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I. INTRODUCTION

Hadronic reactions un<ow<u=m the production of particles at large trans-
verse momentum have the exciting potential of being able to unravel the under-
lying structure of hadrons and the interactions of their constituents at very
short distances. The recent measurements at the Qmwanme and wz>hm of hadron
production at transverse moments up to 9 qu\o have now determined inclusive
cross sections tc momentum transfer squared %d_ up to 475 Qm<\om. Although
the underlying mechanisms involved in such reactions are bound to be more com-
plex than the simple parton model description of deep~inelastic lepton-hadron
momn&mnuum.u the enormous momentum transfers which are accessible and the rich-
ness of the phenomenology which can be studied, make large p; reactions one
of the most important phenomenological areas of particle physics. An important
first question is vhether one can describe large p; processes in terms of
simple underlying parton scattering mechenisms, mum,srmdwmﬁ the quark model
does in fact determine the. essential degrees of freedom at short distances.

There are, however, other possible explanations of the large trans-
verse momentum phenomena which do not rely on a constituent structure of the
badrons. The thermodynamic and hydrodynamic Eonmwm: contain an essential
energy scale related to a hadronic temperature and predict cross sections of
the form E ma\muv ~ mva|MoE\WBAmvv vhere the specific amwmnmmSmm of T
on s depends on the model. In the Fermi-type statistical model of Meng Ta-

1/8

Cheng, which assumes a constant volume, one has T ~ s . This gives a good
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description of low p; data, but fails to account for the highest p; and
highest energy data of the Chicego-Princeton group at wz>h.m An important

point which we discuss later is that central fireball models with an isotropic
distribution are incompatible with the coincidence Emmwcmemudmm which show a
broad correlation in angle for the multiplicity distribution associated with s

large Py &mwow»os.ﬂ

A possible explanation of the data may be provided by the two-fireball
models, wherein two heavy Acm:mwww assumed baryonic) systems are created,

elther of which subsequently decays to particles at large angles. Such models
8 9

trace from the early work of Berman and Jacob, Berger and Branson,” and

10
others. Although this depends on assumptions, many of the features of the

single particle production cross sections are indistinguishible from the quark-
parton model predictions; there are, however, contrasting predictions of the

correlations and the distributions of particles accompanying a large transverse

. 11
momentum reaction.

One critical fact apparent from the Bjorken scale~invarient behavior

. ; . . 5 12
of deep inelastic electron, muon, and neutrino scattering cross sections™ is

that the carriers of the currents within the hadrons have no discernible in-
ternal size A>|H < (10 mm<vvwv~ but yet they carry a finite fraction of the
hadronic momentum. Thus one expects that hadrons cen scatter to large trans-
verse momentum via hard, large-angle scattering processes involving their con-

stituents. In such models this implies asymptotic inverse-power scaling laws

13,14
for both exclusive and inclusive large Dj processes. 3
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vwhere the functional dependence on the ratios of invariants t/s and c\NM\m
and the specific power N depends on the nature of the internal interactions
and the external particles. In general, one can expect a sum of terms with
different powers of N to be present. However, for fixed t/s and eism\m‘
the term with a minimum power of ﬁwm will dominate at MW -3 00,

We shall review some of the experimental evidence and some model-

dependent predictions for the scaling laws (1) in the next section. A rather

extraordinary feature of such laws is that the "universal" function

£(o,) =" 2 (s, 0_) (2)

for large UM is in fact predicted to be independent of energy, no matter how

large s is. This is of course a literal interpretation of a point-like or
scale-free theory and one would not be surprised to see logarithmic modifica-
tions a 14 asymptotic freedom theories eventually to be important.

In this talk I shall review some of the experimental implications of
the constituent picture of hadrons for large transverse momentum phenomena.
15

The work described concerning dimensional counting™” and the constituent inter-

change Bo&mwww was done in collaboration with Glennys Farrar, Dick Blankenbecler,

and Jack Gunion. I am grateful to them, and to J. Bjorken and Dennis Sivers
for helpful suggestions. Many further details will be Hocw& in Dick Blanken-

becler's lectures in these volumes and the H@Wm&mﬂomm.wm Also, an extensive

review of large p, reactions is now in ﬁ&mwmuwduou.Hq

II. BARD-SCATTERING MODELS
All of the hard-scattering parton model descriptions of inclusive
large p; Dparticle production A + B »C + X are based on the schematic

of Fig. 1. The fragments a and b of the incident particles scatter at

large angles to particles c¢ and 4, one of which, in turn, fragments to

the observed particle C. In general a sum of possible contributions with
different "active" particles &, b, ¢, and d can be included; snd in prin-
ciple A, B or C can in fact be among the active particles. If we choose

a Lorentz frame so that _ww_ and _mw_ are very large, then one can define

a distribution function mm\bemv which describes the probability of particle
a in hadron A +to have fractional longitudinal momentum X, along B 5
quite in analogy with the Weisacker-Williams spectrum in QED. For the case of

deep inelastic electron scattering, the familiar quark model result is

2
= e xG -, (x 3
vily(x) m a am\uA ) . (3)
=q [2p'q
Note that in Fig. 1, the effective collision energy is Sopp = XX 50 where
N 2 . 2 2
kinematically we must have Sorf > r@k. Clearly for fixed P, s >> u@k

the extre energy can be "dumped" down the incident beam directions and the

cross section becomes energy independent. This "hadronic'

vhat happens when one uses the Feynman spectrum mm\> ~ H\x 5 Qd\m ~ H\Nd

a
(for small %, va. In fact Regge behavior in o_ =~ 6%1 demands that
84
-
om\> X, at x - 0.

