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A review is given of the main results of the investigation into production of resonances in hadron
collisions and in deep inelastic lepton—nucleon interactions at high energies. It is shown that in all
processes the dominant component among the secondary particles is resonances, which give
direct information about the strong-interaction dynamics of quarks. The characteristics of ha-
dron jets produced in hadron collisions, e*e ™ annihilation, and deep inelastic interactions are
discussed. In the first approximation, they are the same and do not depend on the type of interac-
tion. The theoretical interpretation of the intense resonance production and the universality of
the hadron jets is considered in the framework of the additive quark model, which satisfactorily
describes the transitions of hadrons into quarks and quarks into hadrons. From this there follows
the existence of two characteristic quark dimensions (ry ~ 1/ 2m, and r, ~1/my ) and rules of
quark statistics for transitions of quarks into hadrons at large distances, where quantum chromo-

dynamics is not valid.

INTRODUCTION

As a rule, many secondary hadrons are produced in
collisions of high-energy particles (EZ 10 GeV). Their char-
acteristics reflect both the nature of the interaction itself and
the structure of the primary objects. The discovery of the
quark structure of hadrons and the unification of the weak
and electromagnetic interactions made it possible to regard
all types of particle collision as due to the interaction of lep-
tons and quarks.'® In this connection, it is of interest to
consider simultaneously multiparticle production processes
in hadron, lepton—hadron, and lepton collisions.* !¢

Multiparticle production in hadron collisions has al-
ready been studied for more than 30 years. In the beginning,
there were the cosmic-ray experiments,’ which were then
followed in the sixties by investigations using accelerators in
the Soviet Union, the United States, and Switzerland (E<2
TeV).“'? In the intervening period, a huge amount of experi-
mental information has been obtained about the characteris-
tics of the secondary long-lived or stable particles (7, K, , N,
A, 3, =, £27), produced in hadron interactions." They are
discussed in detail in the reviews of Refs. 4-12.

However, with the accumulation of these data it has
gradually become clearer and clearer that the secondary
long-lived hadrons are mainly the decay products of short-
lived states (resonances) with lifetimes of 10~2'-10—23 sec.
At first, there were indirect indications—the discovery of
close correlations for pions of opposite sign ( p°—7+7~), the
relatively large transverse momenta of secondary pions,
etc.”” In 1976 there were the first direct measurements of the
intensity of the production of light meson resonances { p, o,
Jf)ininclusive processes, which showed that more than 50%
of the secondary pions are the decay products of these reson-
ances.>’

This relatively late discovery of copious production of

"We shall not discuss the production of charmed particles whose produc-
tion probability is small compared with the ordinary and strange ha-
drons.
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resonances at high energies (E' X 10 GeV) can be largely attri-
buted to methodological reasons (see Sec. 1). Indeed, modern
methods of detecting particles (nuclear emulsions, bubble
chambers, electronic devices) have a spatial resolution of 1-
100 gm, which makes it possible to study directly only the
production characteristics of secondary particles with life-
times 72 10~ ' sec (with 72 10™* cm), i.e., pions, kaons,
and baryons with 7> 10~ * sec. From their characteristics,
using the known kinematics and dynamics of decays of re-
sonances it is in principle possible to recover the characteris-
tics of the production of the resonances (see Secs. 2 and 3)."7

The copious production of resonances in multiparticle
production processes shows that the characteristics of the
secondary long-lived hadrons, studied for many years, are
determined to a large degree, not by the dynamics of the
processes, but by the known kinematics of the decays of the
resonances.

In the present review, the main attention will therefore
be devoted to the experimental results on the production of
resonances as giving the most direct information about the
dynamics and structure of hadrons (see Secs. 2 and 3). There-
fore, we shall not consider the behavior of the production of
long-lived hadrons (KNO scaling, Feynman scaling, corre-
lation phenomena, etc.), which have been discussed in detail
in numerous reviews.”®

From the point of view of the interpretation of the ob-
tained results, it is of interest to consider them in the frame-
work of the semiphenomenological quark—parton model,
combining both hard and soft hadron collisions (see Sec, 4).
The theoretical basis of this model for hard collisions is
quantum chromodynamics (QCD), which, however, does
not give definite predictions for the fragmentation of quarks
into hadrons, and the characteristics of this process are tak-
en from experimental data."* For soft collisions, when the
secondary hadrons have small transverse momenta (p, <1
GeV/c), QCD is not applicable, and in this case wide use is
made of phenomenological models that take into account
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the quark—parton structure of the hadrons. In this respect,
we give preference to the additive quark model, on the basis
of which copious resonance production was predicted in
1973—and discovered experimentally only in 1976 (Refs. 5,
7, and 18-20).

The study of the characteristics of secondary hadrons in
weak and electromagnetic interactions of high-energy parti-
cles has only just begun.’*"'® Only the first results have been
obtained on the production of resonances in these processes;
these show that, as in hadron collisions, their fraction is
large (see Sec. 3). In addition, it is precisely in these processes
that the quark nature of the strong interactions and the dy-
namics of quark transitions at large distances into hadrons,
which cannot be described in the framework of QCD, are
most clearly manifested. Therefore, we shall consider the
available data on the characteristics of the hadron jets pro-
duced in deep inelastic lepton—nucleon collisions and in
e e annihilation (see Sec. 3).

At the end, we summarize the main results of the inves-
tigations of the production of resonances and hadron jets at
high energies.

1. METHODOLOGICAL PROBLEMS IN THE IDENTIFICATION
OF RESONANCES AT HIGH ENERGIES

The most common way of studying the production of
resonances at high energies is by analyzing the distributions
of the secondary particles with respect to their effective
masses (M ) in inclusive processes of the type

a+b—>ct+d+ X, (1)
where X denotes any possible set of secondary particles ac-
companying ¢ and d. If particles ¢ and d are the products of
the decay of a resonance (R ), then the reaction (1) takes place
in two stages

a+b—+R+X—>c+d+X, (2)

and in the distribution with respect to M (¢, d ) one will ob-
serve a peak corresponding to the mass (M) and width
[T (R )] of the resonance. This peak can be described by the
well-known Breit-Wigner formula'”:

_ e Mgl
BW = (ME—PIR)+ Mpl™® ? (3)
T = Ty (g/ga)*™ (Ma/M), 4)

where My and I, are the mass and width of the resonance, /
is the orbital angular momentum of the decay particles, g is
their momentum in the rest frame of the resonance, and g is
the momentum at M = My . Other expressions are some-
times used to describe resonances,'” and they all give similar
values of o{R ) at the present accuracy of the experimental
data.

To measure the production cross sections of the reson-
ances [o{r;)] in the reactions (1) and (2), it is necessary to
determine not only M, and 'y but also the distribution of
the background events with respect to M, especially in the
region of the resonance peaks. Usually, the distribution with
respect to M (c, d ) is approximated by the expression

AN o, (M) 4+ Dy (M) S BBW) - D (M) D) 3,F; (D).

da
(5)

i 7
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where @, (M ) are thebackground distributionsand F; (M ) are
the distributions that take into account the contribution to
dN /dM of resonances which decay into three or more parti-
cles among which the particles ¢ and 4 are included. The
coefficients , 5, and 7; determine the production cross sec-
tions of the resonances and the background processes.

Identification of Ordinary “Broad” Resonances

In the low-energy experiments, when few particles
(n = 3-4) were produced and all their characteristics were
measured, the ratio r =N (R )/N (@) (signal/background)
was, as a rule, significantly larger than unity. There was
therefore no problem in finding the background curve in the
region of the resonance. Uncertainties in its position
(= 10%)led to errors in the determination of (R ) at the level
of a few percent.

On the transition to high energies (E = 10 GeV), the sit-
uation becomes much more complicated. There are two rea-
sons for this: the large number of particles ({n) = 10-20) and
the highly incomplete information about all the secondary
particles (inclusive processes). The large number of secon-
dary particles leads to the appearance of the so-called com-
binatorial background. The point is that even in the most
favorable situation, when only resonances (for example, p°
mesons) are produced in the reactions (1), their number is
N (p°% = n/2,and the number of “*spurious” combinations in
which pions from different p° mesons are combined is
N (7m)~n® and r~ 1/n. It can be seen from this that already
when n = 10-20 the resonance peak may be only 5-10% of
the background, and it will not be clearly revealed in the
experimental distributions. In particular, it was for this rea-
son thatin the period 1968—1974, when there was a relatively
low statistics ( S 5000 events) in multiparticle production ex-
periments, the “signal” from the p’—7+ 7~ decays in the
reactions (2) was not detected. And it was only after an in-
crease in the statistics to tens of thousands of events that a
“shoulder”’ was found in the region of the resonance [r~5-
10%], which, however, corresponded to a large cross section
o p%).'*2* As an illustration, Fig. 1 gives the distributions
dN /dM 7+~ ) for 7 p interactions at p equal to 100, 200,
and 360 GeV/c (event statistics of 770, 17 000, and 30 000,
respectively).>* The signals from the p” mesons are weakly
expressed, though the cross section is o{ p°) = 8.5 + 0.4 mb
[0iner (7 p) = 21 mb] at p = 200 GeV/c. Ifit is borne in mind
that in interactions with a large cross section there is also
production of other resonances { p* , @, £, 4 ©*, etc.), it be-
comes obvious that a large fraction of the secondary pions
result from their decay. Therefore, the pions “carry” little
information about the hadron-production dynamics.

We consider the problem of identifying resonances in
the processes (2) when r ~0.1."%"** We begin with the experi-
ments made at relatively low momenta | p = 16 GeV/¢).>*!
They were made by means of a hydrogen bubble chamber (2
m), in which all the secondary charged particles were detect-
ed (experiment with 4+ geometry). The processes

At b p st w4 X (6)

were studied.
In all, about 400 000 inelastic 7 p interactions were
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FIG. 1. Distributions of #*#~ pairs with respect to the effective mass in
7 p interactions at p = 100, 200, and 360 GeV/c. The broken curves
represent the background processes, and the continuous curves are with
allowance for p” mesons,

measured, and the errors in the measurement of the mo-
menta of the secondary charged particles were 1-29%. Be-
cause of the relatively small number of secondary neutral
pions at these energies [(n(7°)) & 2] and the high accuracy of
the measurement of the momenta of the secondary particles,
it was possible in about 50% of the events to determine the
characteristics of all the secondary (charged and neutral)
particles [exclusive channels of the reaction (6) without neu-
tral particles and with the production of one #° meson or
neutron]. The combination of all these advantages of the

experiments at p =16 GeV/c made possible a relatively
good determination of the production cross sections for the
various resonances (Table I).>! However, even in this case the
signal from the p” mesons appears only as a “shoulder” in
the M (7*7~) distribution (Fig. 2).*° These data were ap-
proximated by the expression (5) without allowance for the
“reflection” of other resonances [F; (M) = 0]. Therefore, for
p° mesons the interval of M (7 *7~) from 0.6 to 1.0 GeV was
analyzed, and for f mesons M = 0.9-1.5 GeV. The back-
ground distribution was taken to be exponential,

D, (M) = B, (M) exp (—AM — B, (7)

the values of My and 'y being free parameters. It was found
that M p° = 0.768 + 0.001 GeV, I'y (p°% = 0.154 4 0.002
GeV  and M(f°)=1.284+0.010 GeV, o (Y
= 0.225 4 0.038 GeV. To within the errors, these are equal
to the tabulated values of Ref. 17. As a result, the following
values were determined: o{p® =4.76 +0.40 mb and
o(f°) = 0.99 4+ 0.10 mb [o,,,, (7*p) = 19.75 + 0.15 mb and
(n, )=4]. The errors in the determination of o(R) are
& 10% and are largely due to the uncertainty in the position
of the background curve (7) at low signal levels.

In experiments made with a 2-m propane bubble
chamber irradiated with 7~ mesons with p = 40 GeV/c by
means of the Serpukhov accelerator the processes

BT p—>at a4 X (8)
were studied, the statistics being 18 000 events (Fig. 3).'° In
this case, allowance was made for the “reflection’ of the
decays w—s7"7 #°[F,(M)] in the spectrum dN/
dM (7 *7r~). The effect is found to be important for
M (7 7~ )<m(w) — m(7°) (Fig. 3).

The function F,, (M) was found using the well-known
expressions for the decay kinematics of the w mesons with
allowance for the matrix element'®:

Fo, (M) ~ M (*a7) 5 [p;pr)2dME (n=a), 9)

where p, ;. are the pion momenta. In addition, allowance was
also made for the experimental resolution function:
(M —m)?
2o (m)

J dm

1

(10)

BW(.11)~_E—' [BW ()L exp| —

o o (m)

where o(m) = 0.071m — 0.019 GeV.,

TABLE 1. Cross sections for the production of resonances in 7 p interactions at p=16

GeV/c.*
Reimnee atki;, mb Contribution to Filp—an)
o{7~), mb Gumtp -y Y
p? 4.8400.4 19, 74£2.0
pt - N
o 2 3405 9.542.0
f 0,63 4+0,07 2.640.3
® 4007 3.7+0.06 15.2+2.5
M 1.54+0.3 0.440.09 1.84-0.3
n' ~ 111 ~ 07 ~0.3
P ~ 0.1 ~ 0.0 ~N,04
2o 0.32-20.20 O 081-0,05 0.3-+0.2
FH= (800 U, 184005 0. 1240.03 0,4940_13
A0 (8901 0.714-0, 10 (470,07 1,903
R#+(890) 0. 7140, 10 - -
ATt (1232) 4670011 — -
¥Cinat (T1P) =200+ 0.2 mb, OR,—>77)=124409 mb=5144% of

Tt (77'-"..0_‘ 7).
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FIG. 2. Spectrum of effective masses of w7~ pairs produced in 7" p
interactions at p = 16 GeV/ec.

The background distributions @, (m) were assumed to
be the same (@, = @, = @;} and were taken in two variants
in order to estimate the possible errors due to the choice of 2
definite type of @ (M ). The first variant used the distributions
of identical pions,

M, (M) - «(M)

dN (mtot AN (mmar

s i L S (11)
which were obtained in the same experiment
[@(M)+B(M)+ 1]. The advantages of @,(M) are the
allowance for the experimental resolution, the “reflections”
of the three-particle decays of some resonances (for example,
Ay—p T 7T ), and, partly, the dynamics of the background
processes. It must be borne in mind that the interference of
the identical particles increases the background when
M — m(27) S 50 MeV by 10-20%, and it is necessary to in-
troduce a “suppression” of this effect on the basis of the
[(M ), B (M )] available in the experimental data.® The distri-
bution with respect to M (#+ 7~ ) in the interval 0.3-2.3 GeV
was approximated by the function (5) with allowance for (9),
(10), and (11). Asa result, it was found that o( p°) = 7.9 + 0.7
mb, o{w) = 7.2 + 0.8 mband o( f) = 1.3 + 0.5mb, with y %/
Naegtree = 1.2 [01a(m™p) =214 £ 0.15 mb and {(n_)

= 5.52 + 0.04].
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In the second variant, the background was specified by
an analytic expression, as at p = 16 GeV/e:

M, \a
O, (M) =K (f”;) exp (DM~ cM?). (12)

where M, = m(r ™7~} — 2m(w), My = 1 GeV, K is a norma-
lization coefficient, and a, b, ¢ are free parameters. With this
background distribution, the following values are obtained:
o(p®)=74+08 mb, o{w=60+08 mb, and
o{f) = 1.4 + 0.5 mb with y /N 40y ee. = 1.1. To within the
errors, the results do not disagree, and the difference
between the mean values of oR ) does not exceed 8%, which
can also serve as an estimate of the additional error associat-
ed with the choice of a definite form of the background dis-
tributions.

In both cases, it was found that o p°) =a{w). The ap-
proximate equality of the cross sections for the production of
@ and 7 mesons agrees with the predictions of the additive
quark model'® and disagrees with the multiperipheral mod-
els.’?

