hadronic collisions (see Sec.
2.1).28 This is largely explained by the copious production of
resonances, decaying into 7 and K mesons.*® The parton
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model (FFM) successfully describes these phenomena.?®*°

The Ay (or Axy) intervals of compensation of the
charge, strangeness, baryon number, and other quantum
numbers of hadrons are of great interest. This is associated
both with the dynamics of hadronization and the possibility
of determining the quantum numbers of primary quarks (see
Sec. 4). In models the compensation of the quantum
numbers of hadrons is assumed to be local because of the
formation of sea (qn, g, ) pairs with zero quantum numbers,
with the exception of the leading hadrons.8:62.67

The charge correlations of secondary hadrons with re-
spect to rapidities have been studied in detail in e*e ™~ anni-
hilation at W = 34 GeV.?®*!° Ip addition to the short-
range correlations with L(Ay) =1.5, associated with the
creation of resonances, long-range correlations between the
leading hadrons (y, < — 2.5and y,> 1; ¥pax =5) have been
observed. The probability that the charge of a particle with
¥1 < — 2.5 is compensated by the charge of a particle with
¥, > 1 in the opposite jet is equal to 15.4 + 2.6%. These re-
sults are described by the FFM.*° Thus the leading hadrons
“remember” the charge of the parent quark. Analogous data
were obtained in vp and up interactions; this is what enabled
the evaluation of the charges of quarks (see Sec. 4).

The observation of the copious production of (BB)
pairs in e"e™ annihilation shows that the transitions g—B
are a significant feature of their hadronization. For example,
at W= 34 GeV on the average 0.8 + 0.1 (pp) pairs form per
event.>! The production of (BB) pairs is usually linked with
the formation of sea diquarks: (q,q,) and (g,q, ), which are
““attached” to the quark (antiquark).?®3%862 1p this case
short-range correlations between baryons and antibaryons
with L (Ay) 52 should be expected. At the present time we
have only the first estimates of the number of (pp) pairs
(15.5 + 4.5) formed in the same jet and the number of pairs
formed (1.2 + 2.6) when p and p occur in different jets.*! ¥
They support the adopted scheme for the formation of bary-
ons. Analogous results were obtained in up interactions.*%°
The fragmentation of the u quark into p and p was studied. It
turned out that the average rapidity interval between them is
(¥, — ¥ )=0.7.

The correlation and intervals of compensation of the
quantum numbers of secondary hadrons have been inten-
sively studied in hard pp collisions:

P+P—"Crr(PJ.)+X

at 5"/2=45 and 63 GeV.>>”>" In this case the parton
scheme of these processes (see Fig. 4) predicts the formation
of two hadron jets with # ~90° as a result of the hadroniza-
tion of strongly scattered partons. Separation of the process
(2.44') on the basis of ¢, ( p, ) yields a sample of events in
which a leading particle (c,, ) occurs. As a result of the study
of the processes (2.44) with different types of trigger parti-
cles (7%, 7% K%, %°) it was established that

(2.44')

-
2{’/12 20.3 we have the ratio Ne )
K N(m;)

= 2.0 £ 0.3, which corresponds to the ratio u/d = 2 in the
starting protons and
2) for x, in the interval 0.1-0.3 the ratios assume the

1) for x, =
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following values:
NKS
N(ms)
N(yy)
N(75)

They are independent of s, x, and . From here is may be
concluded that the leading (trigger) particles (x, 2 0.3),
which have as constituents the same quarks as the starting
hadrons (p(uud), =% (ud), 7= (&#d)), reflect the quark
composition of the latter (u/d = 2).5 The constancy of the
ratios (5.60) and (5.61) indicates that the “attachment’’ of
asea antiquark (u, d,s) to the scatteredu ord quark does not
depend on the variables indicated above. The charge of the
leading particles is compensated in small intervals
y(L(Ay)=2)."™ Other features of the correlation phe-
nomena in hard hadronic collisions are similar to those
which have already been studied in soft interactions of had-
rons (see Sec. 2.1) and e e~ annihilation.>*>">" They are
well described by the phenomenological models (FFM and,
LM). Thus the first results on correlation phenomena in
hard collisions of particles at high energies have confirmed
the two basic assumptions of the parton picture of these in-
teractions: .

1) The short-range correlations are linked primarily ei-
ther with the formation and decay of resonances for the long-
lived particles (7, K, p) or with the formation of sea pairs of
quarks (q.G,) and diquarks (q.§,, q,q,) for the primary
hadrons.

2) The leading particles retain the quantum numbers of
the parent quark. These features of the hadronization of
quarks are similar to those already established in soft colli-
sions of hadrons and employed in the construction of the
models (see Sec. 2.1).

=0.45 4+ 0.03, (5.60)

=0.46 +0.02 . (5.61)

1/2

5.2.3. Multiplicity and composition of hadrons

The average multiplicity of charged hadrons ({n, )) in
jets increases with the energy as ~In%. This is associated
with the growth in the height (~In s) and width (~Ins) of
the plateau in the distribution (1/0) (da/dy) (see Fig. 29).
As can be seen from the hadron momentum distributions
(see Figs. 25, 26, 27, and 29), this growth of (n, ) is asso-
ciated with the increase in the number of relatively slow ha-
drons with xg $0.2-0.3, which is the cause of the difficulty
in determining (n., ) in pp interactions (see Sec. 3, Fig. 10).

In principle, (n,,) is measured most accurately in
e*e™ annihilation, where there is no soft background. Even
in this case, however, the disagreement between (n_, ) at
W = 30-40 GeV, measured by different groups, reaches
5-10%.3""7 This is attributable primarily to the inadequa-
cies of the method and the detection of all secondary ha-
drons. The total correction for this is equal to =~ 10% and is
determined with the help of the phenomenological models
(LM and FFM). In addition, in some of the articles correc-
tions for the decays K¢ —#* 7~ and A°-»7~p were not in-
troduced, which precludes a direct comparison of these data
with the results obtained in /N and hN interactions.”® For
this reason the analysis of the dependence of {n_, ) on s must’
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TABLE I Values of the parameters a, b, and ¢ for various approximations to {n,)(s)).

