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Recent developments in the field of large p~ physics are reviewed. Special attention is paid to the
explanation of the data offered by specific constituent models. Emphasis is placed on those data which
tend to differentiate between the models. Prospects for better understanding of large pT events as the
result of new experiments and fqrther theoretical work are discussed.
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I. INTRODUCTION

*Vgork supported in part by the Energy Hesearch and Develop-
ment Administration.

The observation (Alpert et al. , 1973; Banner et al. ,
1973; Busser et al. , 1973) that the transverse momen-
tum spectrum of produced particles deviates, at high
energies and large p~, from the exponential behavior
observed at low p~ raised hopes that in such processes
we had started to probe the structure of hadronic reac-
tions at very short distances. Several fairly sophisti-
cated pictures of constituent interactions mere subse-
quently developed (Herman et al. , 1971; Ellis and Kis-
linger, 1974; Sivers et a/. , 1976) which in turn have
stimu13ted increa'sed effort on the part of experimenta-
lists to study new and varied aspects of the events con-
taining large transverse momentum hadrons. As a re-
sult, many nem data have become available during the
past two years.

The first half of this report includes a review of the
data. Emphasis is placed on recent results, as the
earlier data have been extensively reviewed (Darriulat,
1975; Darriulat, 1976; Della Negra, 1976) and are well
known today. The second half of the report comprises

an overview of two apparently distinct constituent inter-
action pictures. While reviewing those features of the
models which are consistent mith the existing data, we
pay special attention to those aspects which are most
likely to distinguish between the two models. Many of
the comments made are also applicable to other large
P~ constituent models and this is pointed out when rele-
vant. Also a list of the experimental quantities best
suited for further study of the constituent models is pro-
vided.

II. SINGLE-PARTICLE DISTRIBUTIONS

In most experiments the large transverse momentum
spectrum is measured for the particles emitted at 90'
in the c.m. system. The large p~ signal is expected to
be cleanest there and least affected by kinematical ef-
fects near the phase-space boundary. Both ISR and
FNAL experiments extend their measurements up to a
value of pr -7 GeV/c. In terms of the reduced trans-
verse momentum xr = 2pr/Vs, this corresponds to xz,
-(0.25 —0.30) for the higher energies of the ISR and to
x~-0.7 for the FNAL experiments. There are also pub-
lished measurements of the large p~ spectra at smaller
emission angles. Knowledge of the angular dependence
of single particle distributions is, however, still frag-
mentary.

The gene ral features of the momentum spectra of
particles emitted at 90 in the c.m. system at high
energy can be summarized as follows:

(i) The transverse momentum spectrum deviates for
pr P 1.5 GeV/c from the exponential distribution ob--
served at small Pr values. The parametrization Ed'o/
dp'=&e '~~, which describes well the bulk .of the data at
small p~, is about two orders of magnitude lower than
the measured points at 3 GeV/c.

(ii) The measured cross section shows strong energy
dependence at fixed pr values (a1.5 GeV/e) across the
ISR energy range. The invariant cross section at p~= 3
GeV/c increases by a factor of -5 when Ms increases
from 23 to 63 GeV (see Fig. 1).

A. Sealing

The invariant cross-section distribution was paramet-
rized in different experiments by a host of various
phenomenological functions. The success of the con-
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or, in order to take into account also the low p~ region,
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E,=A(p2r+M') ~~'f(xr, 8).

These parametrizations factorize the explicit p~ depen-
dence from the dimensionless scaling function f(xr, 8)
dependent only on the reduced transverse momentum
and the emission angle jg. The scaling function, expected
in parton models to be energy independent at fixed x~,
is often parametrized at 8= 90 as

(3)
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FIG. 1. Invariant cross section for & production at 90 for five
center-of-mass energies. The extrapolation from data with
Pz, & 1 GeV/c is shown. for comparison (Busser et al. 1976a).

A compilation of the parameters N, M', and I as obtain-
ed in various experiments is given in Table I. It is im-
portant to recall, however, that these parameters are
not necessarily of a fundamental nature. In particular,
even in the models, Eq. (3) is only an approximation ex-
cept near x~ = 1.

To summarize the table, the value of N is equal to
-8 for pions, 8—9 for kaons, 10—12 for protons, and -9
for antiprotons. These values are generally compatible
with those suggested by the dimension+1 counting rules
(Brodsky and Farrar, 1973, 1975; Matveev et a/. , 1973)
and are discussed further in Sec. IV.

The function f(xr, 0) presented in Fig. 2 for the data of
the CERN —Columbia —Rockefeller-Saclay Collaboration
(Husser et a/. , 1976a) shows indeed very good scaling
properties within the systematic uncertainties of the ISR
experiments. The functional form is difficult to deter-
mine at the ISR due to the rather small range of x~
measured. The results of the recent Chicago-Prince-
ton (Antreasyan et a/. , 1977a) experiment extending to
xr —0.7 indicate good agreement with a (1 —xr) be-
havior.

The high values of the parameter N observed in the
early part of the Chicago —Princeton experiment (Cro-
nin et a/. , 1975) were derived from the extrapolation
of the measurements performed on nuclear targets.
Recently a hydrogen target was used giving lower values

TABLE I. Compilation of parameters fitted to Eqs. (1)—(3).

Reaction Collaboration Reference

8.60 + 0.04
7.70 + 0.12 0.74 + 0.02
8.2 +0.5

11.0 +0.7
9.0+ 0.5

CCRS
BS
CP

Biisser et al. , 1976a
Alper et al. , 1975
Antreasyan et al. , 1977a

pp- ~'

8.60 +0.04
7.78 ~0.14
8.5 +0.5
8.60 +0.04
7.2 +0.2

10.8 +04
8.72 + 0.30
8.4
8.76 +0.36
8.9

0.79 +0.02

2.3 +0.3
1.69+0.05

1.77+ 0.10

11.9 +0.7
9.9 + 0.5

7.1+0.4
9.0 +1.0
8.8

12.2 +l.l
11.7

CCRS
BS
CP

CCRS
ACHM
BNL —CIT—LBL

BS
CP

Biisser et al. , 1976a
Alper et al. , 1975
Antreasyan et al. , 1977a

Busser et al. , 1976a
Eggert et al. , 1975b
Donaldson et al. , 1976

Alper et al. , 1975
Shochet, 1976

Alper et al. , 1975
Shochet, 1976

10.38 + 0.34
11.7

1.82 *0.07 7.3 +0.9 BS
6.8 CP

Alper et al. , 1975
Shochet, 1976

9.1 y0. 3
11.9

1.17 +0.06 14.0 +1.4
8.0

BS
CP

Alper et al. , 1975
Shochet, 1976

7r+p 7) 10-.0 + 0.2 1.8 +0.2 5.5+0.3 BNL —CIT—LBL Donaldson et al. , 1976
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of the parameter R, compatible with the ISR results.
The data indicate that the atomic number dependence of
the particle yields observed previously is also p~ de-
pendent, -4"i~&'. The values of o.'(pr) are shown in
Fig. 3 for m' and m production.

So far little is known about the emission angle depen-
dence of the function f(xz, 8). Data of the ACHM Colla-
boration (Eggert et al. , 1975b) on 7i' production indicate
no significant angular variation in the range 53 ~ 0*—90
in the c.m. system. At smaller emission angles, the
large p~ v' spectrum, measured by the FNAL-Northern
Illinois group (Taylor et af. , 1976), shows surprisingly
good scaling when xr is replaced by xs= 2p/v s (Fig. 4)
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FIG. 3. The power n in the atomic number dependence vs pz
for 7t+ and 7t . The lines are drawn to guide the eye (Kluberg
et ~l. , 1977).

~s(GeV)

pro. 4. The 7t. invariant cross section E(d3o/dp~) for constant
xR or x~~ and constant values of PT vs ~s (Taylor et al. ,
1976).
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FIG. 5. The 7T+/r ratio vs &2 for p —p and p —& collisions
at 200, 300, and 400 GeV (Antreasyan et aE. , 1977a).

and there is no o erth 0 dependence. More detailed mea-
suremen s ot f the production of charged particles are
needed, however, to check further the validity o is
parametrization.

B. Particle ratios

I.O—
I I I I ) I I.O I I l

C)

The relative yields of particles with large p~ are of
great interest as a testing ground for various phenome-
nological mo e s. wd 1 It as known already from the early

7 $ 0ISR experiments (Alper et a/. , 1975)975& that around 0=9
the n' to m cross-section ratio,
at large p~ values and that the relative yield of heavier
secondaries (K and p) increases with increasing trans-
verse momentum for pz —3 Ge&/c./c. Recent Chicago-
Princeton Collaboration data (Antreasyan et a/. , 1977a,
1977b) permit the study of relative yields a.iso in the
large x~ range.

Th esults shown in Fig. 5(a) indicate approximate
scaling of R(m'/m ) and, at small xr, values compatib le
with the previous British-Scandinavian Co llabo ration
measurements (Alper et a/. , 1975) at the ISR. At larger
xr, R(m'/w ) increases rapidly up to the value of about

= 0 6 ' agreement with parton model predictions.
For Pn interactions R(z'/m ), presented in Fig. ( ),

is derived from the difference between the results of pp
and pd measurements and shows no deviation from the
value R = 1 expected at 90 from isospin conservation.