The differential cross sections for resonance production
with respect to the variables x, y, and p} can be determined
by the same method of o(R; ).* In this case, the total distribu-
tion of the =+ 7~ pairs with respect to M (7 "7~ ) is decom-
posed into several distributions with a value of the given
variable for the m 7 system in a definite interval (4x, Ay,
Ap?). These distributions are then analyzed similarly in ac-
cordance with an expression of the type (5). Naturally, in this
case there is an increase in the error in the determination of
the cross sections, as well as in the uncertainty associated
with the choice of the background distributions."***

The identification of the resonances and the determina-
tion of o{R ) becomes a more and more difficult problem at
higher energies. A characteristic example in this respect is
provided by the experiments made at CERN using the accel-
erator with colliding proton beams at E = 300-2000
GeV.?223 The experiments were made by means of a nagnet-
ic spectrometer with proportional chambers. All charged se-
condaries were assumed to be pions, except for positively

FIG. 3. Effective-mass spectrum of 7+ 7~ pairs produced in 7~ p interactions at p = 40 GeV/c. The histogram represents the experiment; the points,
background processes; and the continuous curves, the signals from the p and & mesons.

“Here x = 2p#/\s, p? is the longitudinal c.m.s. momentum of the resonance, {5 is the total energy, and y=11In

83 Sov. J. Part. Nucl. 15 (1), Jan.-Feb. 1984

E*R)+ PR
E*(R)—pl(R)

V. G. Grishin 83



charged particles with |x| 2 0.4, which are protons with a
probability of more than 80%. To obtain a good resolution
with respect to M (wm) (AM /M =5%), pions with p>0.3
GeV/c and Ap/p<0.3 were selected. As a result of these se-
lection conditions, only about 40% of the charged secondar-
ies were considered in the construction of the spectra dN /
dM. Corrections for the efficiency of detection of events and
particles were introduced on the basis of Monte Carlo calcu-
lations using data from other experiments. The systematic
errors in o(R ) associated with the determination of the effi-
ciency were estimated to be at the 10% level.? The probabil-
ity of detecting p° mesons varied from 0.13 (/s = 23.6 GeV)
to 0.21 (63.0 GeV). At each energy (/s = 23.6, 30.6, 44.6,
52.8, and 63 GeV) about 25 000 events were analyzed.

The method described above was used to obtain the
spectra of the 777~ pairs with respect to their effective
masses at different energies (for example, Js =528 GeV,
Fig. 4). For the background distribution, the distributions of
pion pairs from different events normalized to the region 2-4
GeV, where significant dynamic correlations are not expect-
ed, were used. The difference between these distributions is
shown in Fig. 5. ThedN /dM distributions (Fig. 5) were ana-
lyzed by means of the expression (5) in the interval from 0.5
to 1.5 GeV with allowance for the Breit-Wigner function for
the p mesons and the instrumental resolution and efficiency.
The background distribution was taken in the polynomial
form

GO (MY = a M + ay/ M2 (13)
The other background distribution
DO (M) = ay exp (—a,M) (14)

decreases of p°) by 25%.%* The effect associated with the re-
flection of the w—7t 77" decays was studied under the
assumption o(w) = o p°).'® It was found that in this case
o(p°) increases by 20%.2* These changes in the values of
o{ p°) have opposite signs. Therefore, the authors gave the
values of o( p°) obtained usng @ (M), indicating only the
statistical errors. For example, at s =63 GeV, of 2’
=20.9 4+ 2.4 mb and (n(p°%) = 0.59 4+ 0.07. At low ener-
gies (s = 24 GeV), the value o{p° = 12.4 + 1.7 mb ob-
tained in this experiment agrees with the data of other ex-

periments made by means of bubble chambers at the
Fermilab accelerator (Batavia).

Consideration of typical experiments on the deter-
mination of g{R; ) for meson resonances ( p, @, f) shows that
at high energies the large number of “spurious” combina-
tions (combinatorial background) means that o(R ) cannot be
measured with an error of less than 10%. However, in a
number of cases one can appreciably reduce this background
by, for example, studying the production of resonances
through their rare decays in which there are no pions. In this
case, the number of spurious combinations is small
[{n(R,)) = 1]. A good example in this respect is provided by
reactions of the type

a—+ b=’ (0" + X — purp- (efem) - X, (15)

19-24

in which the background processes (direct lepton pairs, ha-
dron decays into leptons, etc.) make up only 10% of the
resonance peak in the distribution with respect to
M (¥ 1 7).* This makes it possible to determine o{R, ) with
an error of 5-10%. The probability of p(w) decays into lepton
pairs is 10~ times smaller than through the channel p°— 27
or @—37. Therefore, the reactions (15) can be studied only
by means of the electronic method. Unfortunately, there are
as yet no measurements of cross sections of processes of the
type (15) in the complete range of variation of x.

Identification of Baryon and Strange Resonances

Somewhat different problems arise in the investigation
of the production of baryon and strange resonances, the frac-
tion of which at £ 5400 GeV is still small (510%) in the
interactions of ordinary particles (pions and nucleons). In
this case, it is very important to have a correct identification
of the particle species. In bubble chambers, charged pions,
kaons, and protons can be distinguished by means of ioniza-
tion only for p < 1.5 GeV/c. At higher momenta, the particle
species is, as a rule, unknown. For the construction of the
effective-mass distributions of the pions, which constitute
% 80% of all secondaries, an “incorrrect identification” of
the fast particles (K + ,p—7* )ina relatively small fraction
has a weak influence on the resonance peaks but increases
the background. The situation is greatly complicated when
baryon resonances are investigated.

l——a,_‘77 T o - —
dn/am, 10
fan
2 =
71
| (] '
0 7 2 7 4

M+ =), GeV

FIG. 4. Effective-mass distributions of w* 7~ pairs in pp interactions at /s = 52.8 GeV.
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FIG. 5. Effective-mass distributions of 7 7 pairs after subtraction of background processes (pp, s = 52.8 GeV). the broken curve is the background
distribution (13), the continuous curve represents Eq. (5) with allowance for p° production, and the histogram represents the experiment.

As an example, we consider the experimental studies of
the processes
p— AT (1232) = X —p nt + X (16)

K~ (m*)

at p =16 and 32 GeV/c.” In this case, the protons were
identified by means of ionization in a hydrogen bubble
chamber when p S 1.4 GeV/c. Their fraction among the to-
tal number of secondary protons was about 40%. The 7~ p
interaction cross sections o4 T T —p( 51 GeV/e)r™]

= 0.63 + 0.05 mb was found to be one third of the total
crosssection [o{4 * *) = 2.00 + 0.13 mb]. It was determined
by constructing the distributions with respect to the effective
mass M (pr™) both for events with an identified proton and
without one. In the latter case, it was assumed that each of
the positively charged particles with p 2 1 GeV/c could be a
proton or a 7+ mesons (Fig. 6). The background distribution
was chosen in the form

O (M) ~ ge=", (17
where g is the momentum of the decay particles in the rest
frame of the resonance. The distributions clearly reveal a

broad peak in the region of the A resonance with a much
larger background “pedestal” than in the events with an

—
a6 mb
aM .02 GeV
Lo}
a5
4 4
¢ . +; Pe1GeV/c
+ “i'HﬁHHHU“H“H
4 (x5)
gl 1 1 1 1 1 1
71 1.7 1.5 W7

Mpr?), GeV

FIG. 6. Effective-mass spectrum of 7 p systems produced in Kp interac-
tions at g = 32 GeV/c. The broken curve is the background distribution,
and the continuous curve takes into account the production of the 4 * "
resonance. Below, the distribution with respect to M (7™ p) in events with
an identified proton (p 5 1.0 GeV/c).
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identified proton. Analysis of these distributions using Eq.
(5) gives the values of ofd " ")=4.67+0.11 mb,
2.00 + 0.13 mb, and 1.76 + 0.07 mb for the 7" p, 7~ p, and
K ~p interactions at p = 16 GeV/c and 1.75 4 0.15 mb for
K ~p collisions at p = 32 GeV/c.*®

The values of M (A **)and I" (4 * ) were found to be
1.228 + 0.001 GeV and 0.123 + 0.003 GeV for 7" p interac-
tions and agreed to within the errors with the values tabulat-
ed in Ref. 17.

The errors in o(4 + ) given at the 5% level are clearly
too low, since they do not take into account the uncertainty
in the describing of the background curve and its “distor-
tion” due to incorrect identification of particles (7 —p) in
practically every event. Nevertheless, a resonance signal is
revealed despite this huge admixture and the “incorrectly”
identified particles. They probably give a “smooth” back-
ground in the region of the 4 ™ resonance. Naturally, an
approach of this type can also be used to determine the o(R )
of strange resonances [for example, K °*(890)—»K* 7 ¥ ],
when complete identification of the K* mesons is impossi-
ble, and their fraction among the secondaries is 20-40%
(K * p interactions).

With increasing energy, the efficiency of this method of
identifying resonances will decrease because of the increased
number of secondaries. In this case, as in the study of the
production of p° (@°) mesons, it may be preferable to investi-
gate rare decays of the baryon resonances:

AF (N*) = N + 09 (") — N 4 ptp~ (ete),
AF(NF) eV b0y

(18)
(19)

ete.l”

identification of Neutral Strange Particles

In large bubble chambers, decays of secondary neutral
strange particles can bedetected: A *—pr~ and K g—7" 7.
This makes it possible to obtain data on the production of
resonances that decay with the participation of A ° particles
and K ° mesons. The main background processes in the iden-
tification of A © and K ° particles are e*e™ conversion pairs
produced by photons arising from the decay of secondary
neutral pions (7°—yy). At E 5400 GeV, the angle between
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the electron and positron of the pair (8, ~m, /E,)isstill,as a
rule, appreciably smaller than the angle between the hadrons
resulting from the decay of the A° and K° particles
(6,~0.1 GeV/ E ;o). Therefore, at these energies one can
with good efficiency (better than 80%) identify decays of
neutral strange particles. With increasing energy, an ever
larger fraction of the neutral particles will decay outside the
effective volume of the chamber, and the identification of the
detected decays will become an ever more complicated prob-
lem because of the small angle between the secondary parti-
cles (6,~0.1/E, x,) and the large number of background
e*e™ pairs.

At the existing energies of the accelerators of ordinary
type (n(A %)) 0.3 and (n(K %)) £ 1.0, and therefore the com-
binatorial background is also less than in the study of the
production of p and » mesons. In addition, the first strange
resonances X *(890) and 3 *(1385), which decay into K7 and
A, have small widths [I" (K *) = 50 MeV and I' (2 ¥} =35
MeV], which also makes it possible to improve the signal/
background ratio. Therefore, the accuracy in the determina-
tion of the o(R ) of these resonances by means of the chamber
method is usually basically determined by the statistics of
the events with detected decays of strange particles, since
(A %)~ 1.5 mb and o{K 9)~2-3 mb.

As an illustration, we give the results of a study of the
production of K **(892) and ¥ *(1385)in 7" p and K *p in-
teractions at p = 32 GeV/c by means of the hydrogen bubble
chamber MIRABELLE.” Altogether, measurements were
made of 101 499 inelastic K *p interactions and about 5500
inelastic = p collisions. The substantial event statistics in
the K *p interactions made it possible to detect and measure
in the effective volume of the chamber about 10 500 decays
of K5 mesons and about 2700 decays of A hyperons. The
procedure described above for analyzing the effective-mass
distributions M (Kw) and M (A7) yielded ofK *+(890)]

=344 0.3 mb and o[Z**(1385)] =0.12 + 0.02 mb. In
both cases, a resonance peak could be clearly seen in the
distributions (rZ 1).

Because of the relatively low statistics of analyzed
events in 77 *p interactions the X **+(890) and 3 *(1 385) pro-
duction cross sections were determined with large errors:
o(K*%)=1140.6 mb and (3 **) = 0.20 + 0.08 mb.?’
Thus, the accuracy in the measurement of o(R;) for reson-
ances thatdecay with the participation of A °and K ® particles
at E 5400 GeV is largely determined by the event statistics,
and the influence of the combinatorial background and the
other background processes is much less than in the study of
the production of meson resonances and 4 isobars.

The chamber method was used to investigate the pro-
duction of the resonances = *(1530) with strangeness
§' = — 2. They were studied in the reaction

K"%pﬂ-E‘—}-ﬂ.‘”-FX—»A“%—JT‘%:H 4 X (20)
at p =16 GeV/c.*® Altogether, an analysis was made of
410 000 inelastic X ~p interactions detected by means of a
hydrogen chamber (CERN, Geneva) and the number of 5 -
hyperons found was 861 [o(Z ~) = 135 15 b). The distri-
bution with respect to the effective masses M (£ 77") re-
vealed a clear peak (r>3!) with M (R ) = 1535 + 4 MeV and
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I'(R ) = 14 & 5 MeV. Application of the standard procedure
yielded o[(5 *°(1530)] = 32 + 5 ub, which is a record for the
study of the production of resonances with such a small cross
section.

Thus, data have now been obtained on the production of
resonances in hadron interactions in a wide range of energies
(£=2000 GeV). Their total cross sections have been mea-
sured in the range from a few microbarns to tens of milli-
barns. Most of the secondaries are produced by decays of
resonances, which means that it is necessary to develop
methods of identifying them in order to study the particle-
interaction dynamics.

The various methodological problems associated with
the measurement of o(R; ) can be reduced to three main ones,
which are characteristic for all types of particle interaction.

The first problem is associated with the large number of
secondary particles of a given species (#;). For £ <2000
GeV, this applies largely to the identification of the meson
resonances ( , , etc.). In this case, the large combinatorial
background (about 7}) has the consequence that even in the
case of large cross sections [o(R;)~ 10 mb] the signal from
the resonances is only 5-10% of the background and exact
measurement of o(R; ) becomes difficult. With increasing en-
ergy, this problem also arises for other particles (K, N, N,
etc.). One of the possible ways out is to measure o(R;)in rare
decays of resonances [for example, p°(w®)—u*p~(e*e )]
using the electronic method. This will be possible as long as
(n(R;)) S1-5. At even higher energies (E 2 10° TeV), this
method of resonance identification also becomes ineffective.

The second methodological difficulty is associated with
the absence of complete identification of the charged secon-
daries. In the first place this applies to measurement of the
production cross sections of nucleon isobars and strange re-
sonances which decay into charged particles
(K*¥—K* 7% , T*F A% etc.). In this case, the com-
binatorial background is less than in the determination of
the meson-resonance cross sections (£ S 400 GeV), but the
absence of information about the species of the secondary
particles may lead to additional systematic errors difficult to
estimate (see the discussion of the method of identification of
the 4 isobar).?® Of course, it is in principle possible by means
of electronic methods of particle detection to obtain more
complete information about the species of secondary parti-
cles than it is in experiments made using the chamber meth-
od. However, as yet this is in practice possible only for a
relatively small range with respect to the variables x and i

Specific features of the identification of resonances arise
in the study of neutral strange particles. With increasing en-
ergy in this case, the background from conversion e*e-
pairs makes the identification of the A ° and K particles
more and more difficult. In this connection, it is necessary to
develop electronic methods of detecting such particles with
suppression of the background from the y—e*e processes.

A new region of energies is now available for experi-
mental investigations since the commissioning of the accel-
erator with colliding proton and antiproton beams at
CERN. Their energies 270270 GeV in the c.m.s. corre-
spond to = 150 TeV in the laboratory system for accelera-
tors of the ordinary type with a fixed target. The physicists
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that investigate cosmic-ray interctions®* have some exper-
ience of working at these energies. However, it is clear that
detailed study of strong interactions is only possible using
accelerators. The mean multiplicity of the charged secon-
dariesis {(n , ) =27 + 2at E~ 150 TeV. Itis approximately
2.5 times greater than at £ = 2 TeV for pp collisions. At such
a multiplicity, the methodological difficulties of identifying
light resonances that decay into two or three particles in-
crease (~n®). It is quite possible that at these energies only
the characteristics of groups of particles will be studied with-
out particularization of their origin, together with the study
of the production of heavy resonances (or clusters) decaying
into many particles (n , % 5). Of course, for events with low
multiplicity (n, S{n_ )) the production of light reson-
ances will be investigated, as at E52 TeV.

We note finally that the methodolological problems of
idetifying resonances produced in weak and electromagnetic
interactions of leptons with nucleons in e*e collisions are
just the same as the ones considered above.

2. PRODUCTION OF RESONANCES IN SOFT HADRON
COLLISIONS

At the present time, the most complete information
about the production of resonances has been obtained in the
study of soft hadron collisions at £ <2 TeV.