Thus, because of the Regge behavior of hadronic physics, high energy
beams alone are not sufficient to study interactions at high energy or short

distances. However, since s £ > rwwu a production processes at nhigh Dy

ef’
does in fact depend on high energy dynamics. Accordingly, the assumption of
a single "violent" scattering, as well as the impulse approximation can be

valid concepts for large Py phenomena--unlike the situation at low momentum

transfer.
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scaling is explicitly



description. A detailed discussion of how this 1s accomplished in the CIM is
given in Ref. 28. mweper's approach also leads to a smooth connection to a multi-

peripheral picture at low momentum transfer.

III. STRUCTURE OF THE HARD SCATTERING MODELS AND DIMENSIONAL COUNTING
The general structure of the cross section for any hard scattering

model based on Fig. 1 is

dg

(A +Boc+X)

1

1 1
dx
ML\. mxmc\-aunc‘\\lwm.u Om\bﬁxmv md\m?nuv no\nAMov
o} o] e} C

.
x6(s' vt vu) 28y y Loy g (4)
s'=x x s

a’b

r_ )
t tAxm\xo\ﬁ

ﬁ_nAxd\xovc

where the G's are the probability functions discussed in Section TI. This
formula was given by wmxwo for specific cases, and has been derived and
developed in various forms using infinite-momeéntum frame Bmwwommva light-cone

1k

variables, covariant Sudakov analyses, and generalizations of the multi-
peripheral aommw.mm Note that in the case where A, B, or C is an active
particle we can use Q>\>Axv « 8(1-x), etc. Transverse momentum fluctuations
in the hadronic wave functions are integrated out here but can be reintroduced
in order to predict coplanarity correlations,

As ve have noted,there are many possibilities for the two-body sub-
processes. In the view of Bander, Barnett, and mHH<mHEmdvmm and mHHHmymw all
three possibilities, A.-C., should be included; hadron-hadron scattering dominates

for x) ~ 1, quark-quark scattering for X; ~ O, and quark-hadron scattering

covers the midrange. In order to moau:dm the contribution of each type of

subprocess, we will use the dimensional counting rules which are based on an
underlying scale-invariant theory. First one counts the number of active fields

participating in the large pj process

Tactive - %y * oy, * ot o3 ’ (5)

and the number of spectators or passive fields in A, B, snd C:

nummmw<m = n(ad) + n(BB) + u(Ce) (6)

Then following the guide of simple Born graphs in renormalizable Field theories
we can derive the following results

dg 1
ovz wmmoakmv

3 =
&\w\m Aﬂb

il
for mH >> 3N~ mns and € m,c;NM\m» fixed, and

F
£

wamoE\ €) |wwmmnsv € for € -0 (8)

zwmwmwm
- -2 o
N= Yactive | © (9)

mbuwo

P = msmmmmw<m - 1. (10)

It is physically clear that N should increase as the mumber of fields forced
to change direction increases, and that F (the degree of "forbiddeness™)
should increase as increasing number of spectators take away the available
phase-space. The reader can readily check that the usual parton model pre-
diction for deep inelastic processes mww.wbowcama as special cases here.

=2 g ~ (1-%)°
Por ep —eX, ny .. = 4 (eq »eq) and B opssive = 2 giving aﬁmmxv (1-x)

at x - 1. For scattering on antiquarks in the proton, :wmmmwdm = k4, and
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30 31

W (x) ~ AH-NVQ. This last result has been used by Gunion”~ and Farrar

2(q)
as a simple parametrization of the nucleon antiquark distribution.

More generally, the spectator ﬁﬁwmmo gives for x =1

(x) ~ (1-x)7"71 n = n(AB) (11)

Gy /B
for the fractional longitudinal distribution of hadron B in hadron A. Some

7 11
examples are G_ ~ (1-x), deﬁ ~ Aw|xvm~ ¢ ~{1x), 6~ (1),
a/m / K /p /p

-1 . s
G ~ (1~ G ~ (1-x etc. We can use this result to predict
“(aal/p (1-x), (aqa)/p >

the diffractive dissociation contribution to inclusive reactions in the triple

3 1-2a ..(0) 2
Regge Hmmwob.uo We have E do/d’p ~ AHINHV (s = o t~0, M /5
B-sA = .
~ l-x finite, x| ~ 1) where drp = 1 - n(AB). More generally, there are

R . . A—-B
contributions from two step processes indicated in Fig. 2, which give Gpp =

omnﬁP - n(CB). A discussion and comparison of these results with available
data is given in Dick Blankenbecler's lectures and Ref. 30, For the case of
electromagnetic couplings, e.g. leptons or quarks in a photon, the correspond-
ing rules for the Weisacker-Williams distribution and iterated electromagnetic

processes are discussed in Ref. 32.