0 t

(GeV/'c)

0

PT

FIG. 7. Particle —antiparticle ratios for 300 GeV p —p colli-
sions extracted from Chicago —Princeton. data (Antreasyan
et al. , 1977a, 1977b). A/A point from (Busser et al. , 1976 ).

The ratio of heavier particle yields to that of pions of
the same charge is illustrated in Fig. 6. It increases at
small transverse momentum with increasing p~, reaching
a maximum at Pr - 2 GeV/c. Then, except for A(A /w'),
it decreases in the large p~ region, where pion produc-
tion accounts for 70/0 —80% of the total yield.

The Chicago-Princeton data from FNAL are in most
cases in goo agred agreement with previous ISR results. They
indicate, however, a significantly smaller cross section
for p production at large p~ than previously measured.
This discrepancy will be resolved in the near future, as
there are several second generation experiments set up
at the ISR and FNAL equipped for particle identification.

It is interesting to note that the ratio of positive to
negative secondaries is increasing with p~ much more
dramatically for heavier particles than for pions, rising
above 20 for //(p/p ) at pr& 5 GeV/c (see Fig. 7).

The parametrization with Formula (1) describes not
only the single-particle spectrum, but also the ratio
of the particle yields. This is illustrated in Fig. 8,
where the scaling function f(xr, 8) is presented for the
P/~ and K/m ratios. The parametrization with (1 —xr)
seems to describe satisfactorily the large x~ region.
The large errors in the fit with the parameters N and

given in Table II, reflect the uncertainty in defining

CD

C3

o

.001

:pr~+ pr~-
r 200 GeV v
~ 500 GeV o
~ 400 GeV o

t

I 2 5 4 5
P~ (GeV/c)

,OI

(b)

K+r~+ K /Tr
200 GeV ~

~ 500 GeV 0
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t I I I
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6 7

FIG. 6. The particle ratios versus Pz for 200, 30300 and 400
GeV p —p collisions (Antreasyan et aE. , 1977b).

P/7/'
P/7/-'
w'/~-
E -/~-

3.26 + 1.50
0.27+ 1.70
0.20 +0.50
1.58 +1.'40

—1.67 +1.00
4.29+ 1.90

—0.68 +0.40
1.59 +1.20

TABLE II. Fits to the parametrizatjon Pz x ~ for the
partic e ra sos znl t the Chicago- Princeton experiment
(Antreasyan et aE. , 1977b).
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the x~ region in which the parametrization is to
apply.
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C. Beam ratios

The first measurement of m' production at large p~
using various beams was performed recently by the
BNL —CIT —LBL Collaboration (Donaldson et al. , 1976) at

FIG. 10. Ratio of invariant cross sections vs xT for pp
0~ and 7t P +X at 100 and 200 GeV/c (Donaldson ef, al. ,

1976).

100 and 200 GeV/c. The ratio R„, of the invariant
cross sections, presented in Fig. 9, shows no difference
in the m production spectra from r' and 7I beams. How-
ever comparing proton with pion beams, one notices im-
mediately astrong p~ dependence of Rb„. At low trans-
verse momentum the ratio of differential cross sections
is approximately equal to the ratio of the total pp and
mp cross sections at the same energies. With increas-
ing p~, m' production becomes more likely in the ease
of the pion beam than for the proton beam. Although the
energy range is rather limited, the ratio R(pp-m X')/

(mp-n'K) indicates rather good scaling as a function of
xr (see Fig. 10) with the parametrization f(xr)

T(1 x )1~ 6+0 5

ill. CORRELATIONS

The vast amount of data on the general characteris-
tics of events with a large p~ particle, measured in ISR
experiments, has been extensively reviewed by many
authors (Darriulat, 1975, 1976; Della Negra, 1976;
Ellis and Thun, 1974). Therefore, after a brief sum-
mary of known facts, the main discussion will concen-
trate on recent results.

Owing to experimental difficulties in estimating multi-
particle efficiencies and acceptances over the large
solid angle covered by the experiments, large p~ events
are usually compared to normal hadronic collisions col-
lected with the same apparatus in "minimum bias" trig-

I

~ 1.0—
CL Away

0.5—

0 I I I I I I I I

1.0 2.0 3.0 4.0 I.O 2.0 3.0 4.0
Pz (GeV/c)

FIG. 9. Ratio of invariant cross section for 71 production with
7I-', Tr, and p beams at 100 and 200 GeV/c (Donaldson eI; al. ,
1976).

e PT

FIG. 11. Schematic description of the kinematical regions
used in the study of large pz events.

Rev. Mod. Phys. , Vol. 49, No. 4, October 1977



758 S. D. Ellis andd ~. Stroynowski: Largei: arge p~ physics: Data and thean t e constituent models

ger modes. Such omparlson

st dyofla gep
g

Before giving d
to summa

lscusslon lt I
rlze the overall d'ff

with res ect
l ferences of lar

p to minimum bias events.
ge p~ events

(1) There isis an increase of
particles

of multiplicit fof ' '
y o produced

(2) This increasas p ead over a reease is s r
d d to th

with respect to the trigger. As c
n on the azimuthal diirection Q

t' bod d more promin
ig. 12,

pr particle than t ota o her azimuthal

(8) This increase ofra o ml p' y 1 odp d th

gg ring particle. As
on e

, i as an approximatel
t ) itht

gion P= 180'.
i e largest slope in the re-

(4) Although hinted h
b —Ill o —L'

4 in ed by the ear
b — ' — lve rpool-Ruthe rfo

e Dares-

y
R ions observ ed a

o e triggering part 1

re ependent on the tre e ype

( ) The correlation w'

ion of the transverse m
~particle is also a

The stren t
verse momentum of the

p Fl
ng of the correl t'a ion increa

e secondaries

o e secondary.
easing

From the above ene
of lar e

ove general features a
g p~ events as havlng three

picture has evol dve

~ CC

e components:

towards" t—smje —small cluster of
g her with the tri

o particles emitted
riggering particle.

away" jet—lar e n
the trans

g number of parti
nsverse momentu

r lcles balancing
ns um of the tri

ge rapidity rangnge on average;
gger but spread over

4.Q

LLI

N

0

~ 20-0

CL

22 22 GeV tc
PARAPET R I Z AT IO N M=A ~ EI.P

N TT

T

a K

o

4, : o~lgl~ 3e' To

$3 n&~$

144+/

&0 24

l' (GeVIc)

FIG. 13. The P z de enF . . z ependence of the multi lip
uthal regions: 4

per et al. , 1976).

~ ~ ~iii underlying low p~ cloud —ro —pres y:.--p'-. .. s ructure.

Thehe structure of th
sed next.

ese three ccomponents will bi e discus-

o 0.60

tl

o.4O-
P

U
D

UJ

w 0.40

Ul
LU

0~0—
lK

G20—

150 «1 y l«180 0.60

oc0

12o «ly l«150.

OAO—

60'& I y l«90~

30 «l ip l«60

Cl
LLj

0.40—
&C

90 «]yt 120 0&0— ) y /«30~

G,20 020—
K

I I I 0 I

-3 -2 -1 0 1

ll

I

1 2 3
I I I

-3 -2 -1 0
I I

2 3

FIG. 12. charged particle den ' 'e ensities for the 7r

e o~er events with c. The

ggert et al. , 1975a)
i j.es in minimum bias

A. Low p~ cloUcl

Little is known atnown at present about th
p~ secondaries in lar

he behavior of the

lar e y he ex er'
lS OR

measuring low
h p rlmental difficult'

t' 1 tth
ERN-College de F

lab
e rance —Heidelb

a o the

egra et al. 197ti ( ll

p o

s ituent models d'ff

'
g studies. In var

ln the
s l erent number

~ Rrlous

he interaction. Th'
ers of quarks take

for th
is results in d

a e part
c a ions

r he charge distr b '
ow T

~ p icles in large ee ow p art
s. re-

and are needed in d
ai s of the various m d 1

jet structure
inguish the suupe rimposed

At lar eg values of longitudina
d f thr e leading particle

ere is
r ic e effect in large p

ing particles are usuall d ec-y efined as sec-

Rev. Mood. Phys. , Vol. 49, No.~, , o. 4, October 1977



S. D. Ellis and R. Stroynowski: Large pT physics: Data and the constituent models 759

TOWARDS

, POSITIVE TRIGGER, NEGATIVE SECONDARIES

P. P 100 Y/c I

AWAY

POSITIVE TRIGGER, NEGATIVE SECONDARIES

6. P &1.0G Y/c

5. 5. 5.

6.
5.

3.

3.

I lg III1
1' '

l05& Pe&1.0 GeV/c

!

'12 .

3.
2.

10.

3.
2.

I05~ Pe~ 1.0 GeV/c

8.
6.

l03 ~P +05 GeV/cl

5 ~

IO.

6.
II1lll 1I }III

IIIIII

'l0 .

6.