Some results on the production of resonances at rela-
tively low energies (E <100 GeV) have already been re-
viewed.> " In recent years, new results have been obtained on
the production of vector and tensor mesons ion K = p inter-
actions at p = 32 and 70 GeV/c.”” In this connection, we
shall merely recall the main results at such energies and
dwell in more detail on the recent Kp experiments, which are
of interest for testing theoretical models. We devote our
main attention to the results at £ > 100 GeV.

Total Cross Sections and Mean Multiplicities of Resonances

A compilation of data on the p°, f°, K *(890), and ¢ me-
son production cross sections in pp, pp, and 7+ p interac-
tions at E < 2 TeV isshown in Fig, 7.7-*° We first consider the
data obtained in pp interactions. In this case, the meson re-
sonances are produced mainly in the central region
(|¥*| $2). For example, p—p" fragmentation is approximate-
ly five times less than o, ( pp—p°) in the central region.”** It
may therefore be assumed that the energy dependence of
o(R,;)is largely determined by the growth of the cross section
in the central region. The value of of p°.s) was found to be

o, = (0,38 & 0,02) In*s — (2,1 4 0,4), 21)

where o, is measured in mb and s in GeV? (the continuous
curve in Fig. 7).*> A similar dependence of o(R;,s) on s de-
scribes satisfactorily o{ /°,5) and o(K *, 5). The somewhat dif-
ferent behavior of a{ p°) for 7= p interactions is due to the
relatively low energies at which the data were obtained and
the large fragmentation cross sections o¢(7 = —p"), which
are 30-50% of o(p°).” The results obtained show that at
E<100 GeV an important part is played by processes of
annihilation [see, for example, o{ p°) for pp interactions in
Fig. 7] and fragmentation of the primary particles, and
therefore the transition to the “asymptotic” regime begins at
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FIG. 7. Energy dependences of resonance production cross sections in pp
(black circles). pp (open circles), and 7 * p (crosses) interactions. The
curves are explained in the text (see Sec. 2).

high energies even for the lightest resonances ( p° mesons).”
Naturally, for the heavier meson and, especially, baryon re-
sonances one must expect an increase in this transition point,
which must be taken into account when the existing data are
extrapolated to higher energies (for example, for the energies
of the new CERN accelerator, E ~ 150 TeV).

The mean multiplicities (#(R;)) in inelastic pp interac-
tions are practically constant for £= 100 GeV and are
(n(p") =0.60+0.06, (n(f)) =0.17+0.03, and
{n(K *(890)) =0.14 + 0.04.*° This is due to the fact that in
the considered energy interval the total interaction cross sec-
tions of hadrons increase in the same way (o~ In%s) as o(R, ).

Knowing the cross sections o(R, ), we can find the frac-
tions of the various species of long-lived particles produced
by their decays. For example, for 7~ mesons in pp collisions

o O (pp—rptX) qr . _
&l )= way O 0.0 } (22)
0 (pp—JX) -
o (= av7) = SELZLEL —0,025 = 0.005.

From this it is possible to estimate the total fraction of the
negative secondary pions produced by the decays of the light
meson resonances ( p,e). For this purpose, we use the data on
o(p) and ofw) at E=10-24 GeV.> They show that
alp*)=o(p~)=0c(p°) and of p°)=o{w"). Similar relations
between the cross sections for the central region are obtained
in quark models>™'® As a result, we obtain
a, (p.w)=752%

For more accurate determination of &(R, ), information
is needed about o(R; ) for the various species of resonance. At
relatively low energies (£ S 40 GeV), such data are available.
As anillustration, we give the values of ¢(R; ) in 7 p interac-
tions at p = 16 GeV/c (see Table I).?' It can be seen from the
table that 51 4+ 4% ofthe 7~ mesons are produced by decays
of identified meson resonances, among which about 43%
give decays of vector mesons ( p,@). Similar results have also
been obtained in other experiments for Kp, #p, pp, and pp
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interactions at £ = 40 GeV.>’ At higher energies, because of
the methodological problems in identifying the resonances
(see Sec. 1), the information about o(R, ) is much sparser (Ta-
ble II).” However, in this case too (E = 1400 GeV) we have
a(p, o, f)=60%. Thus, pions, which constitute the main
fraction (=~ 90%) of the secondary long-lived particles, are
frequently produced by the decay of resonances and are
therefore only indirectly related to the interaction dynamics
of the primary hadrons.

The sitnation is similar for the K mesons. More than
50% of the K mesons are produced by the decays of the
K *(890) resonances.”%3¢

It can also be seen from the data obtained at high ener-
gies (see Table IT) that besides the vector mesons with a rela-
tively large cross section the resonances f; K *{(1430), and g
with larger spins (J* = 2%,37) are produced. Their produc-
tion cross sections are about 20-25% of the cross sections of
the corresponding vector mesons [p, K *(890)], but in the de-
cays they give, as a rule, more pions than the vector parti-
cles."” Therefore, their contribution to the production of
pions and kaons is appreciable. Unfortunately, at high ener-
gies there are no more complete data on the preduction of
resonances belonging to the higher unitary multiplets. At
relatively low energies (p = 32 and 70 GeV /¢), such informa-
tion has been obtained for K* p interactions.”” Table III
gives data on the mean multiplicities of vector and tensor
mesons in K * p interactions at p = 32 GeV/e. For compari-
son, we also give (n{R,)) obtained in the framework of the
additive quark model; these agree satisfactorily with experi-
ment, except for {(n(K'* (890)). The sum of the cross sections
for the production of tensor (T) mesons [K *(1430), f] is
16 4 2% of the total inelastic cross section of Kp interac-
tions [¢,,, (K *p) = 15.33 mb], whereas the cross section for
vector (V) mesons is 66 + 4% and R (T/V)=0.25. Thus, the
tensor mesons may give about 20-25% of the secondary
pions and kaons. Thus, the available data on the production
cross sections of the meson resonances show that about 70—
80% of the pions and kaons are produced as a result of their
decays.

In contrast to the mesons, the secondary baryons are
largely produced by the fragmentation of the primary nu-
cleons (N—B ).>73%3! Indeed, the energies are still too low
(E<2 TeV) for copious production of baryon—antibaryon
pairs [#(p) S 0.1 and (n(A)S0.01 (Ref. 5)]. In this connec-
tion, the “threshold” effects in the energy dependence of
o(R;, 5), which for light meson resonances appear at £ = 100
GeV, are important in the entire region of the considered

TABLE II.  Resonance-production sections

energies in the case of the baryons. Allowance for these ef-
fects is extremely complicated and model-dependent. For
the fragmentation region, models such as the additive quark
model give many helpful relations between o(R,) (see Sec.
4),18.32-35

Information about production of baryon resonances is
much sparser than it is about the meson resonances. This is
due to the methodological difficulties of identifying broad
nucleon resonances, the problem of identifying particles
with p % 1 GeV/c, and the small production cross sections of
the strange resonances (see Sec. 1). At the present time, there
are data on the production cross sections of the 4 *+(1232),
X+ (1385), and = °(1530) resonances in 7 p, K * p, and pp
interactions at E' = 400 GeV (Refs. 5, 7, 26-28, and 30). It has
been established that about 309 of the protons, A particles,
and & hyperons are produced by decays of these resonances.
For example, in E = 405-GeV pp interactions 28 4 4% of
the A ° particles are produced in I ** (1385) decays.’® At
higher energies (£ = 1000 GeV) in pp collisions there is
found to be copious production of heavy nucleon isobars:
N *(1520) and N *(1688) (r=0.6 mb).*’ Unfortunately, be-
cause of the methodological difficulties of identifying the
production of baryon resonances in colliding-beam experi-
ments, data on the total o{B *) at EZ 400 GeV are almost
absent.

Thus, it has now been established that for £ = 100 GeV
a large fraction, 60-80%, of the secondary particles have a
“resonance” origin. What is the source of the remainder? As
yet, the methodological difficulties of identifying short-lived
states at E'2 100 GeV make it impossible to answer this ques-
tion definitively. There are only indirect arguments that the
contribution of heavy resonances (or clusters) is also impor-
tant.* Therefore, not more than 109% of the pions and kaons
are directly produced in the primary collisions of the parti-
cles. This estimate of the fraction of “direct” pions follows
from analysis of the distributions of the resonances and the
pions with respect to their transverse momenta (see below).
Another estimate was made in the framework of the additive
quark model, which satisfactorily describes the experimen-
tal data on ofR,;)."®* It was found that the fraction of “di-
rect” pions does not exceed 5% (see Sec. 4).

Distributions of Resonances with Respect to the c.m.s.
Longitudinal and Transverse Momenta

In the region £ = 10-30 GeV, the c.m.s. rapidity distri-
butions of the p mesons have a plateau for [p*| <1 and de-
crease rapidly for |yp*| 2 1-1.5 for pp interactions.>’ To with-

Cross in pp interactions at

V3 = 52.5 GeV (p= 1460 GeV/e).

Resonance a (Ri)’ mb —M . %

G{pp>mm) "1

po 24.3-+2 1 154-2
I 5.441.2 2.54-0.5
g0 2.24+0.6 ~0.4
K*0  (899) 4.341.0 1.6-0.4
K*0 (1430) 1.0-0,2 ~0.3
9 1.34-0.4 ~ 0.1
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TABLE III. Mean multiplicities of meson resonances in K* p interactions at p = 32

GeV/e.

Additive
Type of resonance < n(R) > gp <n(By)>g-p quark

model
K+ (890) 0.23:£0.01 — 0.34
K- (890) — 0,24+0.02 0,32
K0 (890) 0,2124-0.03 = 0.19
Ko (890) — 0.21=0.02 0,18
po 0.224-0.02 0.2440.04 0.25
L4 0.03140.006 0.0360.005 0.030
AT (1430) 0,000-0,016 -— 0.070
K- (1430) — 0.054=-0.014 0.066
r G
EU (1430) 0.0494-0.016 __ 0.031
Ko (1430) —_ 0,0742-0,022 0,031
[ (1270) 0.06040,014 0,0520.02 0.043

in the errors of + 109, the p°, p™, and p~ distributions do
not differ. In principle, this behavior of o(y*) corresponds to
the ideas about the production of p mesons in the central
region, although the energies are still low.

At higher energies (E = 0.2-2.0 TeV), there are only the
first data on o,( y), obtained for pp interactions.”® They are
shown in Fig. 8. In this case, the range of variation of y is
already four units and one can see a rapid decrease in the
cross section o{p®) as y—y( p), i.e., in the region of proton
fragmentation (p—p°). Ifit is assumed that the central region
is |y| <2, and the fragmentation region by y( p) — y<2, then
at s =63 GeV we obtain o;(p°) =19+ 0.4 mb and
o.( pp—p°®) = 8.1 + 1.2 mb. Similar results are obtained for
o[K+ (890)] in pp interactions at p=405 GeV/c:
o[ p—K *890)] =0.6 + 0.3 mb and o [pp—K *{(890}]

= 7.1 4+ 1.4 mb.?° Thus, the cross section for the production
of meson resonances ( g, K *)in the central region isapprecia-
bly greater than in the nucleon fragmentation region.

For 7% p and K* p interactions in the fragmentation
region [7* —p* (p°) and K+ —K* *(K *°)] the production
cross sections of these resonances are comparable with the
corresponding cross sections for their production in the cen-
tral region, which is due to the similar quark composition of
the m(K) mesons and p(K *) resonances. The relations
between o and o, are considered in the additive quark mod-
el (see Sec. 4).%”7

The most complete data on the momentum distribu-
tions of different resonances have been obtained in Kp inter-
actions with p of energy 32 and 70 GeV/c.” Figure 9 shows

&
B j &_,JTJJ
Sl ++,|/+’ T
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- ’/
0 1 z 7 e

Yiab = Ymar —
FIG. 8. Dependence of do/dy on Y1y, = P, — ¥ for Js = 20-63 GeV.
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the invariant structure functions

E¥ g
flx)= g (—m) 'ﬁfﬁpi (23)

for the K T(890), K *(1430), K °(890), and K °(1430) reso-
nances produced in K * p interactions at p = 32 GeV/c.”

The diffraction and quasi-two-particle channels for
production of resonances are eliminated from these distribu-
tions, and the scales of the cross sections along the ordinate
are chosen to make the areas under the distributions f (x) of
the vector and tensor mesons equal. Figure 10 gives do/dy*
for the p° and f° mesons, and o p°) normalized by o( /).
From these distributions and Table III a number of impor-
tant conclusions can be drawn.

First, the cross sections for the production of meson
resonances belonging to one unitary multiplet are the same
to within the errors, except for o(@). For the multiplet of
vector mesons [K*890), p with J=17],
{n(R;)) = 0.22 + 0.02, and for the tensor mesons [K *(1430),
f(1270) with J* = 2], {n(R;)) = 0.056 + 0.018. The coef-
ficient of “suppression” of the production of the tensor me-
sons relative to the vector mesons is A = 0.25. Hence and
from other experiments (Ref. 5, 7, and 31-35) it follows that
the cross sections for the production of resonances belonging
to one unitary multiplet are approximately the same, while
the probability for production of the tensor mesons is 0.25—
0.30 that of the vector mesons.

Second, to within the errors the mean multiplicities of
theresonancesarethesameinthe X *pand X ~pinteractions
at the same energy and for the corresponding substitution
K ** K —* K °* K °* Thismeansthatthestrangeand or-
dinary quarks in the primary K mesons [K *(su), K ~(si)]
fragment into hadrons independently of each other, and the
probability of “coalescence” of the valence quarks of the X
mesons and nucleons is small.>”

In addition, the actual distributions of the structure
functions with respect to x and y* (see Figs. 9 and 10} do not
differ, to within the errors, for resonances with the same
quark composition [f(K *(890)=/f(K *(1430)) and f(p"

BAtLp = 70 GeV /e, f(x) hardly differs from the functions given in Ref. 27.
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FIG. 9. Structure functions of K * mesons produced in K *p interactions at p =32 GeV/e.

~f(FO

In this connection, it is natural to assume that they have
the same (or a universal) production mechanism. All these
results confirm the basic assumptions of the additive quark
model in the first approximation, !332-35

The experimental information on baryon resonances is
much sparser (see Sec. 1).

In Refs. 26 and 27, a study was made of the production
of baryon resonances in the reactions

K*p — A*++ (1232) + X, (24)
K*p —» S+ (1383) - X, (25)
K+p-—» 2- (1385) + X (26)

at p = 32 and 70 GeV/c. The total cross sections o (R, ) and
the momentum distributions of the resonances were ob-
tained. For example, for K *p interactions of{d **)
= 1.77 £ 0.16 mb, o[Z *(1385)] =0.119 4+ 0.020 mb, and
o[Z ~(1385)] = 0.053 + 0.016 mb. The distributions of the
resonances with respect to x and y show that they are pro-
duced mainly in the proton fragmentation region. The basic
features of these distributions with respect to x can be ex-
plained qualitatively by recombination of a valence diquark
of the proton (uu) with u quarks from the “sea” for thed *+
isobars; for X *(1385), besides this process, the mechanism of
recombination of one of the valence u quarks is also impor-
tant; X ~(1385) is produced by the recombination of a va-
lence d quark of the proton.”

In the region of proton fragmentation (x< — 0.5),
where the diquark (su) recombination mechanism is pre-
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FIG. 10. Distributions of ¢ and £° mesons with respect to y* (Kp interac-
tions, p = 32 GeV/c).