Type of approximation a b ¢ 28/Nyor
5.62 1.4+0.1 1,18+0,03 — 260/80
5. 8.38+0,11 —0,403-0,08 0.26+0.14 85/79
5.64) 2.7130.08 0,0583-0,010 1.97+0,06 81/79

take into account these circumstances, allowing for possible
systematic errors of 5-10%.
The usual analytical approximations of (n_, } have the

form>®"7:
(en)=a -+ blns, (5.62)
(Ron) =a + blns 4 cln?s, (5.63)
(nen) =a-+ b exp [c (ln-ﬁ)”z] s (5.64)

where a, b, and ¢ are free parameters and @, = 1 GeV. The
results of the approximations (5.62)—(5.64) of the existing
data on e*e~ annihilation are presented in Table II (Fig.
32).59 It is evident from here that the FFM (5.62) does not
describe (n(s)) in the interval s*/2 = W =2 — 41.5 GeV.?!
For W2 8-10 GeV, however, the dependence (5.62) is in
agreement with experiment. We also point out that the LM
and CM describe (n(s)) well in the entire energy interval.
Because of this it is still early to talk about the rapid growth
of (n(s)) in accordance with the predictions of QCD PT
(5.64).7%%7 Figure 32 also shows measurements of
(n., (W)) for soft pp and pp interactions, where W = s)/2.
As we shall see below (see Sec. 5.4), taking into account the
effect of the leading particles gives (n., (W)) which is in
agreement with the data on e*e™ annihilation.

It is of interest to compare {(n_, (s)) obtained in e*e~
annihilation (s'/2<41.5 GeV) and in hadron jets from pp

lgp > T T T VT T T T T rri0] Fl I RERE
30 / 4

251

7w

/Ao

Ll L

i sl :

70 02 23
w,GeV

- I11¢

7] L
7

FIG. 32. {n_,) as a function of W in e*e~ annihilation and in pp(pp)
interactions (dashed curve). The solid curve shows the dependence
(5.63) and the dot-dashed curve shows the dependence (5.64).
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interactions (s'/2 = 540 GeV). As we have already pointed
out, the background of soft collisions in pp interactions is
significant in determining (n., (J)) (Fig. 10). If it is as-
sumed that this background has an isotropic distribution in
the azimuthal plane relative to the axis of the jet, then the
values obtained for (n., (J)) continue one another quite
well (Fig. 3a).353%%6 If the background is taken into ac-
count with the help of the fragmentation models, then the
data from the UA1 and UA2 experiments contradict one
another.?? Figure 33b presents data on (n_, (J)) obtained in
e*e™ annihilation and on the UA2 installation.?’ The theo-
retical curves for the quark and gluon hadron jets, calculated
on the basis of CM, are also presented here.®® As is evident
from the figure, they are consistent with experiment, if it is
assumed that gluon jets form in pp interactions, while quark
jets are primarily formed in e"e™ annihilation. It can be
expected that more accurate data for s*/22 50-100 GeV will
be obtained on the new generation of accelerators (1986—
1990).
The variance

D = ({n2) — {nen))V2 & -+ (M) (5.65)
of the multiplicity distribution of charged hadrons
( P(n,)) ine*e™ annihilation differs from the Poisson dis-
tribution (D = a{n,, }'’?), which indicates the existence of
long-range correlations.>:”* The distribution P(n_, ) itself
satisfies KNO scaling’”:

o)

P (non) (new) = ( (5.66)
with W = 7.5-34 GeV, for both the full multiplicity in the
event and the multiplicity n_, (J) in one hemisphere relative
to the axis of the jet (Fig. 34).3%*"7> Moreover there is virtu-
ally no correlation of the multiplicities between the particles
from different hemispheres.?®-*' Therefore the long-range
multiplicity correlations in jets are explained by the fluctu-
ation of the small numbers , (the numbers of hard gluons),
giving rise to fluctuations of large numbers n_,.”® This is a
general property of branching processes, which probably ex-
plains the mechanism of KNQ scaling.

The composition of the long-lived hadrons
(w*,K*,p,p) in e*e” annihilation at W =34 GeV is
shown in Fig. 35 as a function of the momentum.?® As is
evident from the figure, the relative fraction of #* mesons
decreases from = 100% at p = 0.3 GeV to =~50% atp = 10
GeV. Analogous behavior of the composition of hadron jets
was also observed in hard pp interactions. Most pions are
products of the decay of resonances. The average multiplic-
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ities (n; ) grow with the energy, but their ratios remain virtu-
ally constant in the interval W = 10-35 GeV (Fig. 36). The
average number of particles (n; ) of different type at W = 34
GeV is presented in Table I11.*° Under the assumption that
(n(p") =(n(p*)) =(n(p~)) = (n(®)), several con-
clusions can be drawn from Table III.

1. The total number of secondary hadrons is
(e ) =21, from which (n., ) =~13.

2. About 90% of all pions are the products of the decays
of resonances or weak decays of particles.

3. About 9-10 hadrons are primary hadrons, i.e., ~ 1.3
hadrons per unit rapidity interval. The remaining hadrons
are formed as a result of their decays.

4. Approximately eight to nine sea (q,q, ) pairs are re-
quired in order to produce these primary hadrons.

S. The suppression factor (y, ) for the formation of sea
(s5) pairs is equal to ¥, ~0.3-0.4.

6. The ratio of the number of primary pseudoscalar me-
sons to vector mesons is N(PS)/N(V) =0.7.

These conclusions correspond to the parameters of the
phenomenological models which describe the composition
and multiplicity of hadrons in hard processes.’38:62:64-67
More detailed data on (»; ) are given in Refs. 31, 70, and 75.
The characteristics presented are practically identical for
different types of hard processes with the same energies
E( J).5'13

In concluding this section on the hadronization of
quarks we point out the most important results.

1. The evolution of a quark jet of hadrons along x, and
xg with increasing energy is in agreement with QCD PT and
occurs owing to the gluon bremsstrahlung.

2. Hard gluon bremsstrahlung from quarks has been
observed in e* e~ annihilation processes at W= 30 GeV and
is equal to 5 to 10%.

3. The first indications of effects associated with the
emission of soft gluons were obtained in deep-inelastic up
interactions.

4. The fragmentation functions for light (u, d) quarks
were studied in v(¥)p interactions and the isotopic ratios
between them were verified.

5. The first data on D !, (z) for heavy quarks have been
obtained and the effect of their leading has been observed.

6. The correlations of the quantum numbers of second-
ary hadrons are primarily of a short-range nature
(L(Ay) =1.5-2). Long-range correlations associated with
the charges of the initial quarks have also been observed.

7. It has been established in hard processes that the
leading hadrons with xg R 0.3-0.4 retain the initial quark,
which enables the measurement of its quantum numbers.

8. The average multiplicity of the secondary hadrons
increases and is practically the same for different types of
hard processes ( up, v(V)p, ppande®e™).