-2Q QO 2.0 -2.0. QO 20 -2D Q,O
RAPIDITY, y RAPIDITY, y

FIG. 14. Rapidity distribution of negative secondaries in the a "towards" azimuthal angle and 5 "away" azimuthal angle for the
20 and 45 positive triggers. Full line indicates the respective distribution of normal events. The vertical scale is the charged
multiplicity, times 100, per interval of K@ and Ay (in radian ) (Della Negra et al. , 1976a).

ondaries of the same charge as the beam particle and
carrying most of the beam momentum (x&0.5). They
are quite common in normal pp interactions and occur
in -27% of the events. The CCHK Collaboration has
shown (Della Negra et al. , 1975) that the fraction of

events with a leading particle, presented in Fig. 16, de-
creases in large p~ events with increasing transverse
momentum of the trigger. This effect was recently con-
firmed by the British-French-Scandinavian group
(My'lier, 1976), which had also shown that the probabi-
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FIG. 15. Same as Fig. 14 but for positive trigger and positive secondaries g)ella Negra et al. , 1976a).
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FIG. 16. Percentage of events with leading particles as a
function of the transverse momentum of the large p~ second-
ary. (Della Negra et aZ. , 1975 and MPller, 1976).

lity of observing a leading particle is the same whether
the high P~ trigger is a pion, kaon, or proton. The com-
patability of the values from these two experiments,
compared in Fig. 16, indicates that the effect is inde-
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FIG. 18. The rapidity distribution of negative secondaries in
the towards region for the events with 45 positive particle
with pz& 2 GeV/c. The full line represents the equivalent dis-
tribution for normal events (Della Negra et aZ. , 1976b).

pendent of the emission angle of the high p~ particles.
In Fig. 17 the longitudinal x distribution of leading

particles in large p~ events is compared to that for nor-
mal events. The prominent diffractive peak observed
in minimum bias events is strongly suppressed. This
suppression is partially caused by energy-momentum
conservation effects, since a large fraction of the c.m.
energy is taken. by the triggering particle and accom-
panying jet. In the "towards" azimuthal wedge (least
affected by these kinematical effects) there is indeed a
forward peak in the low pr secondaries (Fig. 15).

0.50—

Large p events

Norma I e ve nts

B. Towards jet

It has already been noted that large transverse momen-
tum particles are usually accompanied by an excess of par-
ticles collimated both in azimuth and in rapidity near
the trigger. This excess, illustrated again in Fig. 18,
is usually referred to as the towards jet. The properties
of the towards jet were studied during the past year in
several experiments. Eggert et a/. reported (1975a) that

I ~ r j ~ ~
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FIG. 17 ~ Invariant density of positive leading particles with
pz& 0.2 GeV/c as a function of x in normal events (thin line)
and in large pz events (thick line) (Della Negra et aZ. , 1975).

FIG. 19. The transverse momentum squared distribution with
respect to the jet axis of particles forming the jet (Della
Negra et aZ. , 1976b).
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FIG. 20. Rapidity distributions and 7r -7r+ mass distributions
for particles in the large P r~ hemisphere with ~Q ~

~ 27 . The
mass distributions are plotted for

~ y ~~ 2. The dashed curves
show the minimum bias rapidity distributions and the mass
spectra expected for uncorrelated particles {Darriulat et al. ,
1976).

the average number of charged particles in the jet, other
than the trigger, is about 0.85. This number strongly
depends on the definition of the jet and can vary, as
shown in other analyses (Darriulat et a/. , 1976; Della
Negra et a/. , 1976b) between 0.5 and 1.5. The particles
belonging-to the jet show an azimuthal symmetry with
respect to the jet axis, while their momentum trans-
verse to the jet axis, p~, shown in Fig. 1S, is limited
and well described by the function exp[-6(pr~)'].

The collimation of the particles inside the jet in-
creases with the p~ of the secondaries and exhibits
characteristics similar to the correlations among the
decay products of low-mass resonances. This is clearly
illustrated by data of the CERN group (Darriulat et a/. ,
1976) in Fig. 20, where the effective mass of a large pr
m' and a charged secondary assumed to be a pion is
shown. Above the background of uncorrelated particles
a prominent signal may be observed in the low (mow')

mass region. It is dominated by the p' peak for higher
values of charged-pion transverse momentum. The p
signal is more clearly visible in Fig. 21, where only
pions withPr&0. 7 GeV/c are included. This restricts
the transverse momentum of the p to be above 2 GeV/c
with (pr), = 3.5 GeV/c. An estimate of the p production
cross section yielded the ratio —,(p'+ p )/w'= 0.9+ 0.2. It
follows that at least 16% of the observed large prm' sig-
nal is derived from p decays. Siinilarly, the CCHK Col-
laboration observed (Della Negra, 1976) a clear po

signal (see Fig. 22) and estimated the p'/n' ratio to be
compatible with -1.4 at Pr(p) & 2 GeV/c. These values
should be taken as conservative estimates burdened
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FIG. 21. The prox+ mass distribution in the towards region for
largepz7r events. The dashed line is the mass distribution
for uncorrelated particles and the dashed-dotted line repre-
sents assumed background {Darriulat et al. , 1976).
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FIG. 22. (a) The vr+ 7r invariant mass distribution for 7r

trigger at 20 with pz(7r ) & 1.5 GeV/c. An esti.mation of the
p signal is shown corresponding to p /7r =-1.2. (b) Same as {a)
with the p removed. (c) Monte Carlo estimation of the mini-
mum bias background under the po signal (CCHK data, Della
Negra, 1976) .
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to explain all the observed correlations inside the to-
wards jet. This is illustrated in Fig. 24, which shows
the rapidity distribution of secondaries with pr& 1 GeV/
c of the opposite and same charge as the trigger
(y„.. .= 0). When the trigger momentum increases,
there is an enhancement for both the opposite charge and
same charge secondaries at small y. Whether this effect
can be fully explained by the production and decay of
large p~ three-body resonances like A.„K,*4„, etc. , re-
mains as yet unsolved.

Ellis, Jacob, and Landshoff (1976) have noticed that
by requiring in the trigger a single large P~ particle,
experiments may introduce a trigger bias against multi-
particle jets. A new series of calorimeter-type experi-
ments triggering on large energy emitted at 90 in the
c.m. system wiLL soon shed more light on this problem.

FIG. 23. (a) Neutral and doubly charged invariant (Tr~), (E 7r),
and (p~) mass spectra including large pz (pz & 2 GeVjc) identi-
fied triggering particle. (b) Difference between neutral and
doubly charged mass spectra indicating production of reso-
nances (Mgller, 1976).

with large systematic errors because the selection cri-
teria for correlated particles limit the acceptance for
the p decay products. This acceptance effect in turn
depends strongly on the polarization of the p produced
at high pz.

Owing to the lack of identification of the charged sec-
ondaries in the ISR experiments, all charged particles
are usually assumed to be pions. However, in the p~
region studied it is known that kaons represent about
10%% of the pion yield. When a kaon is misidentified as
a pion the K,*„resonance peak is shifted to M(mv)-400
MeV/c. There is indeed an indication of such an en-
hancement in Fig. 21. Further confirmation of large
p~K89, production is given in Fig. 23 by the preliminary
data of the British-French-Scandinavian Collaboration
(M6ller, 1976). The results indicate that a large frac-
tion of the high p~ particles comes from the decays of
low-mass ~~, Km, and pn resonances.

The two-body resonances are not sufficient, however,

C. Away jet
The third component in large p~ events is manifested

in the azimuthal region away from the trigger (&f& = 180')
by an excess of particles over the minimum bias distri-
bution (see Figs. 14 and 15) in a broa. d range of rapidity.
The number of charged particles in this region increases
approximately linearly with the P~ of the trigger with a
slope of about 0.8/(GeV/c) and is little dependent on the
nature of the trigger.

The away secondaries show increasing collimation
around Q = 180' with increasing transverse momentum
(Fig. 25). The p,„, component of transverse momentum,
perpendicular to the triggering plane defined by the beam
and triggering particle (see Fig. 26), is approximately inde-
pendent of the pr of thetrigger. The average (p,„,) = 500
MeV/c is little dependent on the rapidity and the charge of
the secondaries. 'This may be contrasted to minimum bias
events where the average p,„„defined with respect to
an arbitrary plane, strongly increases with the p~ of
the particles.

The shape of the rapidity distribution of the correlated
secondaries is weakly dependent on the transverse mo-
mentum of both the trigger and the "away" particles.
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FIG. 24. Rapidity distribution of secondaries with pz, & 1 GeV/c
in the events with large pz trigger aty =0. E' is the pz of the
trigger (Mufller, 1976).

FIG. 25. Azimuth distribution of charged particles in the away
region in the events with large p~ Tr emitted at 90 (Darriulat
et al. , 1976).
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The enhancement spans about four units of rapidity for
the low p~ secondaries and about three units for the
large p~ particles. This collimation increases with P~
of the trigger.