“We recall the quark composition of the baryon resonances: A + *uuu),
T "M uus), T *(dds).
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dominant, thespectraoftheA ¥ * and X ** resonances have
a similar shape, and the ratio of their cross sections is
olZ*t)
old ")
fraction dissociation to the cross section o{d **)], which
agrees well with the prediction of the additive quark mod-
el.?” Similar results were obtained in other experiments at
E<400 GeV.*** These data show that at the existing ener-
gies, when the baryon resonances are largely produced in the
nucleon fragmentation region, there are different mecha-
nisms of their “formation” from the “primary” quarks. The
relationship between them is as yet almost unknown, and
therefore the theoretical interpretation of their production is

much more complicated than for meson resonances (see Sec.
4) 34,35

=0.075 [after subtraction of the contribution of dif-

Of special interest are the momentum distributions of
the resonances and baryons in the fragmentation region of
the primary particles (|x|>0.1-0.5). It is expected in various
theoretical approaches and on the basis of naive quark ideas
that at high energies these momentum distributions reflect
the distributions of the quarks in the primary hadrons.”® In
this connection, the invariant cross sections of hadron pro-
duction are usually approximated by the function

f@)=400— |z (27)

which describes the structure functions of the valence
quarks in the nucleons obtained from experiments on deep
inelastic lepton—nucleon scattering. In Table IV, we give the
values of n,, obtained for K *p interactions at p = 32 GeV/
¢.”” The diffraction and quasi-two-particle channels in the
processesK *p—K *(890), K" X were eliminated. In the same
table, we give the theoretical values (n,,) obtained on the
basis of quantum chromodynamics.*® In the model it is as-
sumed that the distribution of the valence quarks varies
weakly as a result of the primary interaction initiated by
gluon exchange. The production of secondary hadrons in the
fragmentation regions occurs as a result of recombination of
one of the valence quarks (or a diquark) of the meson (or
baryon) with sea quarks, The difference between the x distri-
butions of the 5 and u quarks in the primary K mesons was
not taken into account. As can be seen from Table IV, there
is good agreement in the nucleon fragmentation region
(x< — 0.3) between ., and n,, . The x distributions for 7+
and 77~ mesons in the nucleon fragmentation region agree
with the x distributions of the corresponding  and d quarks
in the proton known from deep inelastic lepton—nucleon
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TABLE IV. Values of n,,, obtained by approximating f(x) by the function (27) for X *p
interactions at p = 32 GeV/c¢.*

Type of particle Interval of x Mg (32 GeV/c) Ay
Kn >=0.3 0.60+40.05 1
K=t (890) =0.3 0.3040.06 1
T =0.6 2.140.1 3
p° =03 210,35 1
AP >0.3 1.600,15 2
Al =<-—0.2 1,0£0.2 1
T+ (1385) < 0 w1 1
T#- (1385) < 0 1.840,7 4
pt <—0.3 3.140.4 3
n* < —0.6 3.00.2 3
- <-0.6 3.940.7 4

*Similar results for n_,, are obtained for K *p (70 GeV/c)and K ~p (110 GeV/c) interac-

tions.

scattering [u(x)~(1 — x)* and d (x) ~(1 — x)*]. On the other
hand, there is an appreciable discrepancy for the kaon frag-
mentation region (x>>0.3). In Ref. 37 it is attributed to the
difference between the x distributions of the s and u quarks in
the primary K * mesons. Indeed, the difference between the
momentum distributions of the p and f mesons and the K *
resonances (see Figs. 9 and 10) shows that f(x) for the u
quarks ( p and f mesons} is not the same as for the s quarks
(K * resonances). These data were used to obtain the esti-
mates {x(5)) = 0.35 and {s(u)) = 0.17, where {(x[5, u)) are
the mean fractions of the total reduced momentum of the
primary kaon corresponding to the valence quarks.*®

At higher energies (F = 0.1-2 TeV), there are as yet un-
fortunately no such complete data on f(x) for resonances. In
this connection, it is generally the distributions of the secon-
dary baryons, which are frequently produced directly, that
are analyzed. For example, for pp interactions
(s = 25-62 GeV) approximation of the baryon distribu-
tions by the function (27) in the region x = 0.2-0.8 yielded
the following values*®: n(A, p) =5, n(Z ~)=3,n(Z +, A %=1
and n( p)=~ — 1. These values of n correspond to the n,;, ob-
tained from quark counting rules*': n, = 2n, — 1, where n,
is the number of different quarks in the primary and the
secondary baryon, and they do not contradict the results
obtained in Kp interactions (see Table IV).

Thus, the first data on f(x) for the resonances and bar-
yons show that at large values of |x| they probably reflect
well the quark distributions in the primary hadrons. How-
ever, the errors in the determination of n, (R; ) are still large
{especially as |x|—1) and the energy is too low for one to be
able to identify unambiguously the fragmentation region.
Therefore, measurements of f{x) for resonances at E>1 TeV
are needed.

Interesting results are obtained when the distributions
of the resonances with respect to their transverse momenta
are analyzed.”” Already at low energies (E & 30 GeV) it was
noted that these distributions of resonances with M 1.4
GeV [p. w. 7, £, K *(890) and the 4, 2 *(1385) baryons pro-
duced in wp, Kp, pp, and pp interactions] can be well de-
scribed by the simple dependence.
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g—:@-—d‘i.—;:(n () exp(—bpl) (28)
with (b ) = 3.4 (GeV/c) ™ *inthe range of variation of p? from
0.210 2 (GeV/c)*.® The difference between the values of b for
the different resonances does not exceed 10%. This means
that (p, (R;)) = 0.5 GeV/c (for pions, {p, ) =0.34 GeV/c).
At higher energies (vs = 23-63 GeV) it was found for p° me-
sons produced in pp interactions that b = 3.3 4 0.2 (GeV/
¢)"%and {p, (%)) = 0.49 + 0.02 GeV/c (Ref. 23).”

The universality of the distributions of the resonances
with respect to p} makes it possible to estimate the fraction
of ““direct” pions.” It is found that for p; >1 GeV/c the pion
distribution can also be described by (28) with 5~3.4 (GeV/
¢)~2, whereas at smaller p, it has a complicated form (Fig.
11). A natural explanation of this phenomenon is that the
overwhelming majority of the pions with p, 51 GeV/c are
produced by the decay of resonances. The lower the energy
release in the decay of the resonances, the smaller the trans-
verse momentum of the decay ions. Therefore, the distribu-
tion of all the pions differs strongly from (28). On the other
hand, the similar behavior of the pions and the resonances
for p, >1 GeV/c suggests that they are all produced in the
same way. Hence, by extrapolation to p?—0 in accordance
with Eq. (28) it was found that the fraction of direct pions is
a(ry)=10%.5*!

A different estimate of the fraction of direct pions
(about 5%) was obtained in the framework of the additive
quark model with allowance for the experimental data on the
production of some heavy meson resonances [f, K (1420),¢].%°
A similar treatment of the production of kaons in pp interac-
tions at p = 405 GeV/c shows that the fraction of the “di-
rect” kaons does not exceed 30%.%°

Of course, for a model-independent quantitative esti-
mate of a(r,) and a(K ;) we need experimental data on the
production of heavy resonances (or clusters). However, the
available results do indicate that the overwhelming majority

“The value of {p, (R,)) is larger for heavier resonances. For example, for
the ¥ mesons (g, } =129+0.05 GeV/c and for ¥ we have
{p.) =175+ 0.19 GeV/c at s =63 GeV.>® A certain increase in
{p, (R,)) for K *(890) with increasing energy is also observed.*’
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FIG. 11. Distributions of pions from the decays of p, £, 7, and @ mesons
with respect to p} (7 *p interactionat p = 16 GeV/e).

of the pions and kaons are produced by the decay of reson-
ances. This leads to a review of the nature of the behavior
established for the production of long-lived particles.”’
Most of the behavior is determined not by the interaction
dynamics but by the kinematics of resonance decays, which
is known from experiments at low energies (E = 10 GeV).

Characteristic examples here are the *“seagull” effect
[the increase in (p, (x)) with increasing x for pions and
kaons] and the increase in {p, (M)) from 0.34 GeV/c for
pions t00.5-0.6 GeV/c for the A and X particles.®” They can
be readily explained by the established features of the pro-
duction of resonances and direct pions and kaons ({p, ) =0.5
GeV/c). Therefore, in the first approximation there is no
dependence of (p, } on x and M in the first stage of the pro-
cess (2). In the decays of the resonances, the transverse mo-
menta of the pions and kaons decrease compared with
(7. (R;)), this occurring more strongly the smaller the ener-
gy telease (Fig. 11). It is at this stage of the process that the
dependences (p, (x)) and (p, (M)) appear that were pre-
viously attributed to the interaction dynamics of the primary
hadrons. The first direct experimental data for proton ener-
gy 32 and 70 GeV/c in the study of {p, (x)) for the K *(890)
resonances and their decay particles (7, X ) confirm this con-
clusion (Ref. 27).¢

A more detailed analysis of the available data on the
long-lived particles (7, K, N') produced in hadron collisions
in the interval of energies from 5 to 1500 GeV made with
allowance for the production of resonances showed that
most of the properties of the single-particle inclusive distri-
butions and the correlation functions of these particles can
be explained by the resonance-decay kinematics.*”> There-
fore, at the present time the main task of the experiments is
to identify secondary short-lived states (resonances and clus-
ters) as more direct sources of information about the struc-
ture of hadrons and the dynamics of the strong interactions.

“K *p interactions at p=32 GeV/e: {p, [K *(8901]) = 0.51 + 0.10,
(2, (K2)) = 0.44 £ 0.02, and (p, (v~)) — 0.34 GeV/e.”!
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Polarization Characteristics of Secondary Baryons and
Resonances

It is well known that at low energies the production
cross section of secondary particles depends strongly on the
direction of their spins, and therefore vector mesons are, asa
rule, produced with alignment, and baryons are polarized.
Measurement of their polarization characteristics gives im-
portant information about strong-interaction dynamics. At
high energies, when many particles are produced and there is
an averaging over the different mechanisms of their produc-
tion (inclusive processes) it was expected that the secondary
particles would be unpolarized. However, the first experi-
mental data on this question show that at high energies too
spin effects play an important part (Refs. 7, 27, and 43-47).

We begin the discussion of the data with the polariza-
tion of A ° (A °) hyperons,**~** which are largely (about 70%)
produced directly in the hadron interactions (see above). The
separation of the secondary A (A ) particles gives problems
associated with their identification and the large back-
ground of conversion ¢ "e ™ pairs (see Sec. 1).** However, for
E 5400 GeV the uncertainties in the identification of the A
particles do not exceed 10%, and it was therefore possible to
measure their polarization (P) in almost the entire range of
the variable x.*>~* The polarization of A hyperons was stud-
ied in the processes

h+pm)—>AA)+X—pp)+n (n*) + X (29)
at E% 1500 GeV (h equal to 7, K, N ). In none of the experi-

ments were the A (A ) particles from the decays 3 °—»A ¥ and
2 °— Ay distinguished. In this case,

P (A) = —1/3P (2% and P (A) = —1/3P (29,

and therefore the measured polarization of the secondary
hyperons is less than the initial polarization. The relation-
ship between the A and % production cross sections is, as a
rule, unknown, and the influence of the depolarization effect
is sometimes estimated on the basis of model assumptions
about o(A ) and o(X).

The polarization of the A (A ) hyperons is measured us-
ing the characteristics of the angular distribution of the pro-
tons (or antiprotons) in the rest frame of the hyperons:

far (€05 8) = a (1 + aP cos 04), (30)

where 0, is the angle between the momentum of the proton
{or antiproton) and the normal to the hyperon production

plane, and a(A4 ) = 0.642 [a(A ) = — 0.642] is the decay pa-
rameter. It follows from (30) that
_ (cosBn)
P = oy - 3l

Because of parity conservation in strong and electromagnet-
ic interactions, the other projections of P vanish.
Themostcompletedataon P (A Jand P (A )wereobtained
in K'* p interactions in the range of momenta from 4 to 70
GeV/c.?™** For example, for K *p interactions at p = 70
GeV/c,* the event statistics was 1152 with A particles and
518 with A particles [o(A)=1.09+0.05 mb and
(A ) = 0.65 + 0.04 mb]. The mean values of the polarization
over the complete range of x were P(A ) = 0.10 + 0.05 and
P(A)= —0.18 4 0.07. A large polarization of the A parti-

cles was found for x>0.2 [P(A )= — 0.5+ 0.1, i.e., in the
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region of K * fragmentation. In this case, the primary & *
meson [K *(5u)] and the A hyperon [A (%ds)] have a common
strange antiquark (5). Similar results for P (A )and P (A ) were
obtained in K * p interactions at p = 32 GeV/c.*"*

The situation is somewhat different in NV and 7Y inter-
actions (see the references in Refs. 43 and 45). In this case,
the A polarization was studied mainly in the fragmentation
region of the nucleons, but as a function of their transverse
momentum [p, (A )] (Fig. 12). For 7~ p interactions at p = 40
GeV/e,* the available data can be satisfactorily described
by the expression

P (A) = (0.058 &= 0.13) — (0.57 = 0.23) p, (A) (32)

and (P(A}) = —0.22 4 0.07 (p, measured in GeV/c).

Thus, although the errors in the measurement of P (A )
are still large, overall the data obtained in different experi-
ments and in a wide range of energies (E = 10-1500 GeV)
show that there is an appreciable polarization of hyperons
produced either in hard collisions (p, ® 1 GeV/c) or in the
fragmentation region of the primary particles.

The data on the polarization characteristics of meson
resonances have been obtained only at relatively low ener-
gies (£ % 100 GeV). They have been studied on the basis of
the angular distributions of their decay products (p—m,
K*>Kn).

In pp interactions at p = 24 GeV /¢, measurements were
made of the elements of the spin density matrix (o, ) for p°
mesons.*® Tt was found that p,, = 0.34 + 0.06, i.e., the pro-
duction of p° mesons does not depend on the orientation of
their spin (pgo = 1/3). We recall that in pp—R,; X processes
the meson resonances are produced mainly in the central
region, where the particle multiplicity is relatively large (see
above). In pp interactions at p = 22.4 GeV/c an alignment
(Poo = 0.61 + 0.06) of the p° mesons was found; this is attri-
buted to the annihilation channels and must therefore de-
crease with increasing energy.*’

In K * p interactions (p<70 GeV/c), polarization ef-
fects were studied in the K fragmentation region
[x(K *) = 0.4-0.7] in the production of K *(890).>" In this
case, the background processes are unimportant and p;, can
be measured. It was found that pion exchange between the
primary kaons and the protons makes an important contri-
bution to the K *(890) production. Therefore, the resonances

PN
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FIG. 12. Polarization of A ° particles as a function of their transverse
momentum. The black circles represent diffraction »C interactions
({E,) = 40 GeV); the crosses, pp interactions at J5 =53 GeV; and the
double open circles, pp interactions at s = 62 GeV.
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are produced aligned with respect to p(K < ).

Thus, the first experiments investigating spin effects in
the production of resonances and baryons at high energies
showed that they are important in the fragmentation regions
of the primary particles. In the majority of quark mod-
¢ls,** 3436 they are not taken into account (see Sec. 4). In
quantum chromodynamics they are also absent in the first
approximation. Therefore, measurement of the polarization
characteristics of the secondary hadrons and resonances at
high energies has fundamental importance for the develop-
ment of both the theory of strong interactions and models.
First attempts at their explanation are associated with subtle
effects such as the polarization of the quarks (see the litera-
ture quoted in Ref. 43).

In this connection, a whole series of experiments is cur-
rently being planned with polarized beams and targets of
primary particles in both lepton-hadron and hadron-ha-
dron interactions at high energies.

3. PRODUCTION OF HADRONS IN HARD AND DEEP
INELASTIC PARTICLE INTERACTIONS

In soft hadron collisions, the transverse momenta of the
secondary particles are characteristically (p,(R;))=0.5
GeV/c(see Sec. 2). Therefore, in these processes one is study-
ing the structure of the hadrons and their interactions at
relatively large distances (r % 0.2-0.4 F). To investigate short
distances (r 0.1 F), it is necessary to go over to processes
with large momentum transfers (dp= 1 GeV/c). In strong
interactions, they have become known as hard collisions of
hardons; in weak and electromagnetic interactions, as deep
inelastic interactions."? In both cases, the interaction of the
particles is regarded as due to the interaction of partons with
partons (strong interactions) or with leptons (weak and elec-
tromagnetic interactions). After the interaction, the scat-
tered partons (quarks and gluons) fragment into hadrons,
and these are detected experimentally. From the point of
view of the production of resonances (the final stage of the
processes), these interactions have much in common, and
they are therefore better considered together.