IV. DIMENSIONAL COUNTING AND EXCLUSIVE REACTIONS

The genersl result (7-10) is also applicable to exclusive processes

(npaseive = O ¥ nave?? 2

1 £ Amv
- = C +
mum+ud+uo+nu 2 A+B-cC D's

mﬁ>+m¢o+uvl (12)
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and for e + H »e' + H, one predicts

Fu(t) ~ 53 (13)
H &nm

for the spin-averaged electromagnetic form factor. All of these results follow
heuristically from the following argument: we partition each hadron's momentum

among its constituents. The calculation of z> + B aC +D

computation of & corresponding amplitude M_ for n , constituents with
n active

then involves the

-4
dimensions mwmumﬁbub . If there is no internal scale, then barring an infrared

problem, we have Zs ~ Akmvrus for the asymptotic fixed angle behavicor. Equation

(12) follows from mo\md7m|m _z_m. Also, for an exclusive process at fixed in-
variant ratios we have using quark oo:bdwsmpm
1
AT~ e (1k)
2N .
H+Z.z ?m
5
integrating over a fixed center-of-mass region with finite Py’ This can be
compared with the asymptotic falloff of exclusive channels measured at SPEAR
provided rescnance contributions are separated. We predict qum+mx - b)) ~ mum
and Ag(e’e” = prr) ~ m-:.
f s -10 4
The prediction QQ\ad ~ 8 for pp - pp can be compared” with the

data, as illustrated in Fig. 3. Although this appears to give a good represen-

tation of the cross section for |t] > 2 mm<mv it should be noted that the
points at the highest t values may be falling faster than m|Ho at fixed
angle. PFurther experiments, at higher energies, even integrated over a fixed

cm region, are clearly very important. The prediction do/dt (MB - MB) ~ mnm

35 36

seems to be consistent with the available data. A measurement at SLAC of

Yp o 7p gives n = 7.3 + 0.4 compared to the dimensional counting prediction
n = 7. A recent measurement of mm lwwm at CERN at Pigp = 10 GeV shows
prominent resonance behavior even at large angles, and is not consistent at

37

present energies with a fixed angle scaling law. It should also be noted



thet purely hadronic physics explanations are possible; e.g. a statistical treat-
ment for non-exotic scattering cross sections at large t appears to be com-
parable with the data.

The experimental determination of the asymptotic behavior for wﬁva

is crucial to the dimensional counting rules. The recent analysis of Bonneau

B

. . + - + -
et al, wusing Frascatl data for e e -7 7 indicates that if MA falls on
[

the average as a power w-:v then n 1is less than 1.2 + 0.3%. Further measure-

. + -
ments are essential, although the present e e storage ring energlies may be

. + - + - .
too high to make measurements of e e -7 7T feasible. A possible alternative

is measurement of e e with a hard photon detected along the beam

direction.

According to the Eg. (13), the asymptotic behavior of F, (t) is

-2 . . - -%
t °; further using simple guark-glucn theories, one chtains ¥, ~t 7, Thus
e -2 .5 \
we predict G, m< ~t%t 7. A MHOﬁuu of the present data for ﬁmozﬁdy is shown
iu Fig. 4. We also predict quﬁg ~ 70 for electron~-deuteron scattering:

- R .2
12 (s >>t). Thus one expects mmAﬁv\wd

ip

behave as (1 - d\amqu. Such a form should be testable in the new measurement

da/ét ~ :EM\% H.Jw?v ~t (t/h) o
of el . eD scattering by Chertok et al., now in progress at SILAC.

A simple illustration of how the dimensional counting rule arises in
the Bethe-Salpeter computation of the meson form factor is illustrated in Fig. 5.
If we assume a falloff in the dependence of the Bethe-Falpeter wave function
at large relative momentum {corresponding to 8 wave function which is finite
at the origin in coordinate space), then the leading contribution to the
asymptotic form factor comes from iterating the Bethe-Salpeter kernel vherever
large relative momentum is required, as indicated in the dlagram. A simple

L (modulo a logarithm) assuming a scale-

invariant kernel. The inverse factor of d;H comes from the off-shell quark

computation then gives wZAdv ~t

line. For an n-body state, n-1 quark lines are off-shell, giving the result
(3). Notice that the minimum field description gives the leading asymptotic

behavior.

The dimensional-counting rule for form factors has recently been
looked at more carefully within the context of specific renormalizable field
theories. In the case of asymptotic freedom theories, Appelquist and wommuow@
have shown that the asymptotic behavior of the full Bethe-Salpeter kernel is
effectively one logarithm more convergent at large momentum transfer than in-
dicated by ladder approximetion. They can then show that the quark-antiguark
Bethe-Salpeter wave function falls with the regquired mm%BMdOnMo dependence if
both legs go off-shell at s constant rate; the coordinate-space wave function
is Pinite at the origin up to a calculable logarithm, Homuﬁxv. Assuming that

the wave function has no anomalous infrared behavior when ones leg goss on-

shell (which seems to be a safe assumption for bound systems of finite size”

one predicts wﬂhwv ~ d:H (@odvlo logarithms). Thus if w# should turn out

to fall faster than A‘H~ either the c@ description of the meson is incorrect,
asymptotic freedom is inapplicable, or the infrared assumption is incorrect.