In experiments where the large p„particle is detected
at 90 in the c.m. system, the rapidity distribution in
the away region is symmetric around y = 0. It remains
approximately symmetric even when the emission angle
of the trigger particle varies. The CCHK Collaboration
has measured (Della Negra et a/. , 1976a) events with
positive and negative large P~ particles emitted at 6I

=45 and 20, and the Pisa-Stony Brook group has ob-
served (Kephart et a/. , 1976) events with large pr pho-
ton emitted at 8= 17.5 in the c.m. system. In both ex-
periments the average transverse momentum of the
triggering particle was about 2.5 GeV/c, and the "away"
rapidity distribution showed a broad enhancement cen-
tered around y = 0. An exception is quoted in the ACHM
Collaboration experiment (Eggertet a/. , 1975b) in which a
streamer chamber was triggered by a large pr vr'((pr)= 3.8
GeV/c) at 8 = 53'. Here, they distribution in the away region,
presented in Fig. 27, shows a shift to rapidities opposite
to the rapidity of the triggering m'. Although this effect
needs further confirmation, it indicates the interesting
possibility that a back-to-back correlation in rapidity
may evolve with increasing transverse momentum of the
trigger, and that for very large p~ triggers, the towards
and away jets may tend to balance not only their trans-
verse but also their longitudinal momentum.
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FIG. 28. Rapidity distribution of large P~ charged secondaries
(Pz & 0.8 GeV/c) from events in which the largest xz particle
denoted here as Xz is within rapidity intervals: (a) 0 —y —0.75,
(b) 0.75~y ~ 1.5. The particle with the largest x~ is not in-
cluded in the plot (Darriulat et a&. , 1976).
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FIG. 29. The distribution of rapidity difference of pairs of
particles in the away region {full line). Also shown is the
equivalent distribution for uncorrelated pairs. (c) and (d)
show normalized rapidity difference distributions obtained
by taking the ratio of the distributions of (a) and (b), respec-
tively, to the background distributions of these figures (Della
Negra et al. , 1976b).

The question of whether the away jet is indeed very
broad, or whether it has the same characteristic width
as the towards jet, i.e. , narrow in rapidity in any given
event but with an axis varying from an event to event,
has been studied in several experiments (MC(lier, 1976;
Darriulat et al. , 1976; Della Negra, 1976b). All of them
report strong short-range correlations in rapidity among
the "away" particles which increase with their trans-
verse momentum. The effect is illustrated in Figs. 28
and 29. The correlation is stronger by about a factor
of 2 for opposite charge pairs than for the particles of
the same charge. This may indicate substantial reso-
nance production. The short-range correlations, al-
though centered around y = 0, are not restricted to the
small rapidity region. The contour lines of the corre-

FIG. 31. Comparison of xz distributions for e'e, ep data with
corresponding distribution in away region in the events with a
large pz7r produced in pp collisions (Darriulat et aL. , 1976).
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lation function for opposite charge pairs shown in Fig.
30 span four units of rapidity. Evidence exists, there-
fore, for the narrow jetlike structure also in the away
region. The axis of the jet, however, strongly varies
from one event to another.

In most of the parton models the away jet originates
from the fragmentation of the scattered constituent. Fac-
torization and scaling hypotheses for the jet assert that
the distributions of the fragments should be independent
of the origin of the constituent and of its momentum.
The CERN group (Darriulat et a/. , 1976) has compared
the spectrum of particles in the away jet in terms of
the variable xe=pr/~prtrigger

~
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FIG. 30. Contour lines for the correlation function C(y&, y2)
=p (y~, y~) —p (y~)p (y&) for particle pairs of opposite charge
in the away region. p and p denote two- and one-particle
density distributions, respectively (Della Negra et al. , 1976b).

FIG. 32. The distribution of the number of secondaries per
event emitted in the away direction versus the reduced trans-
verse momentum xz. The three sets of points correspond to
three values of P z of the triggering particle. Only particles
with momentum component perpendicular to the trigger plane
smaller than 0.6 GeV/c are plotted (Sosnowski, 1976).
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and the corresponding distributions obtained from deep-
inelastic ep scattering and e'e annihilation. The shape
of the distribution, shown in Fig. 31, does not change
significantly whether the p~ of the trigger or the p~ of
the presumed towards jet is taken in the definition of
x~. The similarity of the shapes of the distributions in-
dicates good agreement with the expectations of factor-
ization.

Similar spectra presented by the CCHK Collaboration
for a 45' trigger (Sosnowski, 1976) show (Fig. 32) strong
variation with the P~ of the trigger. Although at- first
sight this result looks like a violation of scaling, it may
merely reflect the difficulties of separating the particles
belonging to the away jet from the low p~ cloud, as the
possible overlap of these two components varies with the
p~ of the trigger. More data at higher values of trans-
verse momentum are needed to study this question of
scaling. This is particularly important as a test of the
relevance of the constituent models which naively pre-
dict independence of the p~ of the trigger.

Iv. THEORETICAL OVERVIEW

The purpose of the following sections is to review what
is understood about the structure of large p~ events and
to focus attention on those experimental results which
most easily distinguish between the various theoretical
models available (Siverset a/. , 1976). In particular, the
quark-quark scattering picture (Q-Q) of Field and Feynman
(1976)will be contrasted with the Constituent Interchange
Model (CIM) of Blankenbecler, Brodsky, and Gunion (1975).
One must keep in mind, however, the work of other
groups not discussed in detail here. A well known exam-
ple is the quark-fusion model of the Cambridge group
(Landshoff and Polkinghorne, 1973), in which the final
meson-meson state has recently been generalized to
a jet —jet state (Landshoff, 1976a, 1976b; Combridge,
1976). This picture shares many features with the CIM.
Another well studied model is the Massive Quark Model
of Preparata and collaborators (Preparata, 1974). At-
tention is also drawn to the recent work of various
groups (Hwa et a/. , 1976; Fischbach and Look, 1976;
Contogouris et al. , 1976) who invoke power-type non-
scaling behavior in the initial quark distributions or in
the scattering process to explain the observed data.
The limitation of the discussion to "hard scattering"
models reflects both the personal biases of the authors
and the fact that the existing correlation data are highly
suggestive of the jet picture which arises naturally in
such models.

In the context of "hard scattering" models one's under-
standing of the experimental data on large p~ events
arises from the following qualitative picture (Berman
et al. , 1971; Ellis and Kislinger, 1974; Jacob and Land-
shoff, 1976):

The large P~ event is produced via the "hard" scatter-
ing of two, perhaps fundamental, hadronic constituents.
Subsequent to the scattering process, the constituents,
both those at large P~ and those still moving in the ini-
tial direction, evolve into hadron@. This second step is
presumed to occur in a fashion characteristic of the
more usual "soft" (low momentum transfer) hadronic
interactions. This implies a certain scaling behavior

o 0 o n0 0

(b)

~ ~ ~ yO ~ ~
~ ~ ~ ~ ~

~ ~
~

FIG. 33. Pictorial representation of the two-step development
of large pz events in constituent hard scattering models. Il-
lustrated are the distributions in momentum space of (a) the
constituents immediately following the hard scattering (open
circles) and (b) the final hadrons {full dots).

specified more completely belo~. It is, however, al-
ready familiar in normal, low Pr, hadronic reactions
(Feynman scaling) and is apparently also observed in
lepton-induced deep-inelastic processes. The result is
a picture in momentum space wherein the final hadrons
appear in a coplanar jet configuration with jets of had-
rons aligned with the directions of both the scattered
constituents and the unscattered constituents. There is
a jet along the initial beam direction (the low pr cloud)
and one along the direction of each of the scattered
constituents. The jets are visualized in momentum space
as cylinders which are exponentially cut off in the radial
direction with radius -300 MeV/c independent of s, p,.„,
etc. It should be noted that, a priori, the two jets do
not have to be collinear in the overall center-of-mass
system, since the c.m. of the scattering constituents is
generally moving in the overall frame. This two-step
development is schematically illustrated in Fig. 33,
where Fig. 33(a) indicates the distribution of constituents
in momentum space immediately after the hard scatter-
ing, and Fig. 33(b) shows the resulting hadronic distri-
butions. Note that constituents which are initially iso-
lated in momentum space evolve into several hadrons,
i.e. , into jets.

In order to discuss this process more specifically it is
necessary to introduce functions which describe the dis-
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tributions of constituents, inside the initial hadrons and
the corresponding functions for the distributions of had-
rons within the jets. Note that this factorization (inco-
herence) between the structure of the initial state prior
to the hard scattering process and the subsequent evolu-
tion of the scattered constituents is central to the basic
impulse approximation approach to the large p~ process.
The assumption is that the bulk of the strong interactions
involve communication only between constituents of
small relative invariant -subenergies. Furthermore,
during the short time and distance scales characteristic
of the hard scattering, the large momentum (-Vs) con-
stituents are acting essentially freely. The central as-
sumption concerning the structure of the aforementioned
distribution functions is that they are rapidly cut off
functions of the transverse momentum and are dependent
on only the fraction of the longitudinal momentum. De-
fine the scaling variables (let q be the three-momentum
of a consitutuent or jet and p be the three-momentum of
a hadron) x=(q.p)/p' and z = (q p)/q'. The probability
of finding constituent a in hadron A in the range dx,
about x, and d'K, about Z, (K, is a two-dimensional
transverse vector) is taken to be

dPb/~ = Fb/~(xb x +b)dxad (4a)

The logarithmic corrections inherent in the now popular
gauge theories of strong interactions will be ignored in
this discussion. The corresponding distribution for had-
ron B in a jet resulting from constituent b is described
by

dPB/b- B/b(zs &KB)d Bd B ~ (4b)

These particular forms are favored by various theoreti-
cal considerations, but more importantly they are con-
sistent with the observed structure in deep-inelastic
lepton=induced events (e.g. , ep —eX'). In particula. r, the
lepton-induced process is viewed as being initiated by
the scattering of the lepton by a hadronie constituent.
The resulting picture is similar to Fig. 33(a), where all
the constitutents above and to the right of the origin are
replaced by a single lepton. Hence the lepton-induced
reactions are thought to measure at least a subset of
these distributions directly. It is exactly this organic
relationship to lepton physics which makes the hard
scattering explanation for large p~ events so attractive.
Expressions (4a) and (4b) are not just arbitrary func-
tions for large p~ processes only, but are, in principle,
measurable in other reactions. For the present pur-
poses the notation is simplified by taking the limit of a
5 function distribution in Z so that the d'K integrals
effectively drop out, i.e. , constituents have only longi-
tudinal momentum components inside the hadrons.