Hard Collisions of Hadrons

The production of secondary particles with p, »>1 GeV/
¢ in hadron collisions at high energies (E =2 TeV) has now
been studied intensively for more than a decade with all the
largest accelerators in the world (Refs. 2, 10, 12, and 48).
Much information has been obtained on the production
cross sections and characteristics of the hadrons (or hadron
jets). The theoretical interpretation of these processes is giv-
en in the framework of the quark—parton model with
allowance for QCD effects.>'**® The hard collision pro-
cesses

Iy SA - TR+ X (33

take place in several stages. First, the quarks (g;, 4.} of the
primary hadrons are scattered through large angles,

0+ 4> g 1 g (34)
and they then go over into hadrons,

gt o—Zhi" 2R, (35)
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which, in their turn, decay into long-lived hadrons—which
are then detected experimentally.

The subject of the present review is the final stage of the
process (33): g—2k;. Therefore, we shall not discuss the
problems associated with the behavior of the cross sections
of the reactions (33) as functions of s and p, or the questions
of identifying hadron jets.!>*® However, we note that, taken
together, the data on (33) show that the quark—quark scatter-
ing (34) is predominant for p, (q) Z 4 GeV/c.'>*® At smaller
transverse momenta, other elementary processes of hard
scattering in QCD with gluon participation may be impor-
tant:

1+9>g+eg, (36)
9+&>q+s, i)
g§+teg—g+g, (28]

with subsequent fragmentation g—3k;. These “back-
ground” processes complicate the comparison of data on
hard and deep inelastic processes, because the hadrons in the
latter are, as a rule, produced by quark fragmentation
{g—2h,;).

The multiplicity of the hadrons in jets with large trans-
verse momenta is high (r, = 5-8), and therefore the identifi-
cation of resonances on the basis of decays into pions and
nucleons gives rise to the same methodological problems as
in soft collisions. The CERN colliding proton beams have
been used to study the production of neutral meson reson-
ances on the basis of their decays into photons and e*e™
pairs**-51;

p+p—>a ", w°, n) -}~X’*"r‘1+?2+'\73 + X, (39)
P+p—=0"(¢) + X —>e" 4+ e + X. (40)

The processes (39) were studied experimentally using
four calorimeters (liquid argon counters with lead plates),
which detected the photons in a solid angle of =3 sr at
(6 ) =90° relative to the proton collision axis.***° The me-
sons were detected through the decays

al N = 29, @ — n%y — 3y. (41)
The emission angles of the photons and their energies were
measured. The resolution with respect to the photon energy
was o(E)=10%/JE,, and the spatial resolution was
o{x)=35 mm. The total calorimeter thickness was ~ 18 radi-
ation units, and therefore the 3 detection efficiency was
£=100%. These characteristics of the calorimeters made it
possible to achieve good separation of the signals from the
pions and resonances (r 2 1) on the basis of a standard analy-
sis of the spectra of the effective masses M (yy), M (y¥¥), and
M (7°) (Fig. 13). The result was the determination of o(R,)
and their branching ratios [R (R, /7°) = o(R, )/o(7")] at ener-
gies s equal to 53 and 63 GeV (Table V). It can be seen that
in hard collisions too the production of resonances is clearly
dominant. We recall that for soft interactions

(1] 0
R(Po)=R (<2) = 0.13, while R (£—)=R (<2)=~0.5 — 1.0
o T i s
for the region p, (R ) = 1-2 GeV/c (see Sec. 2).
In the processes (40), e*e™ pairs were detected with

M(e¥e™)=0.52-1.2 GeV/c? and p, (e*e™)>1.8 GeV/e.S
Values were obtained for R (p°7°) and R (/7% for
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FIG. 13. Effective-mass spectrum of the 7% and yy systems produced in

Pp interactions at p, >6 GeV/c, x =0, and s = 53 GeV. The broken
curve is the background.

{(p.) = 2.2 GeV/ec (Table V).

There are also individual data on the production of oth-
er resonances obtained by studying their decays into pions,
kaons, and protons.*® In this case, resonance production was
studied in the so-called trigger hadron jet, in which, as a rule,
there are few particles (n, = 2-3) and one particle has a
large transverse momentum. The trigger particles (4 . ) were
taken to be 7% and K+ mesons, protons, and antiprotons
with p, =2-3 GeV/c produced in pp interactions at
Vs = 31.53 GeV and 6 = 90°. The distributions with respect
to the effective masses of the particles in the trigger jet were
then constructed. The event statistics was not large, and it
was found that*®

12(%)&»1, R(—f‘iﬁfq‘i) >1in R( j‘J } 24,

Unfortunately, more complete data on a(R;) are as yet
unavailable. Nor are there distributions of the resonances
overx, y, and p, relative to the axis of the hadron jet. Never-
theless, these results already show that the fraction of reson-
ances among the secondaries is large and, probably, not less
than in soft hadron collisions (see Sec. 2). Therefore, in theo-
retical models describing hard hadron collisions it is, as a
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TABLE V. Relative yields of meson resonances at large p, (R ) in pp interactions (/s = 53

and 63 GeV).*

Type of resonance Interval of p, (R ), GeV/c

Values of (R, )/{7")

R (w/n) 3-—-7 0.874+0.17
R (q/m") 3—11 0.55+0,07
R (q'/nv) 37 0.9040.25
R (ph)n%) 2.2 0.58-+-0,19
R (/%) 2,2 0.1240.05

*The values of (R, }/{7") do not depend on /s and p, (R ).

rule, assumed that there is intensive production of reson-
ances when quarks fragment into hadrons in accordance
with (35).>'*3* For example, in the popular Field-Feynman
model,? which is widely used for comparison with experi-
ment, a(P) = a(V) and «(T) =0 (o, (R,) are the fractions of
pseudoscalar (P), vector (V), and tensor (T) mesons in the
fragmentation g—2h;). These values of a(R;) were taken
from the first experiments*® on o(R;). They are free param-
eters of the model.

As yet, there are no data on the momentum distribu-
tions of the resonances and the quark fragmentation pro-
cesses in strong, weak, and electromagnetic interactions are
compared on the basis of the characteristics of the long-lived
hadrons. We shall give them below; here, we briefly list some
of them for pp interactions at /s = 31-63 GeV for 8 * = 90°
(Refs. 5, 4, 8, and 12).

1. As p, increases from 0.3 to 4 GeV/c, the fraction of
7 mesons among the charged secondaries decreases from
0.9 to 0.55 + 0.05, while the fraction of heavy particles in-
creases: K+ from 0.07 to 0.27 + 0.04, p from 0.02 to
0.07 4+ 0.02 and p from 0.04 to 0.12 4 0.02. A similar pheno-
menon is observed in e " e annihilation.

2. The distributions of the secondary hadrons with re-
spect to their transverse momenta relative to the jet axis are
bounded ({ p, ) =0.5 GeV/c) and recall the analogous distri-
butions for soft hadron collisions. They do not depend (or
depend weakly) on the transverse momentum of the jet {(J) of
hadrons for p, (J) = 2-7 GeV/c.

3. The distributions of the hadrons with respect to
x, = p, /pJ ), where p, is the longitudinal momentum rela-
tive to the hadron-jet momentum ( p(J)), do not depend on
p ) forp, (J)23 GeV/cand x 2 0.1.

4. Short-range correlations have been foun
between the particles of a jet, these being similar to the corre-
lations between the hadrons in soft collisions.>”” For differ-
ently charged particles they are much stronger than for ha-
drons of the same charge sign. This last result clearly
indicates copious resonance production.

5. The transverse momenta of the quarks (g,, ¢-) in the
primary hadrons are large and reach k;, =0.8-1 GeV/c at
large p, (h ), which is very important for the correct identifi-
cation of the hadron jets and the determination of their char-
acteristics in hard hadron collisions.>'**® A more detailed
description of the main features of the processes of quark
fragementation into hadrons in hard collisions can be found
in the reviews of Refs. 2, 5, 12, and 48.

g21248

95 Sov. J. Part. Nucl. 15 (1), Jan.-Feb. 1984

Deep Inelastic Lepton—-Nucleon Interactions

In recent years, there has been intensive study of the

production of hadrons in deep inelastic lepton—nucleon in-
teractions'*>*%*:
IN—1+gq—5 (W) 4 ¢, —q; +X— Zk; + X, (42)
in which the quarks subsequently fragment into hadrons in
accordance with (35). Here, / are leptons (e, i, v, v) and y*( W)
are virtual photons (intermediate vector bosons) emitted by
the leptons. The cross section of the processes (42) can be
expressed in terms of the distribution functions of the quarks
in the nucleons. F (x', k 1), and the functions describing the
fragmentation of the quarks into hadrons, D (x, p), where
x" (x) are the fractions of the momentum of the quarks (re-
spectively, hadrons) in the total momentum of the nucleons
(quarks) (Refs. 1, 12, 13, and 52-54).7 The determination of
the structure functions of the quarks in the nucleons
(F¥x', k 1)) from data on the cross sections of the processes
(42) and their comparison with the predictions of QCD and
the quark—parton models is one of the brilliant chapters of
high-energy physics and has been studied in detail in many
reviews (see, for example, Refs. 1, 2, 12, 13, and 52-54}.

The fraction of the nucleon momentum carried away by
all quarks (g + g) is 0.45 + 0.01, by valence quarks (g + g) it
is 0.32 4+ 0.01, and by sea quarks (gg) it is 0.13 4+ 0.01. It
follows from this that about 50% of the nucleon momentum
is “carried” by the gluons. The actual distributions of the
quarks in the nucleon with respect to x’ are shown in Fig. 14,
from which it can be seen that for x’ 2 0.2 sea quarks are

X'Fytx')

'y

$

wb o\
b ’\Quarks

.Y

\
224 Antiquarks'e
\ \t\
L —ei_g 1
a 0.2 0% 0.6 x'

FIG. 14. Momentum distributions of quarks and antiquarks in the nu-
cleon.

"Here, we shall denote the Feynman variable x = pi/pjma; by X, to dis-
tinguish it from x (x').
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virtually absent.

Table V gives the quark composition that has the pre-
ferred fragmentation in the region of primary particles for
different deep inelastic interactions. For weak interactions,
it is determined by the charge conservation law:

v (v) + p (uud) - W+ (W-)

d (u)y —u (d)+ vufud)+ p~ (p*), (43)
‘and for electromagnetic interactions by 2. The estimates
show that this quark composition determines about 8/9 of
the cross section for charged leptons and about 90% of the
cross section for neutrino interactions, Thus, deep inelastic
lepton-hadron interactions make it possible, in principle, to
study the fragmentation of the individual species of quarks
and diquarks (Table VI).

We turn to a discussion of the experimental data.’>%3
The results obtained in the first experiments and the method
are considered in the reviews of Ref. 13. Data on the produc-
tion of resonances in weak interactions with charged cur-
rents.

;(V)+p—>p*w—]+}?i+X1 (44)
are mainly obtained using large bubble chambers (5 m) ex-
posed to v and ¥ beams with E = 10-200 GeV in the accel-
erators at CERN and Batavia. In the experiments of Refs. 55
and 56, 2289 ¥ events and 7831 v events were detected. The
mean characteristics of the selected events were (£,) = 31
GeV, (W) =3.4GeV,{(Q?) = 2.7(GeV/c)*for the v experi-
ment™ and (E,) =40 GeV, (W) =44 GeV, and
(Q?) = 6.4 (GeV/c)* for the vp interactions.’®

Here, W is the total energy of the hadrons in their
C.Mm.8.:

We= 24 2M (E‘.(-G) — E!_l_) — Qg,', (45)
@ is the momentum transfer,
@ =(Pys— P = (Ewn, — Eu):—(pvi) —pp)?,  (46)

and E ;) ,E, .,p,.p, are the energies and momenta of the
leptons and M is the mass of the nucleons. The secondary
charged particles were identified by means of their joniza-
tion for p % 1 GeV/c; at larger momenta, they were assumed
to be pions. Figure 15 shows the distributions of M (77 ™)
and M (m* 7 * ) for ¥p interactions.*”

A p°-meson signal can be seen in the M (7+ 7~ distribu-
tion but not in the M (7 * 7+ ). These data were analyzed in
accordance with the standard procedure (see Sec. 1) and it

TABLE VI. Species of fragmenting
quarks in different interactions.

Typeof Fragmentation
interaction | of tarpet | of beam
vp (uu) U
vp (ud) d
Ity (ud) u
ete” o a ()
kN {gq) 2(q)
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FIG. 15. Effective-mass distributions of pion pairs produced in vpinterac-
tions at (E, ) = 31 GeV. The broken curve represents the background
processes, and the continuous curve takes into account the resonances.
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was found that (n(p°)) =0.14+0.02 and R(p°%/
7~ ) = 0.12 + 0.02. The available data on {n(R,)) for p° and
J° mesons produced in ¥{¥)¥ interactions are given in Table
VII. For comparison we give the values of {(n(R,;)) for 7*p
interactions obtained at approximately the same value of
{W)(p=16GeV/c). It canbeseen that the fraction of pions
produced in p— i decays is about 12-15%, as in soft ha-
dron collisions (see Tables I and II). The values of (n( p°)) to
within the errors (about 25-30%) do not depend on Q2 for
Q7?2 4(GeV/c)’ and increase with increasing W2 from 10 to
100 GeV?2:
(n(p®)) = —0,08 = 0.12 + (0.085 = 0.045) In (W).  (47)
A similar dependence is observed for 7p and pp interac-
tions.>®

The distribution of the p° mesons with respect to
Xg = Pif/Pjfax in the hadron c.m.s. agrees with the x, distri-
bution of the resonances in the 7" p—p°X processes at
p =16 GeV/c.** An appreciable fraction (2 50%) of the p°
mesons is produced in the fragmentation region of the u
quarks (see Table VI). Figure 16a shows the distributions of
the resonances with respect to x( p°) for vp and &N interac-
tions.>*” The fraction of pions produced in the decays p°
— 7w~ increases with increasing x (Fig. 16b), and for

x>0.6 we have R (M) =1, i.e,, the fragmentation 7~

T
mesons are largely decay products of p° mesons
(#—p°— 7). The number of 7* mesons in this region of x is
approximately two times larger than n(r~), and therefore
only about 50% of them are produced in the processes
u—»p°— 7. For ¥p interactions, in which a d quark frag-
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TABLE VII. Production of p° and f° mesons in +(¥)p and 7~ p interactions.

Experiment 7 L69) n
XPpErimnn (nipd)) {n (i) S ooy

vp ((Wy=4,4 GeV) 0.14-+0.02 | 0.042-0.02 | 0.1320,02 | 0.264-0,13
vp ((Wy=4,4 GeV) 0,2140.03 * = = ==
vp (W)= 5 GeV) 0,21+-0,04 = i =
vd ((W,=15 GeV) 0.19-+0.04 — 0.15+0.04 —
vp ((W)=3,4 GeV) 0.21+0,93 — 0.1240.02 —
n+%(p6-_d1(,'v(}ev/c, (Wy= |0.242:0.02 [0.0500.005| 0,192=0.02 | 0.214-0.03
=5,56 GeV)

*{n(p°)) for events with nf7)>1.

ments, R ( p°/7 ) = 0.7 + 0.4 for x( p°) = 0.6-0.8 (Fig. 16b).

Thus, at large x the fragmentation u(d }—p® clearly pre-
dominates over u{d)— 7w, whereas in some theoretical
models it is assumed that they are the same.” The distribu-
tion of the p” mesons with respect to p{ relative to (p, — py )
can be described by an exponential with b =3.8 4+ 1.0
(GeV/e)~2, as in soft hadron collisions [{p,(p°))
= 0.46 + 0.05 GeV/c].

In vp interactions, the production of baryon resonances
(A **, A° has also been studied.”® To study 4 ** produc-
tion, 2437 events with total longitudinal momentum of the
detected secondary particles satisfying 2p; > 10 GeV/c were
selected.®® In 455 events, protons with p =1 GeV/c were

0.6 +
0,4 -
KN
S
k-1
- |=
a
I 1 L 1
o 0,2 0% 0,8 x(p®)
= =
= -
3 C —+—
g ,L
=% 0,7
& =
b
agt 1 L ! 1
0 6,2 0% 66 x{p?)