9. The composition of primary particles is also approxi-
mately the same in hard processes. Pions and K mesons are
primarily the products of the decays of primary hadrons.

10. The parton model (FFM) and the Lund model on

FIG. 34. a) KNO distribution for e*e~ annihilation processes
1 at W= 7.4-34 GeV. b) KNO distribution for one hadron jet in
e*e~ annihilation at ¥ = 14, 22, and 34 GeV.
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FIG. 35. Relative fraction (a,, ) of hadrons (»* ,K*, p, p) as a function
of their momentum in e e~ annihilation at W = 34 GeV. The curves were
drawn in by hand.

the whole satisfactorily describe the studied characteristics
of hard processes.’® A new class of models (CM) also de-
scribe these data well without the introduction of the parton
transverse momentum limitation and fragmentation func-
tions. All these models employ QCD PT to describe the ini-
tial stage of the hard processes.

5.3. Gluon hadron jets

The basic characteristics of gluon hadron jets (com-
pared with quark jets) are associated with the quantum
numbers of the gluons (Q = B =S = C = 0) and their high
color charge (see Sec. 5.1).'"%%78-% For this reason, a large
number of isoscalar neutral particles (7, 7', @), BB pairs,
and strange and charmed particles should be expected in
gluon jets. Because of the large color charge of gluons the
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FIG. 36. Average multiplicities {», ) of secondary hadrons in e* e~ anni-
hilation as a function of W.
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TABLE 111. Values of (»,) in e*e™ annihilation at W = 34 GeV.

Type of particle (np Type of particle (np
n* 10,3+0.4 o —
n? 8,00,5 ¢ ~ 0,08
K+ 2,0+0.2 g:; < (0)'(1)9
Ko, K° 1,48-+0,10 <0,
n° 0.7240.20 D'f ~0.3
re P P 0.8:£0.1
(]
Kes 8’,2&87%8 AR 0.31-£0,03
K*o, K*° 0,8-£0,1 B, & 0,026+0.008

ratio of the probabilities of the processes is

Wig—gg 9

W~ 4 (3:67)

and this is responsible for the fact that the parton shower
appears in gluonic jets earlier than in quark jets and for the
asymptotic ratio of their multiplicities is 9/4 (5.13).

At finite energies (s'/2S 540 GeV) the characteristics
of gluon jets were obtained on the basis of CM using only
three parameters:

A =025GeV, 0, =0.6 GeV, M; =4 GeV,  (5.68)

where M, is the maximum mass of the colorless cluster.%®
These parameters were determined from an analysis of
quark jets in e*e™ annihilation. An attractive feature of
these calculations is that new parameters were not intro-
duced. The largest difference between the quark and gluon
jets occurs because of (5.67) and is reflected in the hadron
distributions over the multiplicity, rapidity, and transverse
momentum, as well as in characteristics of the jets such as S
and T (see Sec. 3).%¢

The data on (n, (s)) are consistent with the large con-
tribution of gluon jets at pp-collider energies (see Fig. 33).
The ratio of the average multiplicities at s'/2 = 100 GeV
constitutes

{ng)

(nq)
which is associated with the large preasymptotic correc-
tions. The asymptotic limit (5.13) is reached slowly®®:

{ng) 9

=7 128 (

Distributions of the KNO-scaling type (see Fig. 34) for
gluon jets are expected to be narrower than for quark jets:

((T?))qq ((_l’;)-)-g_si :?%- ’ (.71

~ 1.8, (5.69)

n Lo

A (5.70)

)71/2

because of their higher multiplicity.

Gluon jets of hadrons have higher average values (S')
and {1 —T), (p,,) and {p,,..) than quark jets for the
same values of E(J), and this served as the basis for the
separation of the processes q—qg (see Fig. 17). All this is
determined by the intense emission of gluons (5.7) and, as a
result, by the wider angular distribution of the hadrons in
gluon jets than in quark jets.

V. G. Grishin 157



8.3.1. Gluon fets In e *e — annihllation

Some characteristics of gluon jets have been studied ex-
perimentally and compared with quark jets for e*e~ anni-
hilation at W = 14.22 and 29-36.4 GeV.3*#"52 A ¢t high ener-
gies (W>29 GeV) three-jet events were separated with the
help of the thrust (7) and triplicity (775):

e 40" > q+q+g— I, (E) 41, (ED+71,(Ed),  (2.56)

where E] > EJ > E ] (see Sec. 3).3!%2 With the help of the
FFM and the LM it was found that for E; = 6 — 10 GeV the
percentage of gluon jets is equal to 25% for E 3 and 50% for
E’.Dataone*e™ annihilation for B = 14 and 22 GeV were
used to obtain the characteristics of quark jets for E; =7
and 11 GeV under identical experimental conditions. The
following results were obtained:

. <PJ_ (h»J’—s _
Tgg = m = 1..1.6 =+ 0..02,

low = <pJ.out (h))J-a.
» <pJ.out (h))J-z

(5.72)

=1,16 4 0,02, (5.73)
with E’ = 6-10 GeV.*? Comparison of the average hadron
multiplicities ({»])) and hadron distributions over x in dif-
ferent jets (2.56) showed that for E} = 6-10 GeV the val-
ues of (n3(h)) are 5-10% higher and (x| ) is somewhat
lower than in quark jets with the same energy (E' ). The LM
and CM describe these data better than the FFM; this is
attributable to the effect of the gluon radiation on the mo-
mentum characteristics of the quarks (see Sec. 5). Taking
into account the interference of gluons in the processes
(2.56) reduces the multiplicity of the hadrons between the
“quark” jets (E] and E3 ) below that of the two other extra-
jetregions (EJ and E}; E} and E}) (see Fig. 18b).'! This
effect is called the “string effect” and was discovered in ex-
periments on the JADE and TPC installations.®"? It is de-
scribed well by the LM and CM, in which the coherence of
gluon radiation is taken into account, and contradicts the
predictions of the FFM, where independent fragmentation
of partons is assumed. On the whole these results confirm
only qualitatively the expected features of gluon jets. This is
attributable to the model-dependent methods employed to
determine the gluon jet in the events (2.56) and the relative-
ly low values of E §, which are responsible for the low magni-
tudes of the observed effects. For W= 100 GeV these prob-
lems will be less significant.