The final ingredient needed in order to define the large
p~ process is the cross section for the constituent-con-
stituent hard scattering denoted by do/dt (" refers to
constituent —constituent variables). Hence the inclusive
process illustrated in Fig. 34 is described by the expres-
sion

d3
E , (x,( , 9")= J( dx. i chal, X.p„(x.)xx (x,)

Pc
I do Dc/. (&c)

zc

A

FIG. 34. Pictorial representation of the structure of a large
pz event in terms of the constituents.

where

t = (q, —q, )'= ——,'x~rs (tan —,
'

Hc)/ac,

x =2p /Ws,

s = (q, + q, )'=x~bs,

1 tan& Oc* eot& Oc*8=—X ''+
2 x x

Q

(a)

Q

Q

(c)
Q

FIG. 35. Pictorial representation of three specific constituent
hard scattering processes: {a) quark+ quark quark+ quark,
{b) quark+ meson quark+ meson, (c) quark+ antiquark

meson+ meson.

Here 8* is measured from the direction of hadron A.
It is the choice of the interacting constituents and the

specific form of the hard scattering process which dis-
tinguishes the various models. Three illustrative cases
for the central region in Fig. 34 are indicated in Fig. 35.
The first I Fig. 35(a)j is the basic quark —quark process
where a, b, and c are all quarks or antiquarks, and the
functions E and D are, in principle, available from the
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lepton data. The basic scattering mechanism is pre-
sumably due to the short distance structure of the gluon
mediated interaction which confines the quark and is not
a Pxicni known in detail. The naive guess of single gluon
exchange (Berman et al. , 1971; Ellis and Kislinger,
1974), i.e. , pr', has not been observed experimentally.

The second case [Fig. 35(b)] is one of the quark inter-
change terms in the CIM corresponding to quark-meson
scattering with the exchange of a quark-antiquark pair
in the t channel. This diagram has the virtue of being
similar to the set of quark diagrams used successfully
in the case of quasi-two-body hadronic reactions in the
Regge limit, i.e. , there are hadronic quantum numbers
in the t channel as is not necessary in Fig. 35(a). The
distinctive feature of this term, clear already from Pig.
35(b), is that the corresponding D function is exceeding-
ly simple (ignore resonance production for now):

(6)

Although the contribution of this diagram is generally
considered to be dominant for meson production at large
p~, there are apparently a large number of distinct
terms available to the CIM phenomenologist; this makes
it necessary to test the model with the results of various
experiments simultaneous ly.

The final example [Fig. 35(c)] is also a possible CIM
term, but it is special in many ways. It forms the basis
of the quark-fusion model of the Cambridge school.
Note that in this case the exchanged object in the t chan-
nel is a single quark. Initially (Landshoff and Polking-
horne, 1973) the final state consisted of two mesons with
the D functions behaving as 5 functions, as in Eq. (6).
More recently (Landshoff, 1976b; Combridge, 1976) the
picture has been enlarged to include double mesonic jet
(resonance?) production with a corresponding increase
in the complexity of the D function, and therefore with
increased ability to fit the data.

It is probably helpful here to briefly review the so-
called "counting rules" (Brodsky and Farrar, 1973,
1975; Matveev et al. , 1973) obtained under certain con-
ditions in specific field theory models, which allow one
to guess immediately the expected behavior of a specific
hard scattering process, as in Fig. 35, if these condi-
tions are assumed to be fulfilled. The rule is that a
fixed-angle hard scattering process behaves as (s) ""
where n is the number of participating elementary con-
stituents. Here a constituent meson is composed of
two (qq) elementary constituents. This results in the
acceptable predictions of s 4 for the processes in Pigs.
35(b) and 35(c) but s ' for the process in Fig. 35(a). It
is the premise of Field and Feynman (1976)that simple
quark-quark scattering in fact vio1ates this rule, and for
reasons as yetunknown the process in Fig. 35(a) also be-
haves as 0 which translates into p~s times a function ofx~
and 8 for the hadronic reaction [Eq. (5)].

No attempt will be made here to review the models in
further detail. Rather a more global view will be adopt-
ed and from this vantage point an attempt will be made
to isolate those questions which are most likely to be
embarrassing to the various models and therefore infor-
mative (irritating?) to the theorists. For the impatient
'reader two related and important questions, which
should serve to distinguish the two models of central

interest simply on the basis of the fundamental differ-
ences of Figs. 35(a) and 35(b), are immediately speci-
fied

(i) What is the ratio of the momentum of the triggering
hadron in single-particle triggers to the total momen-
tum of the jet (constituent) from which it arose (i.e. ,
what is (ac))?

(ii) What is the ratio of the production rate of jets with
a certain energy Er (accumulated, e.g. , with a calori-
meter-type trigger) to the single-particle rate with the
same E~?
Of course other experimental measurements are un-
questionably important and will help us to understand
large p~ physics more thoroughly, and therefore to
confine the models more closely. However, the pur-
pose here is to attempt to distinguish between the funda-
mental structures of the models. It is argued below that
most other features of the correlation data, which are
independent of these two points, are either common to
all hard scattering models or ambiguously addressed in
the models (or both).

V. SINGLE-PARTICI E CROSS SECTION

Before discussing the correlations in large p~ events
in detail, it is useful to first discuss the single-particle
data, and to set up the formalism to be used later. As
shown in Sec. II, the production of all hadrons except
protons appears to exhibit a pPf(xr, 8) behavior. From
the assumption that the only dimensional (i.e. , non-
scaling) quantity in Eq. (2) is dv/dt, one infers that this
hard scattering cross section must behave as 1/s'f(8).
Furthermore the observed angular dependence of the single-
particle spectra suggests (Field and Feynman, 1976; Fur-
manskiandWosiek, 1976; Baier et al. , 1976)a number of
related specific forms for the hard scattering cross sec-
tion. The possibilities are 1/(st ), 1/(su'), 1/(t Pr), and
perhaps even 1/(s't ) though at present data seem to
favor I/(st~) and/or 1/(su'). This behavior is the result
calculated in the CIM [Fig. 35(b)] for spinor quarks and,
as noted above, is assumed for the Q —Q model [Fig.
35(a)]. Hence the form of the hard scattering cross sec-
tion is unlikely to create any problem for these two mod-
els [although proponents of alternate pictures (Landshoff
and Polkinghorne, 1973; Preparata, 1974; Hwa et al. ,
1976; Fischbach and Look, 1976; Contogouris et al. ,
1976) should determine whether it is a reasonable form]
and this question will not be discussed further. Like-
wise the ratio of the production rates of various hadrons
is unlikely to be very discerning until detailed compari-
sons between models and data can be made (Raitio and
Ringland, 1976). The dramatic rise of PP-n'X/PP'
-~ X with transverse momentum is certainly predicted
in the Q-Q picture. However, it arises naturally to a
greater or lesser extent in all models where quantum
numbers are traced via quarks. Note, for example,
that in Fig. 35(b) the quark of the outgoing meson is
exactly the incoming quark from one of the initial had-
rons. Thus, just as in Fig. 35(a), an initial pp state
(uud —uud) will tend to produce more m"s than w 's,
and one may anticipate that while the data will constrain
the models, it will be explained in all such models.
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With respect to the observed x~ dependence of the vari-
ous cross sections (see Tables I and II), the simple count-
ing rules proposed for the CIM (Blankenbecler et al. ,
1975), whereby one adds the exponents of the (1-x) fac-
tors in the E functions plus a (1 —xr) factor for each x
integral, provide quite an adequate description of the
results. It should be noted, however, that these rules
are really only applicable in the limit x~- 1. In the re-
gion x~~ 0.5, where one finds the bulk of the data, these
rules are of an a priori dubious nature. In this range
the distribution functions E are not well described by a
single power of (1-x) [as observed in lepton-induced
processes, E,»(x) has a maximum around x =~] and
the x dependence of the hard scattering cross section
do/dt is of considerable importance. In fact these two
effects tend to cancel, leaving the counting result as a
good first guess, but detailed calculations are neces-
sary to make a careful test of the model. For the Q-Q
model (Field and Feynman, 1976) the differences in the
(1 -xr) behavior of the various hadrons arise largely from
the relative difficulty of producing them from the scattered
quark. These differences can be inferred from data on
hadron production in lepton interactions, and Field and
Feynman find good agreement with the large p~ data.