FIG. 16. Distributions of p° mesons with respect to x in vp and ¥ interac-
tions (a) and dependence of the ratio N (¢°— =~ )/N (™) on x for vp and ¥p
and vp interactions {b). The black squares, open squares, and black circles
correspond to the vp, ¥p, and uN interactions, respectively.
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identified by means of ionization. In the M (7™ p) distribution
there is a distinct peak in the region of the A * ™ resonance.
From this it was found that R (A * ¥ /N, ) = 0.090 + 0.015
andR (4 °/N,,) = 0.013 + 0.011, i.e., about 50% of the pro-
tons are produced in A ¥ *—p#r ™ decays. About 75% of the
isobars have x<0.2, i.e., they are produced in the diquark
{uu) fragmentation region (see Table VI).

The production of neutral strange particles (¥°) in lep-
ton—nucleon interactions at high energies has been studied in
some experiments.’*~®* In this case, the main role is played
by the “elementary™ processes

vd — pu - (ss), (48)
vu — prd 4 (ss), (49)
e (w) u—re(p) ust(s5), (50)

in which the strange particles are produced by the “coales-
cence” of valence quarks (¢, d ) and sea quarks (s, 5). In addi-
tion, according to the data of Ref. 59, about 35% of the
neutral strange particles may be produced by decays of
charmed particles. Thus, study of the production of ¥ ° parti-
cles makes it possible to obtain direct information about the
distributions of the strange and charmed quarks (s, ¢) in nu-
cleons (F2=A° K9 K% A9.

Inwvpinteractions ({(E, ) = 43 GeV, (W) = 4.6 GeV), it
was found that the fraction of events with neutral strange
particles is 17.4 4+ 0.8% and o(A )/o{K ®) = 0.26 4 0.03.%°
The distributions of the ¥ particles with respect to the ha-
dron variables (xg, p}, and x) are the same for vp, up, and ep
collisions (fragmentation of u quarks; see Table VI) and
agree with the anlogous data for 7 p interactions at p = 16
GeV/c.>%26% For example, the distributions of the ¥ parti-
cles with respect to p? in vp collisions can be described by
exp( — bp?) with H(K°)=5.3+0.5and (A =3.5+0.6
(GeV/e)™*  (b,+,(K%)=560+008 and b,.,(A°

= 3.48 + 0.09). In Ref. 61, the polarization of the A ° parti-
cles in ¥p interactions was also estimated:
P(A % =0.34 4+ 0.18.

Th agreement of the distributions x(K °) for weak and
electromagnetic interactions when x 2 0.4 (fragmentation
region of the u quarks) makes it possible to obtain the first
information about the fragmentation function D *“(x). Un-
fortunately, the statistics of the events with K ? mesons is still
poor (359 K§).>°

In the distributions with respect to the effective masses
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M (K °7*)and M (A7) signals have been found (r £ 0.5-0.3)
of the resonances K ** (890} and 3 *(1385).°° It was estimat-
ed that they are produced in 5.5 + 2.0% and 1.4 + 0.4% of
the total number of vp—u~X events, respectively, for
W' (K *)>1.8 and W'(Z *(1385))>1.5 GeV [W'(R,) are the
production thresholds of the resonances]. Similar results
were obtained for vp interactions. 55!

Thus, the first data on the production of resonances and
hadrons in deep inelastic lepton-nucleon interactions show
that the mechanisms of their production are similar to those
in strong interactions. Unfortunately, the statistics of the
events for IV collisions is still low (2000-8000 events), they
have been obtained for a wide range of energies, and the
mean total energies of the secondary hadrons are not large
({W) %6 GeV), which is equivalent to AN interactions at
2 =16-20 GeV/c.

High-Energy e "¢ — Interactions

For the study of g—2h transitions, e"e ™ annihilation
processes are the most promising™*:

e*—i—e‘hry**a-g{-g% Zh; 4+ Zhy. (51)
In this case, the entire primary energy is expended on the
production of point quarks, which then fragment into ha-
drons. Most of the data on the reactions (51) at high energies
have been obtained using the accelerators with colliding
electron and positron beams at Hamburg in the German
Federal Republic and at Stanford in the United States
(s<36 GeV).

Investigations of e*e™ interactions at high energies
made it possible to test quantum electrodynamics down to
distances (1-2) % 10~ '® em, to discover new particles (J /1, 7,
etc.), and to study lepton—quark interactions. To a large de-
gree, QCD and the quark—parton models are based one*e™
annihilation data, and we shall therefore briefly list the main
results. >

The total cross section [0, (#)] of processes of the type
(51) has been measured at W< 36 GeV. In QCD, its ratio to
Oy (6 Te”—p T is determined by the expression™

_afetem—= h)
A= 0 (etem —utu)
, : ((° a
=3Eeg,{'1+——a'“;‘ )—I—O(CZE:)}, (52)

q
where the factor 3 is due to the three different quark colors;
e, is the electric charge of the quarks; and a4 (Q?) is their
coupling constant at momentum transfers Q 2. In the parton
model, g (Q *) = 0.% In the lowest order of perturbation the-
ory,
s (02): __ 12n __

(B3—2ZN,) In (GF/AT) (53)
where NV, is the number of different quarks (u,d, s, c. ) and
A =0.2-0.3 GeV is the parameter that characterizes the re-
gion of applicability of QCD (Q2> A ). For W2 20 GeV
about the production threshold of the known quarks

3 D e=11/3

u,d, s, 0,0

and

R= 11,3{‘1+m——5 5102) +0 (a';l;)}_ (52')
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The experimental values of R (W) in this range of energies do
not depend on W to within the errors,** and

(R, (W)) = 4.01 + 0.03(stat) + 0.20(syst),

where the statistical and systematic errors are given. Com-
paring R and R,,,, we obtain

as = 0.18 + 0.03(stat) + 0.14(syst). (54)

Here, the systematic errors in the determination of g are
large, but the color nature of the quarks [the factor 3 in (52)]
is established unambiguously.

After production, the gg pairs fragment into hadrons
which are collimated around the direction of emission of the
quarks. The degree of collimation is proportional to W ~!
and varies from 6 = 31°(W = 4 GeV)to 8 = 1 7°(W = 36 GeV),
where & is half the angle of the emission cone of the hadrons
relative to the emission axis of the quarks.>® Therefore, the
identification of hadron jets in e™e™ annihilation at high
energies is simpler and more unambiguous than in hard and
deep inelastic processes. The distribution of the jet axis with
respect to the angle (4, ) relative to the direction of the pri-
mary particles can be well described by the formula

W (cos ;) ~ (1 + cos® B)), (55)

which holds for the production of photons by ¢g particle
pairs with spin J = .

A triumph of QCD was the prediction and detection of
hard gluon emission processes®—°7:

ert+e>g+ag~¢ +7 +¢ (56)
In this case, three hadron jets are produced in the final state,

e*—iw“a—q—%?{—i—g—r— Ehi—&—z.ﬁj+2h,{, (57)
q q g
and these were discovered in 1979 at W = 30-36 GeV.% The
three-jet events are about 10% of all ete™— / annihila-
tions, and their cross section

o (efe” — geg) ~ o (e*e” — h) ag (Q%) (58)
is proportional to ag(Q?).

From the data obtained on o{e*e™—¢gg) it was found
that

as(Q?%) = 0.17 + 0.01(stat) & 0.03(syst). (59)

Study of the characteristics of the three-jet events also made
it possible to determine the gluon spin [/ (g) = 1].546:67

Thus, the basic postulates of QCD and of the quark-—
parton model" on the interaction of point particles (quarks
andleptons)for O * > A *werebrilliantly confirmed in experi-
ments on e e~ interactions. The main unresolved problem
remained the mechanism of the quark transitions into ha-
drons (the confinement problem). Therefore, this stage of all
the particle interaction processes is described by means of
phenomenological models with parameters whose values are
determined from the experimental data (see Sec. 4).

In e*e™ annihilation, data have so far been obtained
only on the characteristics of the secondary long-lived ha-
drons (7, K, p, p, A, A}, and these can be to a large degree
determined by the decay kinematics of the resonances; this
applies especially to the pions and kaons (see Sec. 2). Never-
theless, the observed similarity of their behavior in weak,
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strong, and electromagnetic interactions is probably due to
the universal nature of quark fragmentation into hadrons
and makes it possible to obtain data on the fragmentation
function D [ (x, p).

Characteristics of Secondary Hadrons in e “e—, /N, and AN
Interactions

The lepton—quark nature of all particle interactions
makes it possible to obtain data on quark fragmentation into
hadrons from simultaneous analysis of multiparticle pro-
duction processes in weak, electromagnetic, and strong in-
teractions. In comparing data, one must bear in mind the
differences between the energies and states of the fragment-
ing systems. In e*e™ annihilation, the initial state is, as a
rule, a g pair (51) with energy 2E, = W = s, allof which is
expended on producing the hadrons. In [V interactions, it is
a quark and a diquark that fragment, and their total energy
W is much less than the energy of the primary particles (/s
(Fig. 17a). The situation in AN interactions is more compli-
cated. Here we have the production of four jets of hadrons, a
good separation of which is possible only at high energies
(EZ 1-2 TeV).*®* Two hadron jets are associated with the
quark interaction (34), and two spectator jets are produced
on the fragmentation of the quarks (diquarks) that did not
interact (Fig. 17b).

To determine the energy expended on hadron produc-
tion in each jet, one uses a jet separation method similar to
the one developed for e*e™ interactions, or one simply eli-
minates from consideration the so-called leading particles
(x>0.4) (to separate the jets from the quarks that did not

P W
v 7{
wt w=

= g

o iy

o

= =

u li d

nes
I
ER
NS

FIG. 17. Diagrams of lepton interaction with quarks (a) and scheme of
hard hadron collisions (b).
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interact).”*® For example, for pp interactions protons with
x3>0.4 are eliminated. In this case, it can be assumed that the
energy that is passed to the hadrons produced on the quark
fragmentation (34) is W = s — E|!) — E ?. Therefore, data
obtained in different processes are compared at the same W
but not the same /s for the primary particles.

Another important question in comparing the data is
the species of the quarks that fragment into hadrons (see
Table VI). It is different for different processes, and, as a
rule, diquarks fragment in the target fragmentation region.
Therefore, when comparing data it is desirable to select pro-
cesses in which the same quarks (diquarks) fragment. Unfor-
tunately, this is in practice impossible at the present accura-
cy of experiments.

We begin our consideration of the data with the multi-
plicity of the charged secondary particles in AN, e*e™, and
IN interactions. At relatively low energies (S 10 GeV), the
mean multiplicity of the charged particles [{n., (#)}] in-
creases slowly with increasing W (~1In W) and to within the
errors does not depend on the type of interaction (Fig. 18).>7
Athigher energies, therearedataon {n_, (W)) ine™ e anni-
hilation and in pp interctions.®® The absolute values of
{n., (W)) obtained in e "¢~ interactions by means of differ-
ent facilities differ by 5-10%. This is due to the methodolog-
ical difficulties of detecting all particles and eliminating
background processes (of thetypee e ™— K 3— 7 7). To
within the errors, there are no differences between the data
forppand e™e™ interactions (Fig. 18). At W= 7 GeV, arapid
growth of (n., (W)) is observed; it can be satisfactorily de-
scribed by the expression

(nen (W)Y =ny + aexp (61 In (IWHAY), (60)

which is obtained in the framework of QCD.%° Here, A = 0.3
GeV,n,=2.540.1,a =0.030 4+ 0.004, and b = 1.9 + 0.1.
What is the cause of this growth of n, (W)? Estimates show
that it cannot be explained by an increase in the cross section
of the hard gluon bremsstrahlung (57).°* Through these pro-
cesses one expects a growth of {n., (W)) by 0.8 at W= 35
GeV (4An, =0at W =10 GeV). It is possible that the growth
in {n., ) is mainly due to the increase in the phase space
(~ W '/%),3 1t is interesting to note that the new data’ on pp

{(V5)jpp, GeV
T T

LN I B B ¥ LR RA R EAELLILS

/%.

(n) T T T T
12+

101+

2L~

A Y N I O NI N O A W W0 ST TR STTTY ITTITIINN] M M|

2 4 & 8 10 20 30 40 W, GeV

a

FIG. 18. Dependence of {n.,) on the total energy W of the secondary
hadrons. The black circles and open triangles correspond to pp interac-
tions, the black triangles, asterisks, and open circles to e * e~ annihilation;
the continuous curve is calculated in accordance with Eq. (60), and the

chain curve gives the dependence of {n., } on /s for pp collisions.
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interactions at /s = 540 GeV can be satisfactorily described
by the dependence

(Mep (5)) = ay + by In s 4 ¢y In? s, {61)
which is obtained when (#, (5)) is analyzed in pp collisions
for \s<63 GeV.>" In this case, there is no rapid growth of
{n, (5)) with the energy, as there was for ys<63 GeV with-
out elimination of the leading particles.®® Interest therefore
attaches to obtaining data on {n_, (W) for events without
leading particles at /s = 540 GeV.

The actual multiplicity distribution P (n,, (W ))forete™
annihilation satisfies KNO scaling>:

(Rch> r (Rch) 1|" ( ('::;_}:]> ) EH (62]

i.e., does not depend explicitly on the energy (W = 10-36
GeV). However, the distribution (62) is narrower than the
corresponding ¥( pp) without elimination of the leading par-
ticles.

The composition of the secondary particles in e*te™
annihilation (Fig. 19) varies with increasing momentum of
the secondary particles in the same way as occurs in AN in-
teractions (see Sec. 3).>*"! For example, at W = 30 GeV and
p=0.3 GeV/c about 90% of the secondary particles are 7+
mesons, while % 10% are K= mesons. With increasing mo-
mentum, the fraction of heavy particles (X, p, p) increases; at
P =4-6GeV/c, about 55% are m* mesons, ~33% are K *
mesons, and 12% are p and p. At even higher momenta
(p=10GeV/c), them* (K ° K °):(A %, A ®) ratios are 4:2:1. A
large proportion of kaons and baryons is also found in hard
hadron collisions at p, 2 3 GeV/c (see Sec. 3). For compari-
son, Table VIII gives estimates of {n; ) fore*e™ annihilation
(W = 30 GeV) and soft pp interactions (s = 52.5 GeV).5*5*
The errors in the determination of {#; ) are 10~15%. It can
be seen from this that in deep inelastic processes (e*e ™ —# )
more heavy particles (K, p, p, A ) are produced than is the case
in soft hadron collisions.

The distributions of the long-lived hadrons with respect
to the momenta (transverse and longitudinal with respect to
the axis of the hadron jet) are to a large degree similar for
different types of interactions (e*e ™, IN, AN ).

The mean longitudinal momentum (p, ) of the hadrons
increases in proportion to W and varies from 0.4 (W~5
GeV)to 1.3 GeV/e (W = 30 GeV).>*™ The mean transverse
momentum {p, ) increases with increasing W from 0.34 to
0.45 GeV/cin the same range of W. From this it is possible to
estimate the half-angle of the emission cone of the particles
in the jet: 6~ (p, }/{p, ) ~20° at W =30 GeV (see Sec. 3).

With increasing energy, the distribution 1 dc;

o dp]
comes broader. This effect is well described in QCD and is

itself be-
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FIG. 19. Fraction of particles of a given species (%) in the total number of
secondary charged particles as a function of the momentum at W = 30
GeV (e"e™ annihilation). The curve shows the contribution of hard
gluon emission tothe production of K * mesons (ggg): 7 * (black squares
and black circles), K* (open squares and open circles), and p 4 7 (black
inverted triangles and black triangles).

due to the hard bremsstrahlung (56) of gluons, whose mean
transverse momentum satisfies {(k, (g)} ~ag W.5*% It is the
appearance of a third (gluon) jet of hadrons that leads to the
growth of {p, } and {p}) with increasing W (2 10 GeV)
when the events are analyzed in accordance with a two-jet
model (e * ¢~ —¢g). Analysis of the data at W = 30 GeV with
allowance for the production of three jets (e*e™—ggg)

showed that the distributions of the hadrons with respect to

pi relative to the axis of “their’ jet do not differ from 1 g

o dp’
at W= 12 GeV, when gluon emission can be ignored and
(p. ) =0.3-0.35 GeV/c.%"" Thus, in a first approximation
it can be assumed that the distributions of the hadrons with
respect tox and p; do not depend on W and are the same for
quarks and gluons.