A similar result holds vhen a renormalizable theory yields a small encmalous
awawzmwou.rovwm in the case of guantum electrodynaemics, the full Bethe-Salpeter
kernel including radiative corrections undoubtedly falls faster than simple
ladder approximation, again leading to a finite wave function at the origin.

The true asymptotic dependsnce of the GED kernel to all crders in perturbation
theory is not known, but to any finite order in perturbaticn theory the form
factor of positronium obeys the dimensional counting rule--modulo povers of
iog(-t). It should be emphasized that the singular behavior which is derived
from the Bethe-Salpeter ladder approximation {where the wave function singularity
at %: - O depends on the coupling constant which in turn is restricted ad hoc
by hermiticity) can be misleading for the determination of asymptotic behavior.
This is discussed in detall in Ref. 15. Alsbiso and mnjwmwwowwrw have shown

explicitly how the dimensional counting analysis goes through in the case of

three-body bound states.
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The general validity of the dimensional counting rules for exclusive

reactions is complicated by the presence of the Glauber-like multiple-scatter-

ing contributions discussed by Hwnmmwomw.:m In the case of p~p scattering,

quarks in one hadron can scatter on-shell to the final direction on a quark
of the other hadron with the same longitudinal fraction x. If the g-q scatter-
ing is scale-invariant, then the amplitude is only suppressed by a phase-space

factor A»m|W\mVH|H where L is the number of multiple mnWﬁdeuum.Hm

For pp
scattering there are two such factors, giving the scaling law do/dt ~ s wAmnSv.
which is in conflict with the data. C(Clearly, any physical mechanism which

suppresses scale-invariant on-shell quark-quark scattering eliminates the Lands-

hoff graphs; mumh.m: on-shell infrared suppression factor which has been proposed

b
by Polkinghorne 3 and Appelquist and mommwo.uw As we emphasize in Section V,

such a suppression is required strictly on phenomenclogical grounds in absence
of scale-invariance in the large p,, Pp — 7X data.

Once the Landshoff diagrams are eliminated, then the other diagrams,
including the quark rearrangement diagrams of the CIM can be shown to obey
the dimensional counting rules (within logarithms) assuming a renormalizable

theory and finite Bethe-Salpeter wave m:boduonm.wm

V. APPLICATIONS TO INCLUSIVE REACTIONS
If we use the dimensional counting rules, then the quark model pre-

dicts a sum of terms in Eq. (7) with n =4, 6,8, ... and E do/ap

~ wmw, ﬁwmu vhum at fixed invariant ratios. The fact that a scale invariant

term szr is not observed could be due to any of a number of possible

active

reasons:

(a) The gluon coupling strength could be very weak--at least at

short distances. Of course, at order Qmh electromagnetic m:m\ow weak contri-

8

1
butions to quark-quark scattering are expected, but such contributions should

not be important until p; > 25 GeV.
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{(b) The MHW term could be suppressed vie the quasi-exclusive

",

nature of pp — 7K, but still be present in the measurement of umdz produc-

tion pp — J + X, where the jet is defined as a sum of hadrons with MMWd =
MM ﬁH total transverse momentum measured on one mwmm.;# Accordingly, calori-

meter-type measurements will be very interesting. The idea that the cross
section is suppressed if a large fraction of the momentum of a scattered parton
needs to be transferred to a single hadron is in apparent conflict with the
simple Drell-Yan scaling predictions for semi-inclusive deep inelastic scatter-
ing processes ep - ehX., However, in the case of asymptotic freedom theories
at very large momentum transfers, the predicted deviation from scaling and
suppression of the three structure functions n@\bh Op\wu QO\@ (each required
with x » 1/2) could be sufficient to diminish the importance of the qg - ag
deH.rm Measurements of ep twdw and up -» 7X might help to clarify
the situation. The conventional parton prediction has & scale-invariant con-
tribution from £a -» £q (if the lepton balances the plon momentum) and a con-
tribution @Hm Awomﬁm\amvv“ from yq - mq (if a hadron balances the pion
momentum). If Qﬂ\ﬂ.z (1-x), then the whr coefficient should have mm
behavior for small «.