There are a few points, however, concerning single-had-
ron production, which do deserve special attention. One is
the apparent difference of the large p~ proton spectrum
from all other hadrons (pg' instead of pr'). This effect is
easily accommodated in the CIM (Blankenbecler et al. ,
1975)by the judicious choice of the dominant diagram for
Pp-PZC. The Q-Q model must seemingly invoke leading
particle effects where the observed proton is, in fact,
one of the incident protons. The hard scattering pro-
ton —quark process thereby involved will behave as p~"
by the above-mentioned counting rules (8 active quarks)
or as pP' if considered as basically a Q —Q process but
including a dipole form factor to describe the proton-
proton vertex. Another possibility is to include quark-
diquark scattering (-p'r'? ), but this is clearly outside
the scope of the simple Q —Q model. At the same time,
proponents of the CIM, with a basic q-meson scattering
term, must argue (Brodsky and Gunion, 1976) that
leading particle effects are small in the reaction ~'P-~'~, in order to avoid too large a value for the ratio
m'p-noÃ/pp-w'X. This situation clearly suggests po-
tential difficulties for one of the models and the theo-
rists involved should be pressed to address the problem
with more calculations. Likewise, data on the reactions
m'p-m~X and m'p-pX will be most informative.

Vl. JET CROSS SECTION

In order to discuss jets, and therefore correlations, it is
useful to introduce a notation (Ellis et a/. , 1976)which is
somewhat different from thatused above but which focuses
attention on the role of the jets. This involves taking cer-
tain liberties with the structure of the models, but the devia-
tions are numerically quite small in the region of in-
terest (i.e. , &10% for xr & —,) and the simplification is
considerable. Define the differential cross section to
produce a jet (constituent) with transverse momentum
P~, in the angular region 0= 90'a 45' to bejet

ioo

[o 2

j- lo-~—

io 6—

I I I I I I I

do- A

~s=55.2 GeV

I I I I I

io 8— n=)I

lo lo
2

I I I I I I I I ys I I I I I I I

Io 2

pT (GeV/c)

lo

FIG. 36. Plot indicating the feasibility of parametrizing the
single-parti. cle data as a fixed power, pz", at a fixed s value
(EH.is et al. , 1976).

der A.

dP . =P".' (7)
& jet +jet

In the specific models discussed above, the right-hand
side of this equation would read Pr7 f(xr. ..8(„)and
would include the convolution of the initial constituent
distributions (the F''s) with the hard scattering cross
section (der/dt). In order to be able to simply perform
the integra, ls in the following analysis it is useful to ap-
proximate this complete expression by

(1) ignoring any angular dependence in the region indi-
cated —a reasonable approximation in both the models
and the data;

(2) parametrizing f(xr. ) locally as an inverse power
of Pz times a function of s alone.

Hence, in principle, A. is a function of s, while n is a
function of P~ and s. As illustrated in Fig. 36 it turns
out that, in the limited region of s and p~ where data
exist, it is possible to set A equal to a constant and
consider n as a function of s only. Typical values for
n, as indicated in Fig. 36, are n= 9 at the largest ISR
energies and n~ 13 for P„b~ 300 GeV/c. Note that for
the specific parametrization suggested earlier, do/
dpr(&)-pr'(1 —xr)', one has n-8+ 9xr/(1-xr), which
is at least approximately constant for any finite range
of xr for xr & 2. To reiterate, while Eg. (7) is highly
simplified, it does offer a reasonable description of the
single-particle data and provides enormous simplifica-
tion and transparency in the following illustrative cal-
culations.

To proceed it is necessary to adopt a specific form
for the function D(z, kr) which describes the distribution
of hadrons within a jet. As noted earlier, the usual pic-
ture assumes a distribution which is rapidly cut off in
momentum space in the direction transverse to the jet
direction (i.e. , in the variable Fr). The naive expecta-
tion is that the quantitative value of this cutoff should
be characterized by the behavior observed in normal
inelastic events, i.e. , a cutoff around 350 MeV/c. This
expectation does seem to be borne out in the same side
correlation data. Since the models are not differentiated
by their statements concerning this point, it will not be
discussed further except to note that the inclusion of this
cutoff structure is an essential feature of any detailed
analysis of limited acceptance data. Focusing instead
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on the longitudinal distribution in the variable z defined
earlier, it is useful to introduce the characteristic form
for m production

D,g, (z ) = (B"/z )(1 z)—'+ L'+ K'6(1 —z ). (8)

This specific parametrization is not to be considered
fundamental, but rather illustrative of various aspects
of the models under study. In the limit B'/K' and L /'
K' - 0, Eq. (8) describes a jet containing only a single
pion corresponding to the naive CIM term illustrated in
Fig. 35(b), where the observed meson is produced di-
rectly in the hard scattering process. The opposite
limit, where E goes to zero while B' and L,' rema. 'in

nonzero, is characteristic of the Q —Q model [Fig.
35(a)] of Field and Feynman (1976). More specifically
they chose a yarametrization of the D functions which
gives for a u quark yielding ~"s plus m 's

D,.~„(z)+D,-,„(z)=
'

(1 —z)' —0.4[(1 z)'/~]+ 0.05/z.

2A 2B' L
Pr' n(n —1)(n —2) n —1 (10)

The value of the approximate parametrization of Eq. (7)
should now be apparent. More importantly this result
clearly indicates an effect not widely appreciated until
recently (Ellis et al. , 1976; Jacob and Landshoff, 1976;
Bjorken, 1975): a marked trigger bias results from the
application of the single-particle trigger to a rapidly
falling cross section. Even if E' and L' are numerically
much smaller than B' and therefore make a negligible

The L term has a simple interpretation as the contribu-
tion of single unpolarized p meson production and sub-
sequent decay into two pions, one of which is observed.
Hence a simple extension of the naive CIM to include
resonance production is to keep both the E' and I' terms
and set only B' to zero. Thus by studying the relative
roles of the three terms one may determine how the
models differ.

Combining Eq. (7) and (8), the single-pion production
cross section at large pr. is given by [ignoring correc-
tions proportional to xr yvhich are small (&10%) for
x~ ~ 0.5 and including a factor 2 to account for the two
jets in each event]

dP D, q, (Pr, /P)
~n-1

Tff

~ ~ ~ ~ + ~ ~ ~ ~ PLo ~ e + o ~ o0

o Triggering Hadron

FIG. 37. Pictorial representation of the distorted momentum
space distribUtioIl dUe to tlute single-badx"on trigger bias.

contribution to an unbiased event and to the momentum
sum rule

~h Lh
&AD, ~,(y)= g —+ —+Ã)=-1,

h h

it is still likely that such "quasiexclusive" terms will
dominat, e the singLe-particle triggers [n(n —1)(n —2)
& 100]. The resulting biased event structure is idealized
in Fig. 37. It arises from the same initial constituent
distribution as that shown in Fig. 33(a) and is to be con-
trasted with the unbiased hadronic distribution of Fig.
33(b). The role of such "quasiexclusive" events, in
which most of the jet's momentum is concentrated in a
single hadron, is reflected in the ratio of the momentum
of the jet to the momentum of the triggering particle
which arises from the jet. This ratio will be smaller in
models where such quasiexclusive events are relatively
more likely. Since the models are to a certain extent
tailored to yield the observed shape and magnitude of
the single-particle cross section, it is only at this in-
ternal level that the models begin to make divergent
statements. A more direct check will be supplied by the
ratio of the cross section for a jet-type trigger to the
single-particle ratio at the same energy. For models
where a single hadron with all the momentum is likely
(K»& B,L), -this ratio approaches unity, while in models
where the jet sej.dom gives all its momentum to a single
hadron (B»K,L,), the ratio should be of order n' This.
point will be discussed in more detail below.

In the notation of Eq. (9) the ratio between the average
jet momentum and the trigger pion momentum is given
by

&P;„&/P, =

D,~,(P„/P)
p

dP D y(p /P)
~n-&

L 7l

+
(n —1)(n —2) (n —3) n —2

2' Yf L vl

n(n —1)(n —2) n —1

(12)

Hence the ratio is bounded by

& p;.,&

B/tl —3 ~
p.

B/K, L/K-; K/B, K/L—

%hile this appears to correspond to a strikingly narrow
range, j..5-1 for pg = 9, the correlation data, :particular-
ly on the away- side, are very sensitive to this quantity.
It appears that the data require a value around 1.1 (Ellis
et al. , 1976). In the context of the CIM which naively
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saturates the lower bound in (12) [see Eq. (6)], this ex-
perimental result clearly indicates the presence of di-
rect resonance production in Fig. 35(b). While this ex-
tension is well justified a priori, both theoretically and
experimentally (see Figs. 20—23), the small (10%) re-
quired deviation from the naive ratio of 1 apparently re-
quires a sizeable resonance contribution. For example,
including an equal amount of direct m and p resonance
production in Eq. (12), I. =K (B =0), leads to a ratio
1.016 for n =9. Resonances more massive than the p
with higher multiplicity final states will lead to contrib-
utions further suppressed by powers of 1/n Clearly it
is very important to study and clarify the role of reso-
nances in the context of the hard scattering models.