As we have already noted (see Secs. 1 and 2), the data on
lepton—nucleon interactions were obtained mainly at WS 10
GeV, and therefore a violation of p? scaling for hadrons was
not found.® In hard hadron collisions, hadron jets at
W = 2-14 GeV have also been studied, and it has been found
that {p, ) =0.4-0.5 GeV/c with no dependence of W.*® First
data have also been obtained on the characteristics of hadron
jets in soft hadron collisions for #p, Kp, and pp interactions
(Vs = 9-62 GeV).”>"* Although the actual existence of jets
similar to the jets from quarks is problematic in soft hadron
interactions, the characteristics of the hadrons in them and
in the processes (51) were found to be remarkably similar.
We have already noted the same dependence (60) of {1, ) on
W. Also the same are the distributions of the hadrons with
respect to p, /(p) for W= 8-30 GeV (“scaling on the aver-

age”).” There are differences between < Ep at W=28
o dp}
32 GeV. In pp interactions, these distributions are somewhat

narrower than in e "¢~ annihilation. This may be due to the

TABLE VIII. Mean multiplicities of particles in e* e~ annihilation {# = 30 GeV) and in

pp interactions (s = 52.5 GeV).

Type of reaction at o K v 7 A0 A | (map)
ete” — p X 11 9.9 | 1.4 |02 (0.2 [o.510,15] 12,8
pp—+; X 9 4.7 | 0.73 [ 1.62 [ 0,14 | 0,13 | 0.08 | 11.5
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crude method of eliminating the spectator jets. At lower en-
ergies (W =20 GeV), these distributions do not differ.

The distributions of the hadrons in a jet with respect to
the total (or longitudinal) momenta, measured in fractions of
the jet energy (x =2p/W), hardly depend on W when
W=z 510 GeV and x 2 0.15 (Fig. 20).>*7" At large W, when
the particle masses can be ignored, the cross sections of e e~
annihilation can be represented in the form

%:Z— (ete™— gE] — I)
(q0) 2004 (2, 5)

__ 8ma?

=" el (x, ), (63)

= Ciot

where D [ (x, 5) is the number of hadrons with energy x and
olqq) is the cross section for the production of gg pairs. In
this case, it follows from the scaling f(x) = sdo/dx that the
fragmentation function D j{x) is independent of the energy
(Fig. 20). At small x (%0.15), the particle yield increases
sharply as W increases from 5 to 35 GeV. It is this that ex-
plains the rapid growth (60) of the mean multiplicity of the
charged particles in e ™ e~ annihilation. It occurs because of
the increase in the multiplicity of the low-energy particles
(p 51 GeV/c). There is a similar effect in pp interactions.>’
The function D;’[x) also changes slightly when x Z 0.4. Its
values decrease with increasing energy. A departure from
scaling of this type is expected in QCD because of the in-
crease in the cross section a{e e~ —s¢gg), which naturally
leads to a decrease in the yield of hadrons

The distributions of the hadrons with respect to the ra-

pidity (y = ilnﬁﬂ- relative to the jet axis reveal the

. . o s .
existence of a plateau whose height increases with increasing

W by about three times in the interval 5-32 GeV.” The
width of the plateau also increases, and at W = 32 GeV it is
about three units.

These same features in the behavior of D} (x) are char-
acteristic for the individual species of particles (w* , K+,
K% K°p,p,A,A), produced in e *e~ annihilation (Figs. 21
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FIG. 20. Inclusive spectrum of secondary charged particles produced in
¢”e annihilation at W = 5-34 GeV: the open circles, open squares, open
triangles, plus signs, and black circles correspond to 5, 7.4, 14, 22, and 34
GeV, respectively.
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FIG. 21, Distributions of 7 * {open circels), X ° (K °) (black circles), and A
(A ) {open squares) produced in e " e~ annihilation (W = 33 GeV) with re-
spect to xz = 2E /5.

and 22). For x 2 0.1, D }{x) ~exp( — 8x) and this function is
the same for different particles. The large yield of kaons at
x2>0.3 is remarkable, since only about 30% of them are pro-
duced by valence quarks (s, ¢, b )|—the remainder are pro-
duced by sea quarks.>** The most unexpected result is the
large yield of baryons. Exotic models are invoked to describe
it.>* For example, it is assumed that there is a significant
probability of removal from the vacuum of not only a ¢g pair
but also a gggq state [P (qg)/ P {g) =0.08]. A different explana-
tion of the large baryon yield can be given in the framework
of the additive quark model (see Sec. 4).

In hard hadron collisions, the fragmentation function
D} (x) is also independent of the energy for W = 5-16 GeV
and x 2 0.3%7* At smaller values, D’ (x) behaves in the same
way as in e* e~ annihilation. In soft pp collisions, the distri-
butions of the hadrons with respect to x (after elimination of
the leading protons) agree well with the analogous hadron
distributions in e*e ™ annihilation at W = 3-30 GeV.™

In deep inelastic lepton—hadron interactions [ep, up,
v(v)p] the distributions of the hadrons with respect to x were
analyzed in the fragmentation regions of the “knocked-out”
quark (x >0) and the remaining diquark (xz <0), although
the energies (W< 10 GeV) were still small for separating
these regions.®>>® As a rule, these distributions were com-
pared with data on D ’;{x] obtained in pp and e "¢~ interac-
tions at equal energies (see, for example, Fig. 23). As can be
seen from Fig. 23, the values of D 2 (x) do not differ from each
other to within the errors for x 2 0.1 in the fragmentation
region of the “knocked-out™ quark, although the types are
different (see Table VI). The statistical errors and systematic
uncertainties in the various experiments are too large, and
the energies too low for confident separation of fragmenta-
tion of the different quarks (u, d, s). Nevertheless, such at-
tempts have been made.’*>® For example, the x distribu-
tions of the A* hadrons in ¥p interactions were analyzed in
accordance with the expression

Tae)=A0—|zp )*
in the fragmentation regions of the target (ud—h*) at
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FIG. 22. Distributions with respect to x; of #* (a), K* (b), and p {p) (c)
particles in e*e ™ annihilation at W = 4-5 GeV. The curves are the results
of calculations in accordance with the additive quark model (see Sec. 4).

xp < — 0.05 and the knocked-out” quark d (x >0.05).° The
values obtained for # (Table IX) agree to within the errors
with n,, for K 7 p interactions at p = 32 GeV/c (see Table
IV}, although the fragmenting systems of quarks are differ-
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ent (see Table VI). When the energy W is increased, especial-
ly for deep inelastic interactions, it will be possible to mea-
sure D Z (x) for different quark species.

Thus, at the present time it can be assumed that in a first
approximation the fragmentation functions D (x, p}) of the
quarks are approximately the same in different types of in-
teractions. For W= 5 GeV and x % 0.2 they do not depend on
the energy, and D (x) ~exp( — 8x) for pions, kaons, and bar-
yons. The first data on gluon fragmentation into hadrons
(ete”—qgg—h) show that there is no large difference
between D} (x, pt) and D }(x, p}). The mean transverse mo-
mentum of the long-lived hadrons in a jetis {p, ) =0.3-0.35
GeV/c in a wide range of energies (W = 5-36 GeV). How-
ever, the first results in the investigation of the production of
resonances in deep inelastic particle collisions show that
their fraction is large (greater than 5-60%), as in soft hadron
interactions. Therefore, {p, ) of the directly produced parti-
cles in the jet is larger and according to the estimates is about
0.5 GeV/c. In this connection, the question of the nature of
the x distributions of the hadrons and resonances arises.
They may differ, especially for pions and kaons (see Sec. 2).
Then the form of the true fragmentation function D X(x, p?)
will be different from the measured function. However, its
scaling properties will hardly change.

4. QUARK-PARTON PICTURE OF MULTIPARTICLE
PRODUCTION AND HADRON STRUCTURE

The modern picture of multiparticle production pro-
cesses is based on the interactions of point particles—leptons

TABLE IX. Values of # for ¥p interactions

Vixe) = (1 =[x )]
i Particle
kol % n
species
<-—0.05 h* 3.04:0.3
<—0.05 B 3.32:0.5
=0.05 Bt 2.04£0.2
>0.05 h 1.60.2
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and quarks."? It is particularly clearly revealed in the first
stage of these processes at high momentum transfers, when
the quarks can be regarded as being free [ag(Q *}— 0] (see
Sec. 3). In this case, the quark-parton model with free quarks
is a good approximation, and the deviations from it can be
described by QCD.* However, for the last stage of these pro-
cesses (the transition of the quarks into hadrons) QCD is not
valid because of the growth of ag (Q ?) (the confinement prob-
lem), and it is described by means of phenomenological mod-
els with several free parameters, whose values are deter-
mined from the experimental data (Refs. 2, 5, 7-12, 18, and
32-36). These parameters can be used to establish the main
features of hadron structure and quark-fragmentation pro-
cesses.

We shall discuss the theoretical interpretation of only
the general features of these processes that can be regarded
as established. These include:

1. The universal nature of the distributions of the reson-
ances with respect to the transverse and longitudinal mo-
menta (see Sec. 2).

2. The copious production of resonances and the small
fraction of pions and kaons among the secondary particles
produced in particle interactions at high energies (see Secs. 2
and 3).

3. The universality of the characteristics of the hadron
jets in deep inelastic collisions, hard particle collisions, and
e*e™ annihilation (see Sec. 3). The fraction of heavy parti-
cles, especially baryons, in hadron jets is large.

4, The similarity of the characteristics of the hadrons in
all types of particle interaction (see Sec. 3).

To describe multiparticle production processes, a wide
spectrum of models is used, these ranging from classical to
quantum-chromodynamic models (Refs. 2-12, 18, and 32—
36). Even a brief discussion of them would require a special
review. However, if we consider only the features listed
above and the models based on the quark—parton picture of
particle interaction, we can restrict ourselves to two popular
models: the fragmentation model for deep inelastic and hard
particle collisions® and the additive quark model,'®32-3¢
which describe multiparticle processes and complement
each other.

In the original version of the additive quark model,'®
only the symmetry properties of quark interactions in soft
particle collisions were considered. The model contained
two basic assumptions, which are also used in modern modi-
fications of the model.*?-3¢

The first relates to the concept of constituent or
“dressed” quarks (in Ref. 38, they are called valons).'®3? In
contrast to current (point) quarks, a constituent quark is a
complicated system formed by a valence quark and the sea of
quark-antiquark pairs and gluons. The effective masses of
the constituent quarks are deduced either from the hadron
masses or from the magnetic moments of the baryons.?? In
all cases, the results aresimilar: M (u) =M (d ) =350MeV and
M(s) — M (u)=175 MeV.

In the additive quark model, the properties of the ha-
drons and their soft interactions are determined by the char-
acteristics of the constituent quarks, which are assumed to
be almost independent (impulse approxiations). The con-
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stituent quarks carry the fraction x — 1/3 of the baryon
modmentum and 1/2 of the meson momentum. As a rule,
the interaction of hadrons reduces to the interaction of two
quarks, which results in the production of new quarks in the
central region (|x| = 1/6) and in the fragmentation regions
(|x] = 1/3) of the spectator quarks (Fig. 24; see Refs. 5, 18,
and 32-36).

The combination of these quarks leads to the produc-
tion of the hadrons. The rules of this transition form the
second basic assumption of the additive quark model.'®
They are as follows. At high energies, many quarks and anti-
quarks are produced in the central region. The quark model
is SU (6)-symmetric, and it is therefore natural to assume that
the probability of quark and antiquark production depends
neither on their species and quantum numbers (flavor, color,
spin, etc.) nor on the original colliding quarks. In this case,
the probability of finding a quark or antiquark with arbitrary
rapidity is the same (1g + 1g). The probability that there will
be a quark or antiquark close to it in rapidity is also the same:

(79+77) (3a+57) > 5u++a+oa

—~ 100+ 85 M, (64)

where M is a gg meson state. Continuing this combina-
tion,**** we obtain for the central (g, 7), region®

(¢, )= N (5) (6M -+ B + B), (65)
where B =ggq and B = ggq are the baryon states of the
quarks, and N (s) depends on the total energy (y/s) of the col-
liding quarks and determines the growth of the mean multi-
plicity of the hadrons with the energy, for example,
N (s) = b In(s/s,). The parameters & and s are the same for all
processes and are taken from an analysis of experimental
data.?*.3

The additive quark model predicts'® that the ratios of
the yields of mesons and baryons are

;1[:B:_B=6:1:1, (66)
and an equal probability for the production of the compo-

nents of SU (6) multiplets. Similarly, one can obtain the rela-
tions between B and M yields in the fragmentation re-

gions***%:
1 i 2
gi—*"s‘BiT§ﬂJh (67)
1 1 ]
(0:0) >3 Biy+75 (Bit BY) + - M +-Mp), (68

where g; and ¢, g; are the fragmenting spectator quarks. The

X X
3 3
X Target
J fragmentation
Central
Region
Beam

FIG. 24. Scheme of pion-nucleon interaction in the additive quark model.

®The subscript s means that sea quarks participate in the combination.

V. G. Grishin 103



baryon and meson states with indices / and j contain the
initial fragmenting quarks M, = 4,9, M; = q;9, B; = 4,94,
B; = q,q;9)- Theratio of mesons to baryons for the fragmen-
tation (67) of one quark ¢; is

M:B=2:1 (69)
and for fragmentation of two quarks (g;¢;) it is
M:B=05:4. {70)

The fraction of baryons in the fragmentation region is larger
than in the central region.

Ther relations (65)—(70) are valid as s— oo. At finite en-
ergies (E 52 GeV), it is well known that strange particles,
which contain the strange quark (s), are produced much less
often than nonstrange particles (see Sec. 2). It is possible that
this is due to the strange quark being relatively heavier,
which has an effect at finite energies. In this connection, one
introduces a parameter A characterizing®*® the suppression
of the production of strange quarks (4 = 0.3 at £ =2 TeV).

The meson and baryon states of the constituent quarks
for real hadrons. Analysis of the experimental data shows
that mainly baryons and mesons from the first SU (6) multi-
plets are produced, namely, baryons from the 56-plet and
mesons from the 36-plet with zero orbital angular momen-
tum of the quarks (L = 0). This means that the baryon states
(99q) are represented by the octet of particles with J* = 1/
2% and decuplet with J* = 3/2%, and the mesons (gg) by the
two nonets with J* = 0~ and J” = 17 In addition, it has
been shown that the meson multiplets with L = 1 {P-wave
meson States) constitute not less than 25% of all the mesons
produced directly in multiparticle reactions.*” The contribu-
tion of multiplets with L = 2 is estimated at about 10%.**%
Baryon states with L = 1 and 2 are also probably produced,
but as yet it is difficult to estimate their contribution. In
Refs. 18 and 33-35 there are tables of the relative probabili-
ties of hadron production with allowance for the suppression
of the production of strange quarks (4 ) and multiplets with
L=1and?2.

We summarize the basic predictions of the additive
quark model based on the introduction of constituent quarks
and quark combinatorics (or quark statistics). In soft particle
collisions, the hadrons are produced in the central region
(|x| =1/6) and in the fragmentation region of the constituent
spectator quarks (|x| & 1/3) (see Fig. 23). In the central re-
gion, many of them are produced in accordance with (65) and
(66), and the yields of the different hadrons depend neither
on their quantum numbers nor on the species of the primary
particles. In this connection, the model predicts the same
universal distribution of the directly produced particles with
respect to the longitudinal and transverse momenta (item 1
in the list of general features of resonance production; see
Sec. 2). In the fragmentation regions, these distributions de-
pend only on the x of the quarks fragmenting in accordance
with (67) and (68), as is observed in experiments for pp, 7p,
and Kp interactions (see Sec. 2).