The composition of gluon jets of hadrons were studied
in the decays

T —ggg, (5.74)

and in events of the type (2.56).28-30-31:5083 Comparison of
the average multiplicities of (pp) and (AA) pairs in the de-
cays (5.74) and in the regions outside the resonance
(e*e~—qq) shows that (n(BB)) is two times higher in
gluon jets than in quark jets (Table IV). At the same time,
within the limits of error of the experiment ( + 10%), {(n, )
and (n(K*)) do not differ from one another.

To obtain indirect data on the composition of a gluon jet
of hadrons the formation of (AA) pairs in the events (2.56)
at W =234 GeV was studied.’®**' It turned out that
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TABLE IV. Values of (n,) in the decays Y—3g.

. . r-+3g outside
Installation | Type of particle np Ty
DASP-II p. P |0,64+0,16 | 0,40+0,06
CLEO PP 0,55+-0,05 | 0,27+0,02
CLEO A, A ]0,19+0,01 |0,080--0,008

(n(AA)) =0.5940.12, while in two-jet events
(ete~—qq)—{(n(AA)) = 0.32 4 0.04. Analogous results
on the yield of p(p) were obtained in deep-inelastic zp inter-
actions with E, =280 GeV (W ?>200 GeV?).% Thus ex-
periments at W<40 GeV show that the yield of baryons in
gluon jets is higher than in quark jets. So far there are no
accurate data on the formation of K mesons and neutral
isoscalar particles (%, 7', ¢).>%*!

The characteristics of the events (2.56) have been ana-
lyzed in detail in the last three years in order to measure the
strong interaction constant ag(Q?) (2.52). Indeed, the
cross section of the process (2.56) is proportional toas (Q ?)
and it is therefore in principle possible to measure ag (Q ?)
accurately. Because there is no theory of parton hadroniza-
tion, however, phenomenological models must be used to
separate and analyze the events (2.56) (see Sec. 5.1).293084

Data on the processes (2.56) at (W) = 35 GeV were
obtained with the help of four large experimental installa-
tions: JADE, TASSO, CELLO, and MARK-J.3° They were
analyzed with the help of QCD PT taking into account sec-
ond-order diagrams in ag (O(a?)). The parton hadroniza-
tion stage was described by phenomenological models:
FFM, LM, and CM (see Sec. 5.1). As a result the values of
as (Q?) obtained turned out to depend on the type of model
(Table V). As we have already pointed out (see Sec. 5.1),
the assumption of independent emission of gluons in the
FFM gives rise to the fact that a5 (FFM) < ag (LM), as is
evident from Table V. The measured values of ag (Q?) vary
from 0.12+0.02 (MARK-J) up to 0.210+ 0.051
(TASSO) depending on the type of hadronization model
and the experimental data obtained. These data are consis-
tent with the values of ag (Q *) obtained from an analysis of
the evolution of the structure functions of nucleons and the
total cross sections for e*e~ annihilation ({as(Q?))

=0.19 4+ 0.06) (see Sec. 4.4).%° At the same time the mea-

TABLE V. Values of ag(Q?) at 02=1200

GeV%i*

Installation FFM LM
JADE 0,12+0,02 | 0.163-0,03
TASSO 0,160+-0,015 | 0,21+4-0,015
CELLO 0,1354-0,025 | 0,194-0.02
MARK-J 0,12+40,02 | 0.14+-0,02

*The total error in the measurements (systema-
kic plus random) is shown. l
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surement of the processes (2.56), whose cross section is
~as (Q %), motivates theoreticians and experimenters to ob-
tain more accurate data on ag (Q?2). In this connection we
call attention to the work performed by the TASSO group, in
which the most complete analysis of this process was per-
formed.’* A record statistical sample on e*e™ annihilation
at (W) = 34.6 GeV (=~ 16 500 events) was collected on this
installation. In the analysis of the experimental data differ-
ent variants of calculations based on QCD PT and the FFM,
LM, and CM with different values of their free parameters
were employed. To determine g (Q?) three experimental
hadron distributions in four variants were compared at the
same time with the calculations. To this end 4000 events
were modeled for each set of ag (Q ?) and model parameters
employed. A total of 4 X 4 X 4 variants of the free parameters
for the chosen model of parton hadronization was used. The
following results were obtained by this analysis.**:

1. Fitting of hadron distributions over different kine-
matic variables yields values of ag which differ by 15-20%.

2. The variation of ag (Q ?) as a function of the hadroni-
zation model used (FFM and LM) reaches =~ 30%.

3. Uncertainties in taking into account the emission of
soft gluons by partons in QCD PT calculations lead to errors
of 10-15%.

4. Taking these uncertainties in the data analysis into
account, Althoff e al.? give values of ag (Q ?) ranging from
0.12t0 0.23.

Thus at the present time data on processes of the type
(2.56), in spite of the direct separation of hard gluon emis-
sion ( ~as ), do not permit measuring the value of ag (Q?)
with higher accuracy than in other experiments. As the ener-
gy is raised (W32 100 GeV) the uncertainties indicated
above decrease, suggesting that more accurate measure-
ments of ag will be made on future accelerators.

5.3.2. Gluon jets In pjp interactions (s'/2 = 540 GeV)
Hadron jets with E, (J) = 25 — 50 GeV in pp interac-

tions at s'2=540 GeV have small values of
2F
x == /; =0.1-0.2, and the contribution of gluon jets to
- s

them is expected to be about 90-70% (see Sec. 2.4).> For
this reason the study of their properties and comparison with
the properties of quark jets obtained in e*e™ annihilation
andin hard pp (hp) interactions with E {¥ = 5-20 GeV is of
interest for checking the predictions of QCD.

The average multiplicity of charged hadrons {n, (J))
in these jets in the interval E§ = 25-30 GeV is described
satisfactorily by the hadronization of gluons on the basis of
the CM (Fig. 33).%° The composition of gluon jets formed in
pp interactions has not yet been studied in detail. Only the
first data on the strange particles (A° K° =7) and D**
mesons are available.®>-87 The formation of D** mesons
was studied with the help of the UA1 installation in
jets with P; =25-45 GeV.®® It was found that
(n(D**)); =1.1+£024+06 with z=ppp,;/(py)?
% 0.1. In spite of the large systematic errors ( + 0.6), this
value of {(n(D** )), is high. In addition, {zp+« ) ~0.2 for
zR 0.1, while for quark jets {z.) = 0.57 + 0.02 (5.58). The

159 Sov. Phys. Usp. 29 (2), February 1986

102#' T T T T T
21
3
10; x'._
£ T, + =7
YN I h‘!’ * -2
Sy r +
1L -+
\I's ; +_.'_
[ .
7 I —+
/0_2- [N YU VU U R T SR SR 1
g o4 2.8 z

FIG. 37. z distribution of secondary hadrons in jets in pp interactions (1)
and in e*e” annihilation (2). 5} =540 GeV and E {">30 GeV;
Ej(ete™) =17 GeV.

probability that the recorded D* mesons were formed as a
result of the hadronization of a ¢ quark is equal to 107 2.5 It
is therefore natural to propose that in this case the hadroni-
zation of gluons into charmed mesons (g-»cC) has been ob-
served for the first time.