(¢) The process q + g = g + g may be suppressed when the quarks
are effectively near their mass shells due to exponentiation of infrared

-4

factors; in the Fried and Geisser model p;  behavior is expected only for

43 and by

very small X, (see Section II). As pointed out by Polkinghorne,

Appelquist and mommmouw one could still retain scale-invariance of the

qq - qq9 interaction in the :Humw& cone " region where all quark legs are off-

shell, and thus preserve the dimensional counting rules for exclusive processes.
(d) In the massive quark model of m%mwmumwmhmm scale-invariance only

occurs in the case of mot&wm-wuwmwmww production qa » FF. This is suppressed

by the m distribution in the nucleon, G ~ Awnxvﬂy as well as by a possible

a/p ..
large mass scale. Similarly qq - qq may be suppressed relative to dq - Q



1f one uses duality as a mdumm.:m The latter gives a contribution of order

MHW mHu for pp -» X, since = 7. Such a term could well be hidden

n
passive
by the CIM contributions at NAL and ISR energies. Furthermore, the Landshoff

contributions to exclusive scattering are absent, except for um scattering.

(e) Another possibility, suggested by mchObur is that the coherent

sum of all gluon exchange contributions generates the Pomeron contribution

to qq —+qq. Single gluon exchange would thus be suppressed at high p;.

In the constituent interchange Eo&mH‘Hw an explicit quark-quark inter-

action is never introduced. This idea was originally motivated by the fact
that the observed angular dependence f, , o . bﬁmoﬁv for exclusive pro-
cesses can be rather simply explained in terms of quark-exchange dlagrams.
Quark-interchenge is analogous to rearrangement collisions in atomic and
molecular physics. This also seems to be a natural way for hadrons to scatter
in the "bag" models. In any event, the quark-hadron amplitude must exist just
by the existence of the hadronic wave function. A review of the applications

of the CIM to effective trajectories and mo dependence in the interchange

m

model may be found in Dick Blankenbecler's lectures and Ref. 13.
The leading processes for pp - 7% in the CIM @erive from quark-

hadron interactions. The minimum B otive

(= mv terms correspond to q + M
—-»q+M and q+q -8B+ mAnwm + M) or their crossing variants. An excellent
fit to the CCR-ISR data for pp |.aox- (but not the NAL data) can be obtained

from Bq. (4) with G ~ Ap-xvmw ao\w ~ Ap-xvu giving E QQ\muu ~ Aum + gmv-rmw

q/

since n = 5. Similar fits have been given by mHHHmmm and by Barnett
passive

and muw<masmu.mm The relative importance of the two 0 otive = 6 contributions
30

can be settled by measurements of guantum-number correlations.

2
However, for the Chicago-Princeton-NAL data, which involves x; > 0.4,

a ~ va scaling law is observed. This data,which is closer to the exclusive
1limit, indicates that other terms involving a larger number of active particles

must be involved as € becomes smaller. This is perhaps not unnatural: in

general, as one approaches the exclusive limit, ¢ - O, we can expect that more
active quarks are required in order to produce a hadron with a sizable share
of the available center-of-mass energy. In the CIM, the terms which contribute
(= 3) derive from the

to pp —» 7X with n =8 and minimal n

active passive
* * ; ~12 5
subprocesses q + {@q) »B +7 or p+a—=B +q(sq+ 7) and give p) €.
Tis suggested fits to the data of the woﬁarm
E do _ A mm + B mm ' (15)
mw ( 2 i mvr ( 2 + Em M@
P P tmog By 10
The fits are quite good and even are consistent with data at BNIL energies.
For the ISR data the wmwm term is negligible; the ﬁ:m and whwm are of
-12

comparable importance in the NAL range, with the p; term dominsnt at large
py due to its slover falloff in €. Further details on these fits are dis-
cussed in R. Blankenbecler and J. Cronin's contributions tc this conference.
It is interesting to note that u-wm contribution derives from subprocesses
in which a baryonic system balances the large transverse momentum of the detected
pion. For any subprocess, however, one expects resonance contributions (i.e.
clusters) and & single perticle in the recoil system is not likely, The effect
of two contributions in E QQ\awv implies that the effective pover wwm will
vary from B to 12 as p, incresses across the NAL range, but remains close
to 8 for the ISR data. However, at small py < 2 GeV the effective value of
n will drop due to the mass terms and also the non-asymptotic behavior of
the effective trajectory oft). This last effect corresponds to the Reggelization
due to the emission and absorption of hadronic bremsstrahlung softens the falloff
of the subprocess in d.mm

Clearly there are a myriad number of contributions from subprocesses
in which more and more oonwanncmsdm participate in the large p; subprocesses.
In order to make a simple nHmmm»mHnwdwozu we can utilize the correspondence
b9

principle of Bjorken and Kogut ~ which assures a smooth connection between
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the form of the inclusive cross section for e = .\\M\m - 0 and a correspond-
ing exclusive cross section. This is a generalization of Bloom-Gilman duality
which has been proposed for deep inelastic lepton scattering. Thus if a con-
tribution to the inclusive cross section for A + B -»C + X at fixed mnE is
to join smoothly for € —» 0 to an exclusive cross section for A + B -5C + D,
we have

i

-2
M
2 do _ 27 1 F _incl
‘\. du m?+mio+5-.\. amu mv2mm anv
1

at d. .« (p]
- P w> +B-C+ uAmoEv (16)
s excl
We thus um<mHm“mo
z+m_+u.uz+muvmmmm<m
=P =n, +n.+n_+0n_ -2 AH.wv

and the identification

£l ) « (6.,) (sin® me_,vz (18)

w> +B-C+D
Thus, generally speaking, for large p, and small €, one would expect con-

tributions from those allowed subprocesses (& + B =c + d4) which correspond
to the minimum number of hadrons in the related exclusive channel to dominate.
Note further that all of the contributions which yield the same Peye