(a)

0

PT
Ji

0 00 G 0 0

This section is closed by speculation on another pos-
sible difference between the two pictures. For the par-
ticles which are produced relatively rarely at large p~,
e.g. , E, the present formalism looks rather different
in the two models. In the Q-Q model, it is more diffi-
cult to make a K than a n' because Dz &„~(z) i-s more
rapidly eut off in z than is D, &„~(z). Hence, by argu-
ments similar to those above, one expects that (P„„)/
p, , for z' production is smaller than (P„„)/pz for K
production. In the CIM model it is more difficult to
produce a K than a m' from protons simply because one
is less likely to find a virtual K or K within a proton
than to find a virtual m' or m . In the present language
this corresponds to a larger value of I but no change in
the ratio (P,„)/p„,„,„ from K to z' if single-hadron
production dominates. Since the cross section for pro-
duction of K is much smaller than that for K+, the ef-
fects of p resonance production presumably do not dom-
inate. In any case, since (Pj„)/p„„„,is measu. rable
through the correlations discussed below, it will be in-
teresting to study the differences in the correlations for
K vs m+ triggers.

VII. SAME SIDE CORRELATIONS

The most global same side correlation is just the be-
havior of the associated multiplicity in the same hemi-
sphere as the triggering particle. In any model with

(P,„,)/p, & 1 one expects an associated multiplicity within
the jet which increases with the p~ of the trigger, while
for single-meson or resonance production ((P;„)—p„)
one anticipates a small, fixed associated multiplicity.
In order to study this effect in the data one must pre-
sumably first remove those particles which are associ-
ated with the background low p~ physics. This is gen-
erally accomplished by subtracting from the multiplicity
observed in large pr events the multiplicity seen in cor-
responding inelastic but all low p~ events. However,
even this procedure is not free of ambiguity (Combridge,
1975). Just as there is a nonzero transverse dimension
to the distribution of hadrons within a jet, one expects a
finite transverse width in the distribution of constituents
within the incident hadrons (Duong-van 1975, 1976).
This situation leads to a new type of trigger bias. By
selecting events with a large p~ particle in one direc-
tion, one is preferentially selecting events where the
hard scattering constituents initially had their p~ in the
trigger direction. Hence one is choosing those events
where the cloud of background low p~ hadrons have a

PT

0
0
~ y I ~
0 0 PL

~ Triggering Hadron

FIG. 38. Pictorial representation of the distorted momentum
space distribution of (a) the constituents immediately after
the hard scattering (open circles) and (b) the final hadrons
(full dots) resulting from the trigger bias coupled with the

pz distribution of the constituents in the initial hadrons.

total p~ in the direction opposite to the trigger. This is
illustrated schematically in Fig. 38, where z is the in-
itial, biased constituent distribution and b shows the
resulting hadrons distribution. Note in particular the
depleted associated low p~ multiplicity in the trigger
hemisphere, which may obscure the effect of any pos-
sible increase of the multiplicity within the towards jet.
Hence global same side associated multiplicity mea-
surements are fairly difficult to interpret without a
more complete model which includes also the p~ dis-
tribution of constituents within the initial hadrons and
accounts for the effect of this distribution on the low p~
cloud. Note, however, that one can precisely discuss
the associated multiplicity of hadrons with momentum
greater than some po» 300 MeV/c such that they are all
associated with the jet and not to be confused with the
background (Jacob and Landshoff, 1976).

A quantity which is better defined theoretically, though
perhaps not uniquely predicted by the models, is the
cross section for the production of two large p~ parti-
cles in the same hemisphere. In the context of a jet
picture both particles are members of the same jet and
are therefore well collimated in momentum space. This
does indeed seem to be the case as shown earlier in Fig.
19 and provides the best determination of the jet radius.
The distribution along the jet axis is defined by a new
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function D„' „(z„z2), which again must satisfy a mo-
hy h2/~

mentum sum rule

(13)
h2

A likely candidate for the structure of D is

Ch~ h2
D' (z„z,) = (l-z, -z, )'+Z"~"26(I —z, -z, ),

1 2

(14)

where Eqs. (13) and (8) imply the relations

g Cm a2 3IIm ~d g gmn2 (15)
h2 h2

Again the Latter term corresponds, where applicable, to
the production of resonances with two-body decays (i.e.,
does not apply to the m'z' data). Note in particular that
D (z„g,), as a function of z, +z2, is very similar in
functional form to D(z). This leads to the result that
the two-particle, same side cross section is essentially
proportiorial to the single-particle cross section evalu-
ated at the total pr =pr +pr (Ellis et al. , 1976; see the
n'w' data of Eggert et af. , 1975a). This statement ap-
plies to the shape and s dependence of the two-particle
cross section and, to first approximation, also to the
magnitude. Furthermore this ansatz also leads to the
expectation that the two-particle cross section is pri-
marily a function of p~ +p~ and only weakly dependent
on p~ -p~ . These general results are sufficient to un-
derstand, at least qualitatively, all the observed fea-
tures of the same side two-particle correlations.

In order to perform detailed comparisons with the
data, one must include in the jet distribution also the
transverse distribution. A typical form would be [using
the notation of Eq. (4)]

triggers like m'm' should lead to values closer to the
upper bound. This will be interesting to test by study
ing, for example, the away side multiplicity in two-
particle trigger events.

A final point concerning the towards side is the ques-
tion of quantum number conservation. In a Q-Q picture
with only a, small contribution from strange quarks in
the initial sta.te, one anticipates that strangeness will be
conserved within the large p~ jet. In practice this
means nearby in rapidity and in the same azimuthal
hemisphere but not necessarily at a similar p~. For
the CIM the extra strangeness is presumably left in the
low pr cloud (except for resonance production as in p
-KK) if the process in Fig. 35(b) dominates. However,
the strangeness will be conserved in the opposite jet if
quark-fusion [Fig. 35(c)] is more important.

V l I I. AWAY Sl I3E CORRELATIONS

The interesting feature of the structure of the away
side correlations is that in both the Q-Q picture and in
the CIM one expects unbiased jets similar to those ob-
served in lepton-induced reactions; [This comment
does not obviously apply to the quark-fusion picture of
Fig. 35(c).] The major difference in hadronic reactions
is that, whereas in lepton-induced reactions (ep or vp)
one knows the momentum which is imparted to the con-
stituent, in the hadronic case the constituent momentum
is smeared over a large range of values. In order to
differentiate the models it is again necessary to con-
sider the question of the ratio of jet momentum (pre-
sumed to be essentially equal to the momentum in the
away side jet). to the triggering hadron momentum.

In the notation used in previous sections, the two-
particle cross section takes the form (z =p, p, /~ p J(I)

icy~ =Dc(~(z) dz e h—, 2/ g2 (16)
d'Pp dPZ' away

where, as mentioned earlier, the cutoff parameter ~ is
best determined by this same side data. This trans-
verse distribution will play a major role in a descrip-
tion of data taken with the (typically) small same side
acceptance. While the study of this transverse distrib-
ution in the same side data is certainly an important
question, it is unlikely to differentiate between the mod-
els. As discussed earlier, a question of more immedi-
ate interest to the models is the role of resonances.
This is particularly the case since it is already known
that the same side correlations are not given entirely by
two-body resonances. One may even expect that, as the
CIM is enlarged to include the direct production of more
massive resonances and the jets in the Q-Q picture are
generalized to include coherent resonance effects, the
two pictures will tend to merge —a not totally unattrac-
tive possibility. Clearly this is an area needing further
study.

Another interesting question is the structure of the
trigger bias for a two-hadron trigger. The similarity of
the single- and two-particle cross section suggests that
the quantity {P,„)/Pr +pr will be bounded by n/n —3 and
1 as in Eq. (12). If the "quasiexclusive" effects which
kept the single-particle trigger result near the lower
bound have no analog in higher mass reson'ances, then

In the most naive interpretation of the CIM where
quark-meson scattering dominates [Fig. 35(b)], one
expects the trigger side jet to contain essentially one
hadron (K"& dominates), while the opposite side jet,
which arises from the scattered quark, is a more "nor-
mal" multiparticle jet (K"2 = 0). In the notation being
used here this picture yields a normalized away dis-
tribution of the form

P I dc'/JPydfp2

d& cm da'/dp

~hg
(1 )2 +I 1!2

In the absence of the quasiexclusive term L"2 this ex-
pression will vanish at g = 1 in contradiction with the
data. More generally, the overall normalization of this
expression tends to be well- below the observed correla-
tion. This is easily understood, since in this quasiex-
clusive limit the: jet momentum is minimized (P,„/p „,„„
=1). Hence the momentum to be conserved on the away
side is minimized, and' it is relatively unlikely that an
energetic particle mill be found. This effect is illustrat-
ed in Fig. 39, where the data of the CERN group (Dar-
riulat et a/. , 1976b) are compared to the two extreme
Limits g &&)Lh& jp
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p, , or p~ individually. Also, calculations (Jacob and
Landshoff, 1976) indicate that in events containing had-
rons mith equal and opposite large p~ the average jet
momentum is considerably larger than for a single-had-
ron trigger at the same trigger momentum. This should
lead to a larger associated multiplicity and to a soften-
ing of the quantum number correlations between the two
trigger particles. This latter point is a result of the
fact that, since each of the hadrons maybe carrying less
than 60% of their respective jet's momentum, their
quantum numbers may not be tightly correlated to that
of the initial constituents.