The momentum distribution of hadrons in jets were
measured by the UA1 and UA2 groups.?%*” The statistical
samples of N; consisted of 1435 events (UAIl) with
E ’>30 GeV and 3-10% (UA2) with £, (J)»20GeV. These
data were compared with the TASSO results on the hadroni-
zation of quarks in e*e™ annihilation (W =34 GeV,
E, =17 GeV) and with QCD PT calculations taking into
account the interference of soft gluons.56-88-89

Figure 37 shows the distributions of charged hadrons
over z in a jet with E, (J)»30 GeV and 4, <35° (UA1).%¢
For z2 0.1 for all hadrons in the jet ¢, <35° relative to the
axis of the jet.°" For particles with z£0.1 corrections
amounting to 35% at z = 0.02-0.03 and 5% for z =0.07
were introduced. The errors in the measurement of E, (J)
are equal to about 15%. The same figure shows the TASSO
dataat E, = 17 GeV. Itis evident that there is no significant
difference between the hadronization of the gluons and
quarks for zR 0.02. It should be noted, however, that the
dataon D, (z) were obtained with relatively large systematic
(~50%) and random (~20%) errors, while the expected
difference between the fragmentation of quarks and gluons is
relatively small ( ~20% ).%¢*%%° The approximation of these
data for different intervals in z for E, (J) = 30-60 GeV by
the dependence

De(2, Q=D (e, Q) [1+ef ()10 -Tr ], (5.74)
with Q,=1 GeV and Q@=2E (J) shows that
¢%(z)>c?(z).*° For this reason, new more accurate mea-
surements of D, (z, Q) are required in order to determine the
characteristic features of gluon hadronization.

Analogous conclusions also follow from a comparison
of the hadron distributions in gluon and quark jets over
p. (h) (Fig. 38). They are satisfactorily described by the
formula '
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1 dNy A
L = 5.75
Py dpy  (pitp Y (5.75)

withp, ;=4 GeVand N = 14.8.>°

The flux ((27/n)dE, /d(A@)) of the transverse energy
relative to the axis of a jet for pp events with
EMWJ),EP(J,)>15GeV and Ap(J,, J,) > 140° was
measured on the UA2 installation (Fig. 39).>” Comparison
of these data with the results of calculations based on the
FFM ((p, (A)) =0.35 GeV) neglecting the hard gluon

1 1
g 27 /2
4a¢,rad
FIG. 39. The transverse energy flux relative to the axis of the jet as a
function of Ag for E, (J) = 20-30, 3040, and 40-50 GeV in pp interac-
tions at 5'/2 = 540 GeV. The dots show the results of calculations in the

FFM. The dotted and dashed curves show the results of calculations in the
CM taking into account the interference of soft gluons.
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emission shows a significant difference in the region A¢ <7/
4. Cluster models taking into account the evolution of the
parton shower in QCD PT and the interference of soft gluons
are in agreement with experiment.5® 62

The first data on the analysis of three-jet events (3.6)
were obtained on the UA2 installation.®” It turned out that
in events with E"(J)>E ®(J)>20GeV 25% of the
events have a third hadron jet with E (*(J) > 4 GeV. Ithasa
small angle with E (¥’ (J), which corresponds to the distribu-
tion ( ~d? /sin ) of the gluon bremsstrahlung. The prob-
ability of these events and the &% distribution of the third jet
are in agreement with ag ~0.2.

Thus the first data on gluon jets obtained on the pp
collider are consistent with the expected characteristics of
gluon hadronization. The systematic and random errors in
the experiments are, however, still too large in order to ob-
serve the characteristic features of these processes.

The study of gluon hadronization has only just begun.
Thus far it has been established that (BB) pairs form more
often in gluon jets than in quark jets. The first data on the
development of jets as a function of energy along the longitu-
dinal and transverse variables have been obtained. These re-
sults correspond to the expected properties of gluon hadron-
ization, associated with the quantum numbers and high
color charge of the gluons. New data for £, 2 50 GeV are
required in order to make a quantitative check of QCD.

5.4. Universality of hadron jets in soft and hard collisions of
particles

The relative simplicity of the picture of hard particle
collisions and the possibility of its interpretation on the basis
of QCD PT distinguish this class of reactions in both the
collection and analysis of the experimental data. At the same
time the physics of strong interactions (soft and weak) is, of
course, unified and requires that they be studied together. As
is well known, the difficulties in the description of strong
interactions are linked with the unknown mechanism of par-
ton confinement, which are also important for hard colli-
sions (see Sec. 5). Therefore, in order to construct a com-
plete theory, all types of strong interactions must be studied
jointly and their common mechanisms must be found. The
first step in this direction was the parton model, in which the
interaction of the partons was neglected (see Sec. 2). Taking
this interaction into account on the basis of QCD for hard
processes led to the development of phenomenological mod-
els, which describe the experimental data (see Sec. 5.1). Itis
more difficult to carry out an analogous program for soft
hadron collisions, in which there are no large momentum
transfers. The first attempts to describe them were underta-
ken on the basis of the LM and CM.%'-%’

On the other hand, phenomenological models of soft
hadron collisions taking into account the quark-gluon struc-
ture of the strong interactions, which successfully describe
the experimental data in a wide energy range s'/? = 5-540
GeV, are being rapidly developed.’~"-'3-1921:22 The unifica-
tion of these directions is a problem for the future.