1
are dual to the same exclusive channel, may be mEH.umn in the woam

1? i.e.

incl
3 ~ 55 € 1+0 - = e nmnsv
a’p/E  (p) PiE pLe

2 F+l
d 1 F zwv+.:+ozm

2
:ﬁmﬁmﬁumwﬁ.mddmaagsmﬁmmwowE.mvv 3m~ and where the subsequent

terms correspond to allowing additional passive spectator quarks to become

267

active participants in the large momentum transfer reaction. The last term
gives the exclusive channel contribution. Note that the corrections to the
leading term are of the same form as that obtained by expanding Aww.vuz,m..n_.ﬁm _VH.J+H
where m.m = mm. + 0f Z:\Mw_,f.v. This is analogous to the corrections to scaling
introduced by the Bloom-Gilman varieble @ = -( prq + M mv\mm. in the analysis
of deep inelastic scattering. Note that the ' correction terms for

ep —» eX automatically includes the non-scaling contribution from the subprocess
e{ag) - e(qq).

Thus the leading contributions in the CIM can be classified according
to their dual exclusive channel (which determines N + F) and the distribution
of active and passive quarks. To obtain the CIM candidates we only need to
exclude the basic subprocesses qg — qa and q(ga) - q(qq). A list of various
contribution subprocesses for the inclusive processes involving meson and
baryons, using meson and baryon or electromagnetic beams 1is discussed in
Ref. 30.

VI. PARTICLE RATTOS AT LARGE pj---

The study of particle ratios at large transverse momentum is particu-
larly important since the way in which the quantum numbers of the incident
particles feed through toc the produced hadrons can be a sensitive discriminant
of the contributing quark hard-scattering mechanisms. An important caution
is thet uncertain nuclear physics effects may be quite important for the
particle ratio data obtained from the Chicago-Princeton-NAL mxvm&u::mzﬁ.m
The predictions of the interchange model rely on the fact that different

hadrons will be produced with different threshold factors mm. at small €.

Note that from Eq. (17), terms with the same power Aw.mv..z yleld a particle

1
ratio’ (e.g. for the B-term in Egn. (15))



1
E @a\@wﬁ (A+BaCc+X) mmenu.on ZmMnHAo ) (19)
E do/dp (A + B o' +X)
at small €. Thus for p-p or p-n collisions we predict a ratio ~ mo

+, - - + -t
for w /v, sb\d ; and K /mw, vhereas K /K 1is suppressed by ® because

the minimum final state for K production-which conserves strangeness-contains

two mesons plus two baryons, compared to a one meson-two baryon state which is
+

allowed for K or . Similarly, one predicts the ratio of cross sections

L

for W\ﬂ ~ e on account of the four baryon final state required for bp pro~

duction. These results do seem to be consistent with the Chicago-Princeton-NAL
data when the contributions to the U-m .mza w.wu.m terms are separated out.
The suppression of K~ relative to N+ 1s a critical consequence of the
quantum number constraints implicit in quark-parton models and provides a .wmv\
contrast with the predictions of statistical or fireball models. It seems un-
likely that the observed suppression of K relative to x+ is due to kine-
matic mass differences.

There are sericus difficulties in understanding the observed proton

production cross section using the CIM. The NAL data does not have the form

of & cross section ~ v.._..wwmu predicted from the "leading diagram" based on
the subprocess q +p —»q +p (see Fig. 6); the measured w:u.m contribution.
3 -16

falls faster than €” at small e and there could well be important Py

contributions.

VII. APPLICATIONS TO PHOTON HuwoomMmmwu? 51

It is particularly interesting to apply the CIM to inclusive photo-

production measurements at large transverse momentum. Measurements of

=% 52 0 i t a1.”> have bee
yp » 7T X by Bojarski et al.”” and yp —+ 7 X by Elsner et al. ave been
performed at SLAC at -transverse momenta beyond 2 GeV. Because of the SIAC
energy limit, this demands that € will be quite small. Nonleading terms
in p; which fall-off slowly for ¢ -0 (with & minimum number of spectators)
thus can dominate the cross section. The characteristic contributing terms

for py large or € small, respectively, are

3 mOvH
2 2.0
(p] +m)

€

b

do
E = (yp = 7X) ~ 53
ap (pi+ w )?
from the subprocess yq -»mq and p + q -7 + (qa) (see Fig. 7). The
second term is "inverted" in that the "target" is the photon. The choices
mo and mH correspond to assuming a direct 7y = @m or vector-meson dominated
structure function for the photon. The experimentalists have tried fits of

the forn E do/a’p ~ (p5 + u°) Ne¥ to their dats and fina’>’?7

]
#

5.8 to 7.5, n® - .5 to 1.2 CeV?