Finally one may study the associated multiplicities where,
as above, the best defined theoretical quantity is the as-
sociated multiplicity of hadrons with p~ &po. For p, suf-
ficiently large, one is discussing only hadrons associ-
ated with the jet independent of the lorn p~ background

0 (n(P, P ))„„=g dzD„p(z) .
h po/p

(20)

FIG. 39. Away side correlation, dN/dz, in the data of Darriu-
lat et al. (1976) compared to the calculated results for the two
extreme limits discussed in the text and the parameters of
Ellis et al. (1976) (solid line).

The limit where multiparticle final states dominate
both jets (&"»I ",K") can be taken as characteristic of
the Q-Q scattering picture. This leads to an away dis-
tribution of the form

dN B"2
1 n —2 , (n —1)(n —2)

dz ~o o 2 n+1 (n+1)(n+2)

For the case n =9 the factor in the square brackets is
well approximated by (1 —0.7z)'. In any case this limit-
ing form tends to have a normalization larger than the
data (recall B" is normalized via the appropriate mo-
mentum sum rule), as evidenced in Fig. 39. It is clear
that some intermediate choice of the parameters gg, K,
and L, mill result in a satisfactory description of the
data, as shown by the solid curve corresponding to the
values in Reference (Ellis et al. , 1976). At the same
time this is a likely place to find results which will dif-
ferentiate between the various specific models. Again
the reader is forewarned that detailed analyses mill re-
quire knomledge about both the transverse structure
mithin a jet and the transverse distribution of constitu-
ents within the initial hadrons. In particular this latter
distribution, via its role in the trigger bias distortion il-
lustrated in Fig. 38, can affect the normalization of dN/

The point is that, mhile the single-particle distribu-
tion is sensitive to this distortion, as in Fig. 38, the
back-to-back two-particle cross section chooses a more
symmetric configuration. Hence dN/dz, which depends
on the ratio of these two cross sections, is also sensi-
tive to the initial wave function distribution. Increasing
the average p~ in the incident hadron wave functions mill
lead to a relative increase in the single-particle cross
section and a decrease in dN/dz.

Other important questions include those of scaling (re-
call Fig. 32) in the various variables. To the extent
that the various n-dependent factors in Eq. (19) fe.g. ,
(n —2)/(n + 1)] are insensitive to small changes in n, the
quantity dN/ciz should depend only on z and not on s,

Kith the parameters of Ellis, Jacob, and Landshoff
(1976), this formalism seems to offer a quite acceptable
description of the data (Jacob and Landshoff, 1976;
Abad et a/. , 1976). To study the global away side mul-
tiplicity one should include the trigger bias effects on
the background lorn p~ physics which, as discussed
earlier, tend to overpopulate the away side.

IX. JET TR I GG ER

Since data mill soon be available on inclusive calori-
meter triggers, it is of interest to determine what the
various models say about this prospect. This discus-
sion will ignore the difficult experimental problems in-
herent in defining a jet and proceed as if calorimeter
triggers correspond exactly to a jet in the theoretical
sense, i.e., the set of hadrons which result from the
evolution of a scattered constituent.

In the naive CIM one expects the cross section for
large p~ jets to be about 10 times greater than the cor-
responding cross section for large p~ single particle at
the same energy. The simple quark-meson scattering
term IFig. 35(b)] gives approximately equal jet and sin-
gle-meson cross sections. The inclusive jet trigger,
homever, includes also the single-particle triggers.
Summing over the various types of single hadrons (as-
sumed to be -4 times the zo signal), one finds a total
ratio of jets to n 's of about 10, as illustrated in Fig.
40. This result is to be contrasted with the correspond-
ing ratio in the quark-quark-scattering model of Field
and Feynman (1976) where it is assumed that it is fairly
difficult to find a large fraction of a jet's momentum in
a single hadron. The resulting ratio of jet to single-
hadron trigger cross sections turns out to be greater
than 100.

Unfortunately this contrast between the two models is
almost certainly an oversimplification. The correlation
data discussed above speak strongly in favor of the im-
portant role of resonance production within the context
of the CIM. To the extent that the single meson in Fig.
35(b) is replaced by a summation of resonances, each of
which is relatively unlikely to give all of its momentum
to a single hadron in its decay, one may expect an in-
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FlG. 40. Predicted values of the ratio of jet cross section to
single-hadron cross section in various models discussed in
the text. The calculations shown are for pp interactions.

creased ratio of inclusive jet to single-particle cross
sections. At the same time this summation of reso-
nances is apt to result in a distribution of hadrons which
looks remarkably similar to that in one of the quark-
initiated jets of the Q-Q picture. Hence one may be
faced one day with the almost philosophical question as
to which is the more appropriate language: quark-
quark or quark-sum of resonances. More generally one
may expect that in their attempts to explain the same
data the models will gradually evolve toward a common
descendant.

There is of course another possible picture which in a
sense is already an interpolation midway between the
two models discussed above. The general idea (Ellis,
1974) is that the basic hard scattering process exhibits
the canonical (i.e., dimensional) pr behavior, as in the
early, naive Q-Q models, 'and that the observed pr' be-
havior is an artifact of the single-hadron trigger bias.
As demonstrated earlier in the context of a general jet
model, this trigger bias selects those very rare events
where essentially all of the jet's momentum is carried
by a single hadron. In the quark language this corre-
sponds to the case where an energetic quark succeeds
in picking up a slow antiquark to become a single meson.
It is perhaps not surprising that such a process should
contain an explicit scale, i.e., the size of the meson,
and hence not exhibit the naive dimensional scaling be-
havior (pr~). More explicitly one can attempt to relate
the part of the meson's wave function relevant here,
i.e., where one of the meson's valence quarks (anti-
quarks) carries essentially all of its momentum, to the
determination of the xneson's electromagnetic form fac-
tor which is thought to involve precisely the same piece
of the wave function. If the form factor behaves as
(q2) ', and since this term is squared in the cross sec-
tion, it is easy to imagine (if difficult to prove rigorous-
ly) that an extra factor of pr~ is present for these spec-
ial events. This explanation of the p~ behavior is, in

fact, not totally distinct from the concepts central to the
CIM. The scenario is then that large p~ events which
scale as p~ are indeed present, but are discriminated
against by the single-particle trigger bias, and the special
events with p~ behavior dominate these triggers at present
energies (estimates of the absolute size of the pr' one-gluon
exchange contribution to the single-particle cross sec-
tion in fact do suggest a value below the observed
cross section). It should be noted that the similarity be-
bveen the nonresonant same side two-particle data. and
the single-particle data (Eggert et al. , 1975a) and the
dissimilarity between the p and p data create problems
for such a picture. However, this picture does suggest
that the unbiased jet triggers will exhibit naive p~ be-
havior in contrast to the other models discussed, and
this should be straightforward to test in the near future.
The broad band in Fig. 40 illustrates the "expected"
range of the jet-to-single-trigger ratio in such a. picture
(for s-400 GeV/c2). Note the dramatic pr(xr) depen-
dence. The curve labeled "p~ upper limit" would re-
sult if both the jet and the single triggers were already
exhibiting p~ behavior, so that an experimental ratio
well above this line would rule out such a picture. Note
that this limit is still below that of the Pr Q-Q model
(owing to the larger n value in the latter model). In any
case the utilization of jet triggers, including data on
correlations, should provide a most informative arena
for new studies. At the least the rates will be higher,
and at the most one will be able to directly study the be-
havior of the short-distance constituent-constituent in-
teraction (Berman et al. , 1971), which is accessible
nowhere else.

X. R EVIEW

In conclusion the most important questions which one
can hope will be resolved experimentally and understood
in terms of the models in the near future are as follows:

(1) Is there a scaling of the particle distribution inside
the jet? Scaling properties are inherent to all constitu-
ent models, and the doubts raised by the preliminary
data of the CCHK Collaboration (Sosnowski, 1976; see
Sec. III) should be further studied experimentally at
higher values of transverse momentum in large accep-
tance experiments.

(2) Do the models successfully explain the observed
correlation data? (a) How do the multiplicities behave
in detail both experimentally and in the models? (b) Is
dV/dg a function of g only, e.g. , is it independent of the
emission angle and pr? (c) Can both the CIM and Q-Q
models be formulated to agree with the observed form
of dX/dz?

(3) What is the role of resonances within jets? Here
the CIM provides fairly constrained predictions, es-
pecially for the "towards" jet.

(4) How does the jet cross section behave, i.e., how
does it depend on transverse momentum and energy?
What are the decay properties of the jet? The ratio of
jet/single-hadron triggers as function of Er and s should
help considerably to distinguish between the models.

There are also several experimental questions which
address themselves directly to the details of particular
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models, e.g. , is the steep decrease of the proton large
p~ spectrum observed also in other than pp collisions?
Are the data from meson —proton collisions compatible
with the models? Large acceptance experiments with
good particle identification will help in answering inter-
esting questions concerning how the various quantum
numbers are conserved. In a purely quark-quark inter-
action picture one expects, for example, strangeness
to be conserved inside the jet, while in the CIM model
the quantum numbers may be conserved globally, i.e.,
including the low p~ cloud. Another interesting possi-
bility is that quantum numbers are conserved in the op-
posite jet. Finally there remains the question of under-
standing the basic quark-quark interaction. In particu-
lar, is p~ dynamics lurking just beydnd the horizon?

It is the hope of the authors that these questions and
the preceding review will succeed in stimulating their
experimental and theoretical colleagues to find the an-
swers.
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