There now already exist experimental data showing
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that hadron jets in soft and hard collisions have much in
COmmOn.90_94 63)

We first call attention to a series of articles (more than
40!) on the analysis of inelastic pp interactions with
syl = 30, 44, and 62 GeV and their comparison with deep
elastic v( ) p interactions and e* e~ annihilation.®>*' ® It

was pointed out in these articles that in processes of the type
p+p—>p+X (5.76)

there occurs a distinct leading of protons, which carry away
a large fraction (=0.5) of the initial energy s;;’.> Because
of this only part of the total energy ((W)=0.5s;7"), goes
into the formation of new hadrons, in contrast, for example,
to ete annihilation. In addition, the initial states of these
processes also differ, which must be taken into account when
comparing them. The characteristics of soft processes

(5.76) and e* e annihilation were therefore compared with
8l =W ={((sl/2— q,p— )21V = [(g}, 212, (5.77)

where g, , are the four-momenta of the leading protons. Ex-
clusion of protons in the reaction (5.76) from the analysis
yields B = Q = O for the system of hadrons formed, just as in
the case of e*e™ annihilation. Thus the initial differences
between the soft and hard collisions were eliminated and the
characteristics of the secondary hadrons in their rest system
for the same values of W were compared. At the same time,
the procedure for separating jets described in Sec. 3 was em-
ployed in order to determine the jet characteristics of the
hadrons in pp interactions. In comparing the processes
(5.76) with deep inelastic vp and gp interactions only one
leading proton was excluded from the analysis, and there-
fore

Wowp = Wpp=[(s}/2— q,p)?1"2 = [(g},)*I¥%  (5.78)

The data on hard (e*e™, u(v)p) and soft (pp) colki-
sions were compared in the energy range (W) from 3 to 40
GeV.*° All available characteristics of the processes, begin-
ning from (n_, (W)) and ending with the correlations of
hadrons in jets, were compared. As an illustration we shall
present the results of this comparison for (n_, (W)) and
R(y,y") (Figs. 40 and 41a). As is evident from the figures,
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the available data on hard and soft processes do not differ
from one another for the same values of W. At the same time,
if the variable s} is used for the pp interactions (dot-dash
curve in Fig. 40), then the behavior of (nfF (s)) differs sub-

stantially from that of (nS,*” (5)). An analogous resultis also
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FIG. 41. a) Correlation functions of hadrons R( y, y') in e*e ™ annihila-
tion (1) and in pp interactions (2) at 512 = W, = 25-36 GeV, in Fig.
41a the values of y’ are marked by (1). b) The values of R(0,0) for pp
interactions as a function of 5;7* (1) and of W, (2).
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FIG. 42. KNO distribution for pp interactions (s'/? = 62 GeV) at W,
= 10~15GeV (1) and 25-30GeV (2). The solid curve shows the approx-
imation of these data and the broken curve shows the results of the ap-
proximation of the data on e* e annihilation.

obtained for the correlations: the value of R( y, ') for pp
interactions in the usual approach (s};’) is approximately
two times lower than in e*e™ annihilation (see Fig. 41b).
Extrapolation of the data on {n., (W)) using the formula
(5.64) up to the energy of the collider (s'/2 = 540 GeV)
describes well the data on the multiplicity in pp interac-
tions.”! Analyzing the entire collection of data, Basile et
al.%%®! arrive at the conclusion that all characteristics of ha-
dron systems in soft and hard collisions of particles are the
same, with the exception of the form of KNO scaling (5.66)
(Fig. 42). The distribution (n.,)P(n, ) is narrower in
e*e~ annihilation than in pp interactions.®® It is possible
that this is linked to the difference between the quark (e*e™
annihilation) and gluon (pp interaction) hadron jets.

A relativistically invariant description of multiple pro-
cesses in the space of relative four-dimensional velocities is
proposed in Ref. 94. A new method for separating hadron
jets, which was used in the analysis of 7~ p and 7!*C interac-
tions at p = 40 GeV/c is presented. It was found that in the
new variables hadron distributions in jets have a universal
character in the fragmentation of both pions and nuclei.

Thus the universality of the jet characteristics of had-
rons in soft and hard particle collisions has been established
experimentally.®>** The main difference between them lies
only in the transverse momenta of the jets P, (J), which it is
natural to attribute to the method used to separate the soft
and hard processes. For this reason, the dynamics of parton
hadronization in the first approximation is virtually inde-
pendent of the transferred momenta (Q) and is determined
primarily by the energy of the parton jet. Of course, these
results are of a semiquantitative character and the specific
features of soft processes will appear in more detailed studies
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(see, for example, Refs. 76, 92, 93). These effects are calcu-
lated in quark-gluon models of soft hadron collisions.!*1®

6. CONCLUSIONS

The experimental study of hadron jets formed in hard
processes has confirmed the basic ideas of QCD. The study
of the characteristics of a jet has on the whole made it possi-
ble to measure the quantum numbers of quarks and gluons
and toevaluate the quantity as (Q ?) intheinterval 9% = (5~
2000) GeV? (Sec. 4). Data on jets, obtained at the highest
energies (s'/?2 = 540 GeV), have shown that as the energy is
raised their “parton origin” is increasingly more clearly
manifested (see Figs. 8, 12, 15). This has made it possible to
demonstrate clearly the vector nature of gluons and obtain
for the first time data on the structural functions of nucleons
in strong pp interactions (see Secs. 4.2 and 4.3).

The verification of QCD is nevertheless still at a semi-
quantitative level. This primarily concerns the stage of par-
ton hadronization, whose mechanism is unknown. This is
what determines the systematic errors in the measurement of
as (@ ?), which constitute 30-40% at Q> ~ 1200 GeV? (see
Sec. 5, Table V). Because of this the hadronization of quarks
and gluons has been intensively studied in recent years on all
the largest accelerators in the world. As a result significant
progress has been made in understanding the basic laws gov-
erning the interaction of partons at large distances.

It has been established that the characteristics of had-
rons in a jet are virtually independent of the type of hard
collisions, and are determined by the quantum numbers and
energy of the starting parton (hypothesis of soft decoloriza-
tion of partons). This result is based on the comparison of
data on parton hadronization obtained in e *e™ annihilation
s'* = W<45 GeV), in deep inelastic /N interactions
(W 15GeV) and in hard hN interactions (W & 200 GeV)
(see Secs. 4 and 5). As aresult, the combined analysis of all
types of hard processes yields rich information on the mech-
anisms of the formation and hadronization of partons.

It has been shown experimentally that the development
of the quark-gluon cascade (QCD PT) largely determines
the evolution of the hadron jet with increasing energy (see
Sec. 5). In this respect we should note the new important
results obtained in zp interactions on the observation of ef-
fects associated with the emission of soft gluons and the first
experimental indications of their interference in e*e™ anni-
hilation (see Sec. 5.2). The description itself of hadron jets
on the basis of QCD PT is currently employed to quite low
momentum transfers (Q~0.5-1.0 GeV), which already
makes it possible to apply it also to soft processes (see Secs.
5.1and 5.2).