1 mm<m

Ypo7TX:F=06+0.3 N

?z"m,am

ne

B

Yp -7 X . F

Similarly, in the case of the Bjorken-Paschos process, deep inelastic
Campton scattering, the characteristic leading terms at large p; or small ¢

are
3 moL.

da €
ES- (1K)~ —55, "5 3
a’p {pp+m)" (pL+m )

from ¥+ Q-7 +q,and p+q-y+ T.EY respectively. The Santa Barbara

group fit Hmmw
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TP oYX : F= 0.5 N= 4.5, n° = 0.8 GeV® .

Further, the ratio of yp =YX to ¥p - 7X does seem to be consistent with
the wﬂmawndmm.(ww behavior; despite the extra power of «, the cross sections
should eventually become of comparable magnitude. Note that if Yp = yX is
measured at large € --away from the edge of phase space--we still expect the
scale-invariant parton model prediction to hold at large IR
VIII. OTHER FEATURES OF THE CONSTITUENT INTERCHANGE ZOUmewamm

One of the most important constraints on a theory of large transverse
momentum reactions is that it smoothly connect with the known phenomenology
of low momentum transfer reactions. In the CIM, Reggeization occurs naturally
from the t-channel iteration of the basic Mzmenswsmm kernal which describes
fixed angle processes. ILow t processes then have the character of multi-
perpheral graphs with hadronic intermediate states. At large t the iterations
are unimportant, Regge itrajectories approach negative integers and one can prove
the validity of the impulse approximation at large momentum trensfers. The
results at large t are consistent with dimensional counting--with the quark
degrees of freedom--and give reasonable parametrizations of the angular dis-
tributions. Using the CIM for inclusive cross sections, one obtains smooth
connections to the exclusive limit at all t and u and the formulas reduce
to the standard triple-Regge and double-Regge (central reglon) cross sections
at low momentum transfers. One thus attains a unity of the physics throughout
the Peyrou plot. Further, because of the power-law analytic behavior of the
CIM cross sections, there is a simple continuation from one Regge region to
another. This is evidenced by the central region contributions to the effec<
tive triple-Regge trajectory discussed in Section III. Further one finds that
the usual triple-Regge formulae should have an extra factor of HeQNM\Acs\m:dvun
analogous to Awuxvn from ﬁmﬁxv in deep inelastic scattering. This ensures
the inclusive/exclusive connection at any fixed t. Further discussions
may be found in Ref. 30.
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IX. GENERAL CORRELATION FFATURES OF HARD~SCATTERING MODELS

The characteristic angular and energy distribution and quantum number
features of the events containing a large transverse momentum hadron can pro-
vide important clues to the nature of the underlying subprocesses in dwm hard
scattering models. As emphasized by quHWmnMHm a measurement of the double
jet cross section at large p) allows us to"look back”and measure the ;UWHﬁOd-
vmﬂﬂo== cross section at Sarr Z rdm. However, it now seems clear from the
broad coplanarity distributions observed at the ISR, that jets, if present,
have very broad decay distributions, with little sign of a significant low

2
transverse momentum cutoff. This also matches with the lack of a 1 + cos @

distribution predicted for m+m| —hadrons in a quark-jet model.

The predicted jet structure of the hard parton models reflects the
assumed two-body nature of the underlying large angle process. In the CIM,
the subprocess q +M - q + M produces a quark jet on the opposite side of
the triggered meson with characteristics similar to the hadronic system which
balances the leptonic momentum in ep - eX. The meson M could be a resonance

or "cluster.”" In both the CIM and q-a scattering models, one expects an in-
creasing multiplicity on the opposite side, and a minimal increase in multi-
plicity on the same side as a detected high p, hadron. Because of the rapid
fall-off of the cross section in Py it does not pay significantly to increase
Sors above rww. Nevertheless the correlation function

an/(&%p, /5) (@p,/E,)

av/(e’p, /5,) (an/a’n,/5,)

1

is large and positive in models with power-law behavior, because it is more
probable to have correlated large p) Pproduction (from momentum conservation,
or from a cluster or Hmmo:mzomv than to have wso uncorrelated events. The

correlation should be stronger for opposite side events. A very useful corre-

lation quantity to measure is dN/dx, which gives the distribution of the



momentum fraction x = w\uk of one hadron in the recoil system. The eu

1
Eommwowbamﬁwvmﬁ wH.Mm mnmﬁwmHNDDmUOWWImGHdeWSOHam @:mHWsw:mMonanmH

g3 » MM predict a strong enhancement of N(x) at x ~ 1, but this is not
apparent from the data. In some double fireball models, N{x) is s-dependent .
This is an important question which can readily be settled by experiment.

The correlations predicted in hard-scattering models can be easily
obtained from simple Monte Carlo progrems which use the probability functions

Qm\bﬁthvv to weight the incident particles, and then bin the events in pro-
5}

+ and ochOSHc have recently begun
6

such calculations. As mentioned above, the measured non-coplanarity distri-

portion to do/dt (a + b —c + d). Ellis

butions are large, compared to which would be expected from the convolution

\
of up to four gaussians in transverse momentum with a 300 MeV osﬁow%.mo

is somewhat accounted for if one employs the power-law falloff in mesoumHmnu

1
teristic of form factorlike hadronic wave functicns, 3 but the angular decay

This

of a jet is still larger than what had been expected.