The preferred production of the resonances (item 2 in
the list of general features) is due to the quark statistics of the
additive quark model. It is a consequence of the assumption
that quarks are combined into hadrons independently of the
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orientation of their spins. In this case, the number of gg pairs
is proportional to the statistical weight [2s(gg) + 1] of these
states and

n (q.'—,, S=1) 341

n (qq, §=10) o (71)
This ratio holds for all particle-production regions and for
all values of L (¢g). From this we obtain the preferred produc-
tion of states with high spins in the framework of one SU (6)
multiplet. From (71) there follow numerous relationships
between the yields of different hadrons, and these can be
tested experimentally #3333,
prax=3:1; K*BA0): K —3:1; At:p - 2:1, (72)
etc. In Table I, the predictions of the additive quark model
are compared with the data on the production of vector
(L = 0) and tensor (L = 1) mesons in K * p interactions at
p =32 GeV/c. The agreement can be regarded as good, ex-
cept for (n(K * (890))), which is possibly due to their align-
ment or “contamination” by quasi-two-particle processes
{see Sec. 2). Another example is given in Table X.**** This
gives the cross sections for production of strange resonances
(K)in K ~pinteractions ( p = 32 GeV/c) and in pp collisions
{p = 405 GeV/c) and their fractions in percentages. In the
additive quark model it is expected that strange mesons are
produced in 75% of the events with § (¢g) = 1 and in 25% of
the events with S (gg) = 0 [the relation (71)]. All particles
with.S (gg) = 1 are resonances if we ignore the decays of non-
strange mesons into kaons. The vector mesons K *(890) be-
long to the lowest multiplet of mesons with L = 0, and the
tensor mesons K ¥(1420) have L = 1. The tensor mesons are
5/12 of the particles of the SU (6) multiplet with L = 1, i.e.,
nlL =1)=12T/5.Ofthem, 75% haveS (¢g) = 1,i.e.,9T /5.
From this it is found that the number V' + 97 /5 determines
the number of states with .S (gg) = 1. As can be seen from
Table X, to within the errors it is close to 75%.” Thus, the
main quark-statistics rule {71) of the additive quark model is
well satisfied (see Sec. 2}.

Thus, it was predicted'® in the framework of the addi-
tive quark model in 1973 that there should be copious pro-
duction of resonances in high-energy particle interactions,
and this was discovered in 1976-1980 (item 2 in the list of
general features).>”'' The predictions of this model have
now been verified in more detail, and to within 5% they
agree with the experiments. In the additive quark model, the
fraction of directly produced pions and kaons does not ex-
ceed 5%.** Of course, with the accumulation of data devia-
tions from the model will undoubtedly be discovered. It is
already possible to suggest numerous possible improve-
ments of the model: allowance for polarization (alignment)
of the resonances in the fragmentation region (see Sec. 2), the
introduction of rapidity correlations between the quarks,
allowance for the distributions of the constituent quarks in
the hadrons, etc. (see Refs. 5, 7, and 34-36).

However, at the present time the model is adequate for
the level of the available experimental data (see Secs. 3 and
2). In this connection, it can be assumed that the idea of

“'In this calculation, the contribution of the states with . = 2 wasignored.
Estimates suggest that it is 5-10%.%%3°
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TABLE X. Production of kaons in K ~ p interactions at P =32 GeV/cand in pp collisions

at 405 GeV/e (diffraction processes are eliminated).

K-p - K=X K—p — oy
Cross section
mb % mb %
Total 8.341.5 100 80,5 100
For vector mesons (V) 404 48 4,240.3 a3
For tensor mesons (T) 0,940,2 11 0,8-0.2 10
For mesons with L = 0 [(4/3)V] ] 'i".IH:: G‘{t 5,9it) 4 ‘:1
For mesons with L = 1 [{12/5|T] 2,205 ‘11'; 1.90.5 J’é
For mesons with L = 2 (estimate) - -
For mesons with S'(gg) = 1 5,004 6845 9.64+0.3 T1+4
[V +(9/5)T]
K=p - K+X K-p -+ K0X pp - KLY
mb %% mb % mb %o
1.640.5 100 1.640.,5 190 T.440.5 100
1.1+0,3 69 0.94£0,2 56 3.441.0 46
0.0840.1 5 0,0840.01 5 1.7+0.8 23
1.5+0.4 92 1.240.3 75 4.5+1.3 61
0.1940.02 12 0.1940.02 12 4.12:1.9 55
_ _ — 13 — _
1.9440.3 72419 1.044-0.2 6.54+13 6.54-1.8 724

almost free constituent quarks corresponds to reality.'® This
means that hadrons have two characteristic dimensions: #,

and R, , where 7, is the radius of a constituent quark and R,

is the radius of the hadron. Estimates show that »;/R ; =0.1
and r, ~2>10~" c¢m.'"??7* Thus, at 0?51 GeV? a con-
stituent quark is not a single system but a “composite” sys-
tem with the quantum numbers of the valence quark-parton.
At Q7?2 1GeV?, its parton structure begins to be manifested,
while at Q?»1 GeV? we have point quark—partons. This
agrees completely with the face that the characteristic trans-
verse momenta of the partons in hadrons are fairly large
(about 0.5-1 GeV), close to the reciprocal radius of a con-
stituent quark (see Sec. 3).>**

This picture is nontrivial because of the presence in
QCD of a unique constant,which varies with the distance
monotonically and cannot be large either at r=r, or at
r~R, . Itis possible that the confinement of the “sea” of the
constituent quark is ensured by the production of colorless
gluonic formations—gluonium with M (g) =2-3 GeV %33

We now consider the features of processes with large
momentum transfers Q 2> 1 GeV? (see Sec. 3). The entire dif-
ference from soft hadron collisions in the interpretation of
these processes in the framework of the additive quark mod-
el is that initially point quarks are produced (see Fig. 17),
these being transformed into constituent quarks as the pro-
cess develops. They are then transformed into hadrons in
accordance with the rules (65)—(68) of quark statistics. The
proposed composition of the fragmenting quarks for differ-

'Y An important argument for this structure of the hadrons is the success-
ful application of the additive quark model to hadron-nucleus interac-
tions.'' On the other hand, some of the relations of the model can also be
obtained in the framework of QCD.™
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ent reactions is given in Table V1. The spectator quarks in /N
interactions and in hard hadron collisions fragment in exact-
ly the same way as in soft hadron collisions.

From the general picture we immediately deduce gen-
eral features quark fragmentation in the considered pro-
cesses and universality of hadron jets. Indeed, in the central
region (|x| =0.15) the hadron production mechanism de-
pends neither on the species of the primary particles nor on
the quantum numbers of the secondary hadrons, this being
so for the same reasons as in soft hadron collisions. Of
course, it is necessary to compare the characteristics of the
hadron jets in different processes at the same jet energy (see
Sec. 3). The multiplicity of the hadrons in this region in-
creases with increasing energy in accordance with (63). This
explains the growth of (n., ) in the hadron jets (see Fig. 18).
At sufficiently high energies, the growth of (n., ) is expected
to be the same for all types of interaction. All the other char-
acteristics of the hadrons in this region should also be inde-
pendent of the initial conditions (for example, 1(n/{n, }),
the composition of the particles, their distributions with re-
specttop/, y etc.), as is indeed observed experimentally (see,
Sec. 3). The universality and identity predicted by the addi-
tive quark model for the central hadron-production region
in any type of interaction also ensures to a considerable de-
gree the remarkable agreement between the characteristics
of secondary hadrons produced in different processes that
we discussed in Sec. 3 (item 3 of the general features).

In the fragmentation region of the knocked-out quarks
{|x| 0.15) the characteristics of the long-lived hadrons in
the jets are also similar, although the quark composition in
different processes is different (see Table VI). In the additive
quark model, the fragmentation mechanism for all quark
species is assumed to be the same [see Eq. (67)].3*3° There-
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fore, the distributions of the hadrons with respect tox and p/’
are also expected to be the same (see Figs. 20-22) (item 3 of
the general features). The ratios of the baryons to the mesons
must also be the same, with M:B = 2:1 as in (69). A high
proportion of baryons in jets was indeed found in e ™ ¢~ anni-
hilation, IV interactions, and hard hadron collisions (see Sec.
3).

The first data on the production of resonances in these
processes show that their proportion is not less than in soft
hadron collisions (see Table VII).

We shall compare the predictions of the additive quark
model for the production of long-lived hadrons for the exam-
ple of e* e~ annihilation processes.* As a function of x, the
cross section of these processes can be represented in the
form

% (%%(e*e‘—>h,‘())

5 Dul@) + 5 D3 (@) + 5 Dala)

+-05 D2 (&) + 4 Ds (@) +45 D3 (@) (73)

where /s is the total energy of the e “e ™ annihilation, B is the
c.m.s. velocity of the particle, D, (x) are the quark (and anti-
quark) fragmentation functions, and the factor 1 arises be-
cause of the production of two jets. The experimental data
were obtained at s = 4-5 GeV, and therefore the produc-
tion of heavier quarks (¢, b ) can be ignored. The calculations
in the additive quark model were made with allowance for
only the lowest SU (6) multiplets of hadrons with L = 0. The
fragmentation functions D, (x) were assumed to be the same
for all types of quarks and antiquarks®®:;

D; (2)==5 Fu(2) -5 Dy (@) £ N (5) 69y ()4 [n (@), (74)

where Fy(x) and @,,(x) are the fragmentation functions of
the baryons (and antibaryons) and mesons in the fragmenta-
tion region, and @, (x) and f3(x) are the functions in the
central region. The integrals over these functions in the com-
plete range of x are normalized to unity. The coefficients in
(74) correspond to the rules (65) and (67) of quark statistics in
the additive quark model. As a rule, the choice of the quark
{and antiquark) fragmentation functions is based either on
existing data on their distributions with respect to x in nu-
cleons (see Fig. 14),” or on experimental data on quark frag-
mentation.>3*3% At the present level of experiments their
actual form is rather arbitrary, except for the regions x— 0
and x— 1. In the region x— 0, hadron production from sea
quarks is predominant, and therefore @, (x)~f;(x)~1/
x.2%% In the region x— 1, the hadron distributions are relat-
ed to the behavior of the hadron form factors, and
Dy ~(1 —x)and Fp(x)~(1 — x)>.>%

To describe e™ e~ annihilation, the following function
was used:

Py ()= =72 (Aae | Byez | Coi), (75)
where/x takes into account the suppression of the probabil-
ity of finding in a meson in the limit x— 0 a valence quark
compared with a sea quark; the coefficients 4, B, C of the
polynomial were determined from experiment. A difference
between F (x) and @, (x) appears only in the region x 0.9
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because of the different behavior of the baryon form factors:

Dy (2) (76)

1--etf(1—x)®

Fy (x) -

and Fi (x)~(1 — x)* as x— 1 (@ = 0.1). In the central region,
@pg(x)~ [ (x)~1/x as x— 0. For this choice of the fragmen-
tation functions, the distributions (73) and (74) with respect
to x of the directly produced particles were found, and then
their decay into long-lived mesons and baryons was taken
into account. The results of calculations in accordance with
the additive quark model satisfactorily describe the experi-
mental data (see Fig. 22). This means that the quark-statis-
tics rules (74) are also satisfied in the first approximation for
e"e” annihilation.

The similarity of the characteristics of hadrons in all
types of particle interaction can also be explained qualita-
tively in the additive quark model. In this case, the separa-
tion of the leading particles (|x|=<0.4) in soft collisions
means that fragmentations hadrons are eliminated and there
remain only the hadrons produced in the central region (see
Fig. 24). As we have already noted, the behavior of the ha-
drons in this region depend neither on the species of the
primary particles nor on the type of their interaction.

Recently, fragmentation functions have also been intro-
duced in the framework of the model for soft hadron colli-
sions, which makes it possible not only to describe the gen-
eral features of these processes but also to make a
quantitative comparison of the momentum spectra of the
secondary particles with the predictions of the model .3+

Thus, in the framework of the additive quark model one
can describe many phenomena ranging from the static prop-
erties of the hadrons and the relationships between their to-
tal interaction cross sections to the characteristics of hadron
jets in processes with large momentum transfers. The intro-
duction of the fragmentation functions (75) and (76) essen-
tially completes the construction of a complete phenomeno-
logical model describing the hadrons and their production in
interactions of high-energy particles. For comparison, we
give the main postulates of the Field Feynman model, which
is widely used to describe hard hadron collisions.” Concep-
tually, it is quite different from the additive quark model. In
it, one considers the fragmentation of current quarks into
hadrons without the stage in which the constituent quarks
are produced (as in the additive quark model). However, the
fragmentation functions in both models are taken on the ba-
sis of the same experimental data, and therefore the final
results must agree. In the Field-Feynman model, the quark—
meson fragmentation function (D ¥(x)) has the form'"

DY (2 - LD L 0y 2+ gy (a) 2200, (77)
where the functions @; (@) and the parameter @ = 0.77 are
determined from the experimental data on e*e™ annihila-
tion and deep inelastic /N interactions. The distribution of

the directly produced mesons with respect to the transverse
momenta relative to the jet axis is taken in the Gaussian form

""Very often, the following form of the scaling functions is used:
DM =1 —a+ 3a(l — 2

E+ph

(E+ plg

where z =
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g = Aexp (— ph 207 (78)

and (p, ) = (V7/2)o the value 5~0.35-0.04 GeV/c is taken
to make the primary mesons have {p, (R)) = 0.45-0.50
GeV/cand (p, (7)) = 0.32-0.35 GeV/c (see Secs. 2 and 3).
In addition, one also specifies in the model the branching
ratio of the production of vector (V) and pseudoscalar (P)
mesons (V:P = 1:1) and the degree of breaking of SU (3) sym-
metry in the production of 55 quark pairs ((u#):(s5) = 2:1)."?
It is assumed that after each meson emission the kinematic
characteristics of the subsequent fragmentation process (77)
and (78) remain unchanged. It can be seen that the basic
assumptions of this model are approximately the same as in
the additive quark model, except for the quark statistics. The
V:P ratio in this model is taken from experimental data,
which are obtained with large errors and hardly correspond
to the true ratio of the initial mesons (see Tables V and VII).
In the model, one cannot describe the production of baryons,
though there are attempts to modify it in this direction.”

On the basis of this model, the Monte Carlo method was
used to obtain typical hadron jets and study their character-
istics, i.e., the inclusive distributions of the mesons, the cor-
relations between them, the charge distributions of the ha-
drons as functions of x, etc.” The results of these calculations
are widely used to describe the characteristics of hadron jets
in hard and soft hadron collisions and to determine more
accurately the chosen parameters of the model.*72

A comparison of the predictions of the additive quark
model and the Field-Feynman model for hard hadron colli-
sions has not yet been made. In a first approximation, their
basic assumptions are similar, and the experimental data are
obtained with large errors. This applies especially to the dis-
tributions with respect to x and p? of the directly produced
particles (the resonances).

As data are accumulated, the parameters of these mod-
els will be determined more accurately—they must also be
obtained in the framework of QCD.

CONCLUSIONS

Study of the production of resonances and hadron jets
in high-energy particle interactions has significantly
changed our ideas about the structure of hadrons and their
interactions.

These investigations have revealed copious production
of resonances and a universality of their production mecha-
nism (see Sec. 2). It has been found that the characteristic
transverse momentum of hadron productionis {p, (R )) =~0.5
GeV/c, and not {p, (7)) =0.34 GeV/c, as was assumed ear-
lier. The secondary long-lived hadrons are largely decay pro-
ducts of the resonances, and therefore reflect the interaction
dynamics weakly. It is evident that the hadrons have two
characteristic dimensions: R, ~ 1/2m_ and r,~1/my. The
latter is associated with the existence of new objects—con-
stituent quarks within hadrons, which are as yet absent in
QCD. It is possible that these objects are associated with
colorless formations of gluons with M (g) = 2-3 GeV, intense

"¥In the additive quark model, V:P = 3:1 (72) and (u@):(s5) = 3:1.
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searches for which are now being made.

In a first approximation, the characteristics of hadrons
in jets also depend weakly on the type of interaction and have
a simple scaling behavior, despite the different composition
of the fragmenting quarks (see Sec. 3).

Of course, as experimental data are accumulated we ex-
pect a differentiation of the hadron jets in accordance with
the species of the fragmenting quarks (see Secs. 3 and 4). In
this connection, we need new experiments both in the region
of energies /5 < 60 GeV and at collider energies (s = 0.5-2
TeV).

The quark-parton models (see Sec. 4) satisfactorily de-
scribe the available data with the introduction of phenomen-
ological parameters, which must be obtained in the complete
theory of the strong interactions.
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