The first data on the hadronization of gluons in e*e™
annihilation, confirming the predictions of QCD associated
with their quantum numbers and the more intense emission
of gluons than in quark jets, have been obtained (see Sec.
5.3). The longitudinal and transverse evolution of hadron
jets with energy is consistent with the predictions of QCD
PT. At the energies attained, however, the effects associated
with the hadronization of partons are still important (see
Secs. 2.2, 2.3, and 5.2). All these resulits refer to the first
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stage of hard processes, where QCD PT is applicable.

Important results have also been obtained for the soft
stage of these processes. It has been shown that in eTe™
annihilation, pp interactions, and / N collisions the fast had-
rons in the jet preserve information on the quantum numbers
of the parent partons. This makes it possible to measure their
charge, isotopic spin, strangeness, and other characteristics
(seeSecs. 4.3 and 5.2). The first evaluations of the charges of
quarks were obtained in / N interactions and in hard pp colli-

-sions (Sec. 4.3). Data on the hadronization of light (u, d)
quarks in v(¥)p interactions show that they are an isotopic
doublet (Sec. 5.2). The spectacular leading effect has been
observed in the hadronization of heavy quarks (¢, b), which
makes it possible to “tag” them and to study the hadroniza-
tion of quarks of a definite type (Sec. 5.2).

The correlations between the secondary hadrons in jets
and the intervals of compensation of their quantum numbers
in the main coincide with the analogous data for soft pro-
cesses (see Secs. 2.1and 5.2). They have a short-range char-
acter, which indicates the local nature of the hadronization
of partons. In particular, this also refers to the creation of
(BB) pairs, which on the basis of the parton scheme are
formed as a result of the attachment of sea diquarks (q, q, or
d.q. ), which is now directly linked with the structure of the
QCD vacuum.

The multiplicity and composition of secondary hadrons
are practically identical in different types of hard collisions
(s'/? = W50 GeV) and largely depend on the energy of
the jet. It is of great interest to obtain accurate data on this
question at collider energies (E(J) 100 GeV).

The results obtained are well described by the pheno-
menological models (LM and CM), which are being con-
tinuously modified as new experimental data becomes avail-
able.®® When the emission and interference of soft gluons are
included in them the stage of development of the quark-
gluon cascade plays a determining role (QCD PT). An at-
tractive feature of cluster models is the description of parton
hadronization with three to four free parameters without the
introduction of fragmentation functions and the limitation
of parton transverse momenta (see Sec. 5.1).%°7 In these
models QCD PT is employed up to @,~0.5 GeV, which
makes it possible to describe soft processes also,?>%%!! espe-
cially since the observed universality of jets in soft and hard
processes clearly indicates a single mechanism for parton
hadronization (see Sec. 5.4). Much is promised by the suc-
cessful description of the hadron momentum distributions
on the basis of QCD PT, beginning with p = 200 MeV.'!52
Such a correspondence between the parton and hadron dis-
tributions is unexpected, since one would think that confine-
ment effects should already be observed at such low hadron
momenta.

On the whole, however, the basic mechanisms of the
formation and hadronization of partons in hard processes
have now been established, and the characteristics of hadron
jets have been confidently predicted for the future genera-
tion of accelerators (s'/? = W2 100 GeV). The main prob-
lem is to determine them within the framework of QCD in
order to clarify their origins. The study of hadron jets at
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higher energies will make it possible to specify these charac-
teristics and to perform quantitative measurements of the
basic parameter of the theory of strong interactions—

as(Q%).

It is a pleasure for me to thank A. B. Kaidalov, E. M.
Levin, Yu. M. Shabel’skil, and the participants of the school
of physicists in Bakuriani and of the seminars at the High
Energy Physics Laboratory at the Joint Institute of Nuclear
Research for numerous useful discussions of the questions
touched upon in this review.

"Here R is the “size” of a hadron (~1 fm).

2Tn this review we shall, as a rule, use the system of units in which
fi=c=1

3n the literature this stage is often called fragmentation of partons into
hadrons, which is associated with the first models of the fragmentation
type (see Sec. 5).

“These interactions are usually called multiple hadron creation processes
(or simply multiple processes).>~” In these processes, as a rule, many
secondary particles are created ({n) 2 10). For example, at 5!/ = 540
GeV (pp collider CERN) (n) . =27.5+ 0.4 and (n) =40."

£ = are also often called the structure functions of the process (2.1).

®We shall study the interaction of unpolarized primary particles.

7In what follows we shall omit the particle indices everywhere except in
special cases.

®For heavier resonances, consisting of ¢ and b quarks, { p, (J)/¢¥) =1
GeV and { p,(Y))=1.5 GeV, and such resonances are formed as a
result of hard collisions.

9These values of the coefficients were obtained at s'/> = 23-63 GeV for
long-lived particles (, K).? Unfortunately there are no analogous data
for resonances.

'%The quasiplateau in y (2.10) corresponds to the distribution of dx/x
(2.7) over x.

'""The function R,( y,, y,) is less sensitive to errors in measurements of
a;, than C,( y,,y,), which is very important for experiments performed
with colliding beams.

2Here it is necessary to take into account the effect of the energy-momen-
tum conservation laws, especially at the boundaries of the phase volume
of the processes (2.2).

13z = pn/k = p, /xp is the relative fraction of the momentum (or energy)
of a parton carried away by the hadron.

“Since the transverse momenta of the hadrons and partons are much
smaller than the longitudinal momenta, in the first approximation they
can be neglected. The dependence of F{ and D on the square of the
transferred momentum (Q?) is associated with the field picture of the
interaction (QCD) and will be discussed below.

"'The square of the total energy of the secondary hadron is
Wi=m?+2mv— Q2

1The dependence of the cross section on e’ isintroduced under the sum-
mation sign because of the difference between the quark charges
(e, = +2/3,e4 = —1/3,¢, =-1/3).

The corresponding distributions x¢"(x) in the neutron follow from
xgP(x) and isotopic invariance: 4P (x) = d" (x) and 4P (x) = 4" (x).
'"8For nonrelativistic hadrons, having 8, = p,,/E, <1, a factor 8 (ha-
dron velocity), taking into account the increase in the phase volume

with the energy (s'/2), must be included in (2.35).

!“Here the index (qq); denotes the system of partons remaining after the
g; quark is knocked out. As a rule, this is a diquark.

29Here we have approximately set the Cabibbo angle ¢, = 0 and have
neglected the creation of charmed particles. Because of the law of con-
servation of leptonic charge the d quarks in (2.40) and the u quarks in
(2.41) transform correspondingly into u and d quarks before they frag-
ment into hadrons.