The correlation in 6, or the rapidity variable n = log &mzmmoa\mv
between opposite side particles reflects both the angular dependence cf the
active subprocess and the distribution of momentum in mm\bAM¢~ Od\wavy
OO\nAkv‘ and Qb\mmxv. A subprocess with an isotropic distribution is already
ruled out by the data, since it produces much too narrow an angular correla-
tion, compared to the An ~ 3.5 correlation width measured by the Stony Brook
group at Js = 52 GeV with one particle at mnE =90° and p > 3 GeV.

b b

Angular dependences such as ma\md ~ or u = wvhich might be expected

in modified gluon exchange models, or the forms do/dt ~ H\mcwu :\mm‘ H\mmcmN
which are possible for q + v - q + 7T are not Mnnommwmnmnﬁmm with the present
data measured at x; ~ 0.1. However, at larger X, the predicted differences
between the various models for do/dt are very distinet. Multiparticle
correlations also should be able to discriminate between the models.

Recent experiments have alsc determined the correlation in 1 as

a function of the cm angle of the detected large p; particle. If two

different distributions G (x) and G occur, as in 1 + q, then the event
a/A b/B
tends to be "thrown" in the direction of the "heavier" of the particles a and b.

In the case of an isotropic ma\mwv one expects events to have an "anti -back-
to-back" correlation, i.e., the particles on the opposite side of the detected
high py particle should have the same sign of @Ms. However, if

dg/dt {a + b mc +4d) is forward or backward peaked, then the above effect

can be negated, and a back-to-back correlation can occur. Future measure-
ments of these correlations, especially at higher momentum transfers and with
complete momentum determination will be very useful discriminants of the models.
Generally, the features of the correlaticns are expected to sharpen as pj
increases.

Finally, we note that the distinctive characteristics of the various
models for the large angle subprocesses, especially in the CIM, lead to
dramstic correlaticns in quantum numbers. In some wmmmm. the recoil system
for meson production at large p) is predicted to be a baryonic resonance.
The quantum number correlations in meson-baryon collision are clearly very

important tests of the hard-parton scattering theories

X. BSUMMARY

Large transverse momentum reactions heve now given us important clues
concerning the internal structure and dynamics of hadrons. The guark-parton
hard scattering models seem to provide at least a semi-quantitative description
of the present data, including the scaling behavior of the cross sections, most
features of the correlation data, and the relative suppression of T vs X vs m
as one approaches the boundary of the Peyrou plot. The postulate that quark-
hadron scattering is a dominant interaction at short distances give a simple
description of the angular dependence of exclusive reactions at large t
and u, and allows one to understand the behavior of the exclusive cross

section scaling laws. An important phenomenological observation is that
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scale-invariant interactions between quarks of mww&mdmad hadrons are relatively
unimportant. This poses an extraordinarily interesting theoretical problem

that is undoubtedly connected with the quark confinement problem. An attractive
possibility is that in bag models without strong gluon interactions, the scatter-
ing of hadrons takes place by quark rearrangements, thus supplying a theoretical
underpinning for the constituent interchange model.

The CIM also provides new insights into Regge behavior at large momentum
transfer, and the connections between large t and small t physics. The
prediction that the trajectories o(t) =approach a negative Mudmmmﬂwwvmq (perhaps
modulo logarithms) places important new constraints on Regge phenomenology.

The dimensional counting rules apparently give a reasonable description
of the asymptotic behavior of form factors and power dependence of exclusive
cross sections at fixed angle--at least within logarithmic accuracy. These
results, together with Bjorken scaling for deep inelastic lepton scattering,
provide an almost compelling proof of the finite-compositeness of hadrons
with the degrees of freedom of the quark model. A mathematically rigorous
basis for this connection would be extremely interesting; the work of Appelquist
and mommwoww and Ezawa and MOHWM:mwo&uwru for asymptotic freedom and scale-
free theories lays the foundations for such a proof.

There are, however, phenomenological difficulties with the parton
description of large p, reactions (aside from the CEA-SPEAR data for m+m|
— hadrens) especially in regard to the normalization of various contributing
forms, and the very broad angular correlations.

Further data at large p), especially correlation measurements where
the energy and quantum numbers are determined, and the cross m@o#wn:m for w,

K, p, and 7 beams will be extremely important for further clarifying the

features of the underlying mechanisms of hadronic interactiouns.
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Fig. 7.

(a) Contributions to 1 + p »7 X at large transverse momentum.
The last diagram gives the "inverted" contribution where the
photon acts as the "target” and the proton scatters to the pion

on its antiquark constituent. Because there is only one quark
spectator, the contribution can dominate near the mxowcm.ﬁ\w edge
of phase space.

(b) Contributions to 7y + p -y +X at large transverse momentum.
The first two diagrams give the standard @H: scaling contributions

of Bjorken and Paschos. The last diagram chows the "inverted"

process.
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