*"Here A=A .*

22As the resolution increases (~(Q?2), because of the interaction of the
quarks and gluons the parton spectrum will soften. The data at
{Q3) = 5-10 GeV are usually used for F& (x', t,).

2The extreme point of view is that all breakdowns of scaling are caused
by twists and A = 0.

29A similar situation occurs in all of particle physics: the particles them-
selves cannot be seen, and their properties are judged based on their
interactions with the macroscopic medium. For example, from the
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tracks of particles in a bubble chamber. To this case the “free” partons
interact with the QCD vacuum.
25'This value of (') corresponds to (5} = 17°, where & is one-half the angle
of the emergence cone of the particles relative to the axis of the jet. For
W=5GeV (8) =~ 30"
9n this case the total quantum numbers of these hadrons must be zero.
*"n addition, the mechanism of the decolorization of the partons as they
transform into hadrons also destroys the equality of the parton-jet
quantum numbers (see Secs. 4 and 5).
28For events without a pseudotrigger the hadrons in the jet J,,(h)havea
wider angular distribution.’
#'The vertex detector in the UA1 apparatus is located in a magnetic field
of 0.7 T, and the particle momenta are measured with an accuracy of
Ap/p = 0.5%p (GeV) per meter of track length.
3%"The “dimensions” of the jet in @ are equal to + 30°.%%37
*!'The t quark has a mass m 2 40 GeV and for this reason is not yet formed
ats'/2<45 GeV.
32Here the random (0.05) and systematic (0.1) errors in the measure-
ment of R( W) are presented.
3'The values of x, and x, were determined from the four-momenta of the
jets (P(3"), P(J%)) in (3.5).
34 Analogously to Rutherford scattering of point charged particles.
3%, 2 0.1 is chosen in order to exclude sea quarks (see Sec. 2).
9The condition x, »0.6 selects the jets J, (h) with the leading charged
hadrons.*
3PIn this case the value of A varies from 0.46 to 0.17 GeV, respectively.
3%From here we obtain the total systematic error in the cross-section mea-
surements of + 45% (UAZ2), if the separate contributions to this error
are added quadratically [Ag = (2, (Ag;)?)V2].
39The statistical errors in the measurements of F(x) are indicated in Fig.
15. A twofold change in A (increase or decrease) produces a 15%
change in F(x), which is less than the total error of the measurements.

49Detailed justification of this approach and references to the original
works are given in the reviews'' of the Schools held at the Leningrad
Institute of Nuclear Physics (1980-1985).

*! An important property of these cascades was discovered while they were
being studied. It turned out that the emergence angles of the partons
systematically decrease along the branch of the parton cascade with the
number of the decay, i.e., the jets branch into converging angular
cones.> Thus the “dimensions” of a jet are determined by the primary
decays of the partons.

42 An analogous assumption is also made in the parton model (see Sec. 2).

*¥This phenomenon is analogous to the breakdown of scaling in the struc-
ture functions of nucleons (see Secs. 2 and 4).

“9An analog of the phenomenon under study in QED is the Chudakov
effect.>* In this effect the electron and positron from an ultrarelativistic
pair ionize the medium as two independent charges only after a macros-
copically long time, when they become separated in space by atomic
distances.

43The Lund model is named after the city of Lund (Sweden). The physi-
cists B. Andersson, G. Gustafson, G. Ingelman, and others at Lund
University developed a detailed model for describing soft and hard pro-
cesses, which is disseminated to scientific centers in the form of the
corresponding computer programs.®"*? This has made possible its rapid
dissemination among experimenters.

“5Here S is the sphericity of the event [see the formula (3.1)]. In the
initial version of the model®® it was assumed that ap = 0.77, o, = 0.32
GeV,ay, = 0.5,and ¥5 = 0.4. Naturally, the accuracy of the parameters
will increase as more data are obtained.

“IFor ( p, (h)) the random (0.07) and systematic (0.010) errors, asso-
ciated with the use of different variables for determining the axis of the
jet (see Sec. 3), are indicated.

“®This means that D!} depends on p? and W.

“9This result covers the well-known problem of (k ?) increasing with #?
in hard hadron collisions.>'*

30A¢t large W and not very small £, ( >m, ) the usually used variables
xg =E,/(W/2), xg =2p}/W, x, = 2p/W practically coincide, and
we shall not discuss their differences.

31t is pointed out in Refs. 11 and 31 that hadron distributions over the
“total” rapidity ( y = In[(E + p)/M]) are more sensitive to interfer-
ence effects than the distributions over .

32The first indications of a t quark with A/ ~40 GeV in pp interactions at
5'/2 = 540 GeV were obtained precisely by this method from leptons
with p, 212 GeV.%®

33n the same studies’":”? the coupling constant a§ of the gluon and
charmed quark was evaluated: ag/as = 1.00 + 0.20 + 0.20. Within
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the limits of error ( ~20%) it is independent of the flavor of the quarks.
3The protons (antiprotons) were identified in the momentum interval
from 1 to 5 GeV in the center of mass system.

33For x, 0.3 the valence (uy, dy ) quarks of the protons primarily par-
ticipate in the hard scattering.

391t was assumed at the same time that the systematic errors are equal to
5%.

57 As is evident from Fig. 32, (5.63) and (5.64) will differ significantly for

W= 100 GeV.

3®The FF model does not describe effects associated with the emission of
soft gluons.*®

¥1n this case the percentage of gluon jets is significantly higher than in
e*e annihilation (5-109%).3%3!

$An additional factor which reduces this probability is the smallness
(50.01) of the probability of formation of a scattered charmed quark
(see Sec. 2).

"In this case the background formed by the hadrons not belonging to the
jet constitutes & 1%. For z <0.1 the hadron distribution is wider and
the corrections were calculated with the help of the QCD model.*®

21n the model the contribution of gluon jets varies from 75% (£, = 20
GeV) to 35% (£; =70 GeV). It was determined from data on the

structure functions F_, (x, Q) at s'/2 = 540 GeV (see Fig. 15).%%%

St is interesting to note that in the parton model the characteristics of
hadrons in jets formed in hard collisions were taken from the data on
soft hadron interactions (see Sec. 2).

SReferences to the original works on this question are given in the review
article of Ref. 90.

S This 6eﬂ‘ect was discovered in the 1950s in experiments with cosmic
rays.

%9The FFM does not describe collective effects associated with the emis-
sion of gluons and their effect on the momentum distributions of the
quarks (see Sec. 5